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   preface
 

  
 

   

   As the title of this book suggests, today’s C is not the same language as the one originally designed by its creator. Right from the start, C has been in a continuous process of adjustment and improvement. Usually, early C is referred to as K&R C (Kernighan and Ritchie C) after the first book that made the language popular.
 

  
 

   

   Since then, it has undergone an important standardization and extension process, now driven by ISO, the International Standards Organization. This led to the publication of a series of C standards in 1989, 1999, 2011, 2018, and 2024, commonly referred to as C89, C99, C11, C17, and C23, respectively. The C standards committee puts a lot of effort into guaranteeing backward compatibility such that code written for earlier revisions of the language, say, C11, should compile to a semantically equivalent executable with a compiler that implements a newer revision. Unfortunately, this backward compatibility has had the unwanted side effect of not motivating projects that could benefit greatly from the new features to update their code base. To emphasize this progress of revisions, we indicate which standard revision introduced newer features.
 

  
 

   

   This edition presents a considerable rework in view of the latest revision, C23 of the C standard. A lot of new material has been added, and many expositions have been straightened out to reflect the new capabilities of the C programming language. So, in this book, we mainly refer to C23, but at the time of this writing, compilers hadn’t yet implemented this standard completely. If you want to compile the examples in this book, you will need at least a compiler that implements most of C17. For the novelties that C23 introduces, we provide a compatibility header and discuss how to possibly generate a suitable C compiler and C library platform on POSIX systems as a fallback in appendix B. Beware: This is not meant as a permanent tool but only as a crutch while platforms adapt.
 

  
 

   

   Programming has become a very important cultural and economic activity, and C remains an important element in the programming world. As in all human activities, progress in C is driven by many factors: corporate or individual interest, politics, beauty, logic, luck, ignorance, selfishness, ego, sectarianism, etc. (add your primary motivation here). Thus, the development of C has not been and cannot be ideal. It has flaws and artifacts that can only be understood within their historical and societal context.
 

  
 

   

   An important part of the context in which C developed was the early appearance of its sister language, C++. One common misconception is that C++ evolved from C by adding its particular features. Although this context is historically correct (C++ did evolve from a very early C), it is not particularly relevant today. In fact, C and C++ separated from a common ancestor more than 30 years ago and have evolved separately ever since. But this evolution of the two languages has not taken place in isolation; they have exchanged and adopted each other’s concepts over the years. Some new features, such as the addition of atomics and threads, have been designed in close collaboration between the C and C++ standard committees.
 

  
 

   

   Nevertheless, many differences remain, and generally, all that is written in this book is about C, not C++. Many of the code examples will not compile with a C++ compiler. So, we should not mix sources of both languages. In sum, C and C++ are different: don’t mix them and don’t mix them up.
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   about this book
 

  
 

   

   The C programming language has been around since the early 1970s. Since then, C has been used in an incredible number of applications. Programs and systems written in C are all around us, in personal computers, phones, cameras, set-top boxes, refrigerators, cars, mainframes, and satellites—basically in any modern device that has a programmable interface.
 

  
 

   

   In contrast to the ubiquitous presence of C programs and systems, good knowledge of and about C is much scarcer. Even experienced C programmers often appear to be stuck in some degree of self-inflicted ignorance about the modern evolution of the C language. A likely reason for this is that C is seen as an easy-to-learn language, allowing a programmer with little experience to quickly write or copy snippets of code that at least appear to do what they are supposed to. In a way, C fails to motivate its users to climb to higher levels of knowledge.
 

  
 

   

   This book is intended to change that general attitude, so it is organized into levels that reflect familiarity with the C language and programming in general. This structure may go against some habits of the book’s readers; in particular, it splits some difficult subjects (such as pointers) across levels to avoid swamping readers too early with the wrong information. We’ll explain the book’s organization in more detail shortly.
 

  
 

   

   Generally, although many universally applicable ideas will be presented that would also be valid for other programming languages (such as Java, Python, Ruby, C#, or C++), the book primarily addresses concepts and practices that are unique to C or are of particular value when programming in the C language.
 

  
 

   

   When you are working through this book, you will encounter many takeaways that summarize features, rules, recommendations, and so on. A list of these takeaways appears toward the end of the book, which you can use as a cheat sheet.
 

  
 

   

    Who should read this book 
 

  
 

   

   To be able to profit from this book, you need to fulfill some minimal requirements. If you are uncertain about any of these, please obtain or learn them first; otherwise, you might waste a lot of time.
 

  
 

   

   First, you can’t learn a programming language without practicing it, so you must have a decent programming environment at your disposal (usually on a PC or laptop), and you must master it to some extent. This environment can be integrated (i.e., IDE) or a collection of separate utilities. Platforms vary widely in what they offer, so it is difficult to advise on specifics. On Unix-like environments such as Linux and Apple’s macOS, you will find editors such as emacs and vim, and compilers such as c99, c17, gcc, and clang.
 

  
 

   

   You must be able to do the following:
 

  
 

   

   	
Navigate your filesystem—Filesystems on computers are usually organized hierarchically in directories. You must be able to navigate through these to find and manipulate files.
 

   	
Edit programming text—Editing programming text is different from editing a letter in a word processing environment. Your environment, editor, or whatever it is called should have a basic understanding of the programming language C. You will see that if you open a C file (which usually has the file extension .c). It might highlight some keywords or help you indent your code according to the nestedness of {} brackets.
 

   	
Execute a program—The programs you will see here are very basic at first and will not offer you any graphical features. They need to be launched in the command line. An example of such a program that is launched that way is the compiler. In Unix-like environments, the command line is usually called a shell and is launched in a (or the) console or terminal.
 

   	
Compile programming text—Some environments provide a menu button or a keyboard shortcut for compilation. An alternative to that is to launch the compiler in the command line of a terminal. This compiler must adhere to recent standards; don’t waste your time with a compiler that does not conform.
 

  
 

   

   If you have never programmed before, this book will be tough. Knowing some of the following will help: Basic, C (historical revisions), C++, Fortran, R, Bash, JavaScript, Java, MATLAB, Perl, Python, Scilab, and so on.
 

  
 

   

   But perhaps you have had some other programming experience, maybe even without noticing. Many technical specifications actually come in some sort of special-ized language that can be helpful as an analogy—for example, HTML for web pages and LaTeX for document formatting.
 

  
 

   

   You should have an idea of the following concepts, although their precise meanings may be a bit different in C than in the context where you learned them:
 

  
 

   

   	
Variables—Named entities that hold values
 

   	
Conditionals—Doing something (or not) subject to a precise condition
 

   	
Iteration—Doing something repeatedly for a specified number of times or until a certain condition is met
 

  
 

   

    How this book is organized: A road map 
 

  
 

   

   This book is organized into levels numbered from 0 to 3. (One of C’s special viewpoints is that indexing starts at 0 and not at 1 as in Fortran.) The starting level 0, “Encounter,” will summarize the very basics of programming with C. Its principal role is to remind you of the main concepts we have mentioned and familiarize you with the special vocabulary and viewpoints that C applies. By the end of it, even if you don’t have much experience in programming with C, you should be able to understand the structure of simple C programs and start writing your own.
 

  
 

   

   Level 1, “Acquaintance,” details most principal concepts and features such as control structures, data types, operators, and functions. It should give you a deeper understanding of the things that are going on when you run your programs. This knowledge should be sufficient for an introductory course in algorithms and other work at that level, with the notable caveat that pointers are not yet fully introduced.
 

  
 

   

   Level 2, “Cognition,” goes to the heart of the C language. It fully explains pointers, familiarizes you with C’s memory model, and allows you to understand most of C’s library interface. Completing this level should enable you to write C code professionally; it therefore begins with an essential discussion about the writing and organization of C programs. I personally would expect anybody who graduated from an engineering school with a major related to computer science or programming in C to master this level. Don’t be satisfied with less.
 

  
 

   

   Level 3, “Experience,” goes into detail about specific topics, such as performance, reentrancy, atomicity, threads, and type-generic programming. These are probably best discovered as you go, which is when you encounter them in the real world. Nevertheless, as a whole, they are necessary to round off the discussion and to provide you with full expertise in C. Anybody with some years of professional programming in C or who heads a software project that uses C as its main programming language should master this level.
 

  
 

   

   Throughout this book, you’ll see exercises that are meant to get you thinking about the concepts being discussed. These are probably best done directly along with your reading. Another category is called “challenges.” These are generally more demanding. You will need to do some research to even understand what they are about, and the solutions will not come all by themselves: they will require effort. They will take more time, sometimes hours or, depending on your degree of satisfaction with your work, even days. The subjects covered in these challenges are the fruit of my own personal bias toward “interesting questions” from my personal experience. If you have other problems or projects in your studies or your work that cover the same ground, they should do equally well. The important aspect is to train yourself by first searching for help and ideas elsewhere, and then to get your hands dirty and get things done. You will only learn to swim if you jump into the water.
 

  
 

   

    About the code 
 

  
 

   

   Many of the programming code snippets that are presented in this book are publicly available. See https://inria.hal.science/hal-02383654/document, where you can view them in context, compile them, and try them out. The archive also contains a Makefile with a description of the components that are needed to compile these files. It is centered around Linux or, more generally, POSIX systems, but it may also help you find what you need when you are on a different system.
 

  
 

   

   This book contains many examples of source code both in numbered listings and in line with normal text. In both cases, source code is formatted in a fixed-width font like this to separate it from ordinary text. In many cases, the original source code has been reformatted; we’ve added line breaks and reworked indentation to accommodate the available page space in the book. In some cases, even this was not enough, and listings include line-continuation markers (➥). Additionally, comments in the source code have often been removed from the listings when the code is described in the text. Code annotations accompany many of the listings, highlighting important concepts.
 

  
 

   

   You can get executable snippets of code from the liveBook (online) version of this book at https://livebook.manning.com/book/modern-c-third-edition. The complete code for the examples in the book is available for download from the Manning website at https://www.manning.com/books/modern-c-third-edition.
 

  
 

   

    liveBook discussion forum 
 

  
 

   

   Purchase of Modern C, Third Edition includes free access to liveBook, Manning’s online reading platform. Using liveBook’s exclusive discussion features, you can attach comments to the book globally or to specific sections or paragraphs. It’s a snap to make notes for yourself, ask and answer technical questions, and receive help from the author and other users. To access the forum, go to https://livebook.manning.com/book/modern-c-third-edition/discussion.
 

  
 

   

   Manning’s commitment to our readers is to provide a venue where a meaningful dialogue between individual readers and between readers and the author can take place. It is not a commitment to any specific amount of participation on the part of the author, whose contribution to the forum remains voluntary (and unpaid). We suggest you try asking the author some challenging questions lest his interest stray! The forum and the archives of previous discussions will be accessible from the publisher’s website as long as the book is in print.
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    Level 0:  Encounter 
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        Our mascot for this level is the magpie, one of the most intelligent nonhuman species on earth. They are capable of elaborate social rituals and usage of tools.


        

       

 

     
 

     

   
 

  
 

   

   This first level of the book may be your first encounter with the programming language C. It provides you with a rough knowledge of C programs, their purposes, their structures, and how to use them. It is not meant to give you a complete overview; it can’t, and it doesn’t even try. On the contrary, it is intended to give you a general idea of what C is all about, open up questions, and promote ideas and concepts. These then will be explained in detail throughout the book.
 

  


 

   

    1  Getting started 
 

  
 

   

   This chapter covers
 

    

    	Introduction to imperative programming
 

    	Compiling and running code
 

   
 

  
 

   

   In this section, we will introduce you to a simple program that contains many of the constructs of the C language. If you already have programming experience, you may find some of the discussion feels like needless repetition. If you lack such experience, you might feel overwhelmed by the stream of new terms and concepts.
 

  
 

   

   In either case, be patient. For those of you with programming or C experience, it’s very possible that you will encounter subtle details you’re not aware of or assumptions you have made about the language that are not valid. For those approaching programming for the first time, be assured that after approximately 10 pages, your understanding will have increased a lot, and you should have a much clearer idea of what programming represents.
 

  
 

   

   An important bit of wisdom for programming in general, and for this book in particular, is summarized in the following quote from the Hitchhiker’s Guide to the Galaxy Douglas Adams (1979). 
 

  
 

   

    

    Takeaway 1.1
 

   
 

    

     Don’t panic.
 

   
 

  
 

   

   It’s not worth it. There are many cross references, links, and bits of side information in the text, and there is an index at the end. Follow those if you have a question. Or just take a break.
 

  
 

   

   Programming in C is about having the computer complete some specific tasks. A C program does that by giving orders, much as we would express such orders in the imperative tense in many human languages, thus the term imperative programming for this particular way of organizing computer programs.
 

  
 

   

   To get started and see what I am talking about, consider our first program in listing 1.1, which corresponds to the getting-started.c source file in the source directory.
 

  
 

   

   
Listing 1.1 The first example of a C program
 

    

    /* This may look like nonsense, but really is -*- mode: C -*- * 1 /

#include <stdlib.h> 2 

#include <stdio.h>  

3 

/* The main thing that this program does. */ 4 

int main(int argc, [[maybe_unused]] char* argv[argc+1]) { 

// Declarations 5 

double A[5] = { 6 

[0] = 9.0, 7 

[1] = 2.9, 

[4] = 3.E+25, 8 

[3] = .00007, 

};

9 

// Doing some work 10 

for (size_t i = 0; i < 5; ++i) {  11 

printf("element %zu is %g, \tits square is %g\n", 

i,

A[i], 12 

A[i]*A[i]); 13 

}

14 

return EXIT_SUCCESS; 15 

}
  

   
 

  
 

   

   
1.1 Imperative programming
 

  
 

   

   You probably see that this code is a sort of language, containing some weird words like main, include, for, and so on, which are laid out and colored printed in a peculiar way and mixed with a lot of strange characters, numbers, and text (“Doing some work”) that looks like ordinary English. It is designed to provide a link between us, the human programmers, and a machine, the computer, so we can tell it what to do: we give it “orders.” 
 

  
 

   

    

    Takeaway 1.2
 

   
 

    

     C is an imperative programming language.
 

   
 

  
 

   

   In this book, we will not only encounter the C programming language but also some vocabulary from an English dialect, C jargon, the language that helps us to talk about C. It will not be possible to immediately explain each term the first time it occurs. But I will explain each one in time, and all of them are indexed so you can easily cheat and jumpC to more explanatory text, at your own risk. 1
 

  
 

   

   As you can probably guess from this first example, such a C program has different components that form some intermixed layers. Let’s try to understand it from the inside out. The visible result of running this program is to output five lines of text on the command terminal of your computer. On my computer, using this program looks something like this:
 

  
 

   

   Terminal
 

  
 

   

    

     > ./getting-started

 element 0 is 9,         its square is 81

 element 1 is 2.9,       its square is 8.41

 element 2 is 0,         its square is 0

 element 3 is 7e-05,     its square is 4.9e-09

 element 4 is 3e+25,     its square is 9e+50
  

   
 

  
 

   

   We can easily identify the parts of the text in getting-started.c that this program outputs ( printsC, in C jargon): the part of cueball 11 between quotes. The real action happens between that cueball and cueball 12. C calls this a statementC, which is a bit of a misnomer. Other languages would use the term instruction, which describes the purpose better. This particular statement is a callC to a functionC named printf: 
 

  
 

   

   getting-started.c
 

  
 

   

    

        printf("element %zu is %g, \tits square is %g\n",

          i,

          A[i],

          A[i]*A[i]);
  

   
 

  
 

   

   Here, the printf function receives four argumentsC, enclosed in a pair of parenthesesC, ( ... ): 
 

  
 

   

   	The funny-looking text (between the quotes) is a string literalC that serves as a formatC for the output. Within the text are three markers ( format specifiersC) that indicate the positions in the output where numbers are to be inserted. These markers start with the percent (%) character. This format also contains some special escape charactersC that start with a backslash: ͡\t and ͡\n. 
 

   	After a comma character, we find the one-letter word i. The thing i stands for will be printed in place of the first format specifier, %zu. 
 

   	Another comma separates the next argument, A[i]. The thing this stands for will be printed in place of the second format specifier, the first %g.
 

   	Last, again separated by a comma, appears A[i]*A[i], corresponding to the last %g.
 

  
 

   

   We will later explain what all of these arguments mean. Just remember that we identified the main purpose of the program (to print some lines on the terminal) and learned it “orders” the printf function to fulfill that purpose. The rest is some sugarC to specify which and how many numbers will be printed. 
 

  
 

   

   
1.2 Compiling and running
 

  
 

   

   As shown in the previous section, the program text expresses what we want our computer to do. As such, it is just another piece of text that we have written and stored somewhere on our hard disk, but the program text as such cannot be understood by your computer. There is a special program, called a compiler, that translates the C text into something that your machine can understand: the binary codeC or executableC. What that translated program looks like and how this translation is done are much too complicated to cover in this book.2 Unfortunately, this book will not be able to explain most of it; that would require yet another whole book. However, for the moment, we don’t need to understand more deeply, as we have the tool that does all the work for us. 
 

  
 

   

    

    Takeaway 1.3
 

   
 

    

     C is a compiled programming language.
 

   
 

  
 

   

   The name of the compiler and its command-line arguments depend a lot on the platformC on which you will be running your program. There is a simple reason for this: the target binary code is platform dependentC: that is, its form and details depend on the computer on which you want to run it. A PC has different needs than a phone, and your refrigerator doesn’t speak the same “language” as your set-top box. In fact, that’s one of the reasons for C to exist: C provides a level of abstraction for all the different machine-specific languages (usually referred to as an assembly languageC). 
 

  
 

   

    

    Takeaway 1.4
 

   
 

    

     A correct C program is portable between different platforms.
 

   
 

  
 

   

   In this book, we will put a lot of effort into writing “correct” C programs that ensure portability. Unfortunately, there are some platforms that claim to be C but do not conform to the latest standards, and some conforming platforms accept incorrect programs or provide extensions to the C standard that are not widely portable. So, running and testing a program on a single platform will not always guarantee portability.
 

  
 

   

   It is the job of the compiler to ensure that the little program shown earlier (getting-started.c), once translated for the appropriate platform, will run correctly on your PC, your phone, your set-top box, and maybe even your refrigerator.
 

  
 

   

   That said, if you have a POSIX system (such as Linux or macOS), there is a good chance that programs named c99 or c17 might be present and that it is, in fact, a C compiler. You could try to compile the example program using the following command: 
 

  
 

   

   Terminal
 

  
 

   

    

     > c17 -Wall -o getting-started getting-started.c -lm
  

   
 

  
 

   

   The compiler should do its job without complaining and output an executable file called getting-started in your current directory.[Exercise 1] In the example line,
 

  
 

   

   	
c17 is the compiler program.
 

   	
-Wall tells it to warn us about anything that it finds unusual.
 

   	
-o getting-started tells it to store the compiler outputC in a file named getting-started. 
 

   	
getting-started.c names the source fileC, which contains the C code we have written. Note that the .c extension at the end of the filename refers to the C programming language.
 

   	
-lm tells it to add some standard numerical functions if necessary; we will need those later on.
 

  
 

   

   Now we can executeC our newly created executableC. Type
 

  
 

   

   Terminal
 

  
 

   

    

     > ./getting-started
  

   
 

  
 

   

   and you should see exactly the same output as I showed you earlier. That’s what portable means: wherever you run that program, its behaviorC should be the same. 
 

  
 

   

   If you are not lucky and the compilation command didn’t work, you will have to look up the name of your compilerC in your system documentation. You might even have to install a compiler if one is not available. 3 The names of compilers vary. Here are some common alternatives that might do the trick: 
 

  
 

   

   Terminal
 

  
 

   

    

     > clang -std=c2x -Wall -lm -o getting-started getting-started.c

 > gcc -std=c2x -Wall -lm -o getting-started getting-started.c

 > icc -std=c2x -Wall -lm -o getting-started getting-started.c
  

   
 

  
 

   

   The option -std=c2x names the standard version “C2x,’’ which was meant for C23 before we knew it would be finished in 2023.
 

  
 

   

   Some of these compilers, even if they are present on your computer, might not compile the program without complaining.[Exercise 2]
 

  
 

   

   With the program in listing 1.1, we have been presented with an ideal world: a program that works and produces the same result on all platforms. Unfortunately, when programming yourself, very often you will have a program that only partially works and may produce wrong or unreliable results. Therefore, let’s look at the program in listing 1.2. It looks quite similar to the previous listing.
 

  
 

   

   
Listing 1.2 An example of a C program with flaws
 

    

    /* This may look like nonsense, but really is -*- mode: C -*- */



/* The main thing that this program does. */

void main() {

// Declarations

int i;

double A[5] = {

9.0,

2.9,

3.E+25,

.00007,

};



// Doing some work

for (i = 0; i < 5; ++i) { 1 

printf("element %d is %g, \tits square is %g\n", 

i,

A[i], 2 

A[i]*A[i]); 

}

3 

return 0;

}


  

   
 

  
 

   

   If you run your compiler on this program, it should give you some diagnosticC information similar to this: 
 

  
 

   

   Terminal
 

  
 

   

    

     > gcc -std=c2x -Wall -o bad bad.c

 bad.c:4:6: warning: return type of 'main' is not 'int' [-Wmain]

     4 | void main() {

       |      ^~~~

 bad.c: In function 'main':

 bad.c:16:6: warning: implicit declaration of function 'printf'

[-Wimplicit-function-decl ...

    16 |      printf("element %d is %g, \tits square is %g\n",

       |      ^~~~~~

 bad.c:1:1: note: include <stdio.h> or provide a declaration

    of 'printf'

   +++ |+#include <stdio.h>

     1 | /* This may look like nonsense, but really is -*- mode: C -*- */

 bad.c:16:6: warning: incompatible implicit declaration of built-in

    function 'printf' [ ...

    16 |      printf("element %d is %g, \tits square is %g\n",

       |      ^~~~~~

 bad.c:16:6: note: include <stdio.h> or provide a declaration

    of 'printf'

 bad.c:22:10: warning: 'return' with a value, in function returning void [-Wreturn-type]

    22 |   return 0;

       |          ^

 bad.c:4:6: note: declared here

     4 | void main() {

       |      ^~~~
  

   
 

  
 

   

   Here we had a lot of long “warning” lines that are too long to fit on a terminal screen. In the end, the compiler produced an executable. Unfortunately, the output when we run the program is different. This is a sign that we have to be careful and pay attention to details.
 

  
 

   

   Clang is even more picky than GCC and gives us similar diagnostics:
 

  
 

   

   Terminal
 

  
 

   

    

     > clang -std=c2x -Wall -o bad bad.c

 bad.c:4:1: error: 'main' must return 'int'

     4 | void main() {

       | ^~~~

       | int

 bad.c:16:6: error: call to undeclared library function 'printf' with

type 'int (const ch ...

    16 |      printf("element %d is %g, \tits square is %g\n",

       |      ^

 bad.c:16:6: note: include the header <stdio.h> or explicitly provide

a declaration for ' ...

 bad.c:22:3: error: void function 'main' should not return a value

    [-Wreturn-type]

    22 |   return 0;

       |   ^      ~

 3 errors generated.
  

   
 

  
 

   

   Notice that Clang, unlike GCC, did not produce an executable. It considers all three detected problems to be fatal errors and refuses to carry on. Consider this to be a feature.
 

  
 

   

   Both gave us three diagnostics: they expect a different return type for main, they expected us to have a line such as cueball 2 from listing 1.1 to specify where the printf function comes from, and they detect that the return in cueball 3 is not correct for the specification of main as it is given.
 

  
 

   

   Depending on your platform, you can force your compiler to reject programs that produce such diagnostics. For GCC, such a command-line option would be -Werror, and then it would behave as we saw with Clang.
 

  
 

   

   So, the two differences between listings 1.1 and 1.2 turned a good, standards-conforming, portable program into a bad one. We also saw that the compiler was there to help us. It nailed the problem down to the lines in the program that cause trouble. With a bit of experience, you will be able to understand what it is telling you.[Exercise 3] [Exercise 4]
 

  
 

   

    

    Takeaway 1.5
 

   
 

    

     A C program should compile cleanly without warnings.
 

   
 

  
 

   

   Summary
 

  
 

   

   	C is designed to give orders to computers. Therefore, it mediates between us (the programmers) and computers.
 

   	C must be compiled to be executed. The compiler provides the translation between the language that we understand (C) and the specific needs of the particular platform.
 

   	C gives a level of abstraction that provides portability. One C program can be used on many different computer architectures.
 

   	The C compiler is there to help you. If it warns you about something in your program, listen to it.
 

  
 

   

   1 Such special terms from C jargon are marked with a superscripted C, as shown here.↩︎
 

  
 

   

   2 In fact, the translation itself is done in several steps that go from textual replacement to proper compilation and linking. Nevertheless, the tool that bundles all this is traditionally called a compiler and not a translator, which would be more accurate.↩︎
 

  
 

   

   3 Installing a compiler is necessary if you have a system with a Microsoft operating system. Microsoft’s native compilers are now catching up with C17, but I don’t know about its plans for C23. Many features we discuss in this book might not work. For a discussion on alternative development environments, see Chris Wellons’ blog entry “Four Ways to Compile C for Windows” (https://nullprogram.com/blog/2016/06/13/) might still be of interest.↩︎
 

  
 

   

   [Exercise 1] Try the compilation command in your terminal.↩︎
 

  
 

   

   [Exercise 2] Start writing a text report about your tests with this book. Note down which command worked for you.↩︎
 

  
 

   

   [Exercise 3] Correct listing 1.2 step by step. Start from the first diagnostic line, fix the code mentioned there, recompile, and so on until you have a flawless program.
 ↩︎ 
 

  
 

   

   [Exercise 4] There is a third difference between the two programs that was not yet mentioned. Find it.↩︎
 

  


 

   

    2  The principal structure of a program 
 

  
 

   

   This chapter covers
 

    

    	C grammar
 

    	Declaring identifiers
 

    	Defining objects
 

    	Instructing the compiler with statements
 

   
 

  
 

   

   Compared to our little examples in the previous section, real programs will be more complicated and contain additional constructs, but their structure will be very similar. Listing 1.1 already has most of the structural elements of a C program.
 

  
 

   

   There are two categories of aspects to consider in a C program: syntactical aspects (how do we specify the program so the compiler understands it?) and semantic aspects (what do we specify so the program does what we want it to do?). In the following subsections, we will introduce the syntactical aspects (grammar) and three different semantic aspects: declarative parts (what things are), definitions of objects (where things are), and statements (what things are supposed to do).
 

  
 

   

   
2.1 Grammar
 

  
 

   

   Looking at its overall structure, we can see that a C program is composed of different types of text elements that are assembled in a kind of grammar. These elements are as follows:
 

  
 

   

   	
Special words In listing 1.1, we used the following special words: 1 
 

  
 

   

    

        #include int maybe_unused char void double for return
  

   
 

  
 

   

   	In program text in this book, most of them will be printed in bold black. These special words represent concepts and features that the C language imposes and that cannot be changed.
 

   	
Punctuation C uses several types of punctuation to structure the program text. 

     

     	There are six kinds of brackets: {…}, (…), […], [[…]], /*…*/, and <…>. Brackets group certain parts of the program together and should always come in pairs. Fortunately, the <…> brackets are rare in C and are only used as shown in our example, on the same logical line of text. The other five are not limited to a single line; their contents might span several lines, as they did when we used printf earlier. 
 

     	There are two different separators or terminators: comma and semicolon. When we used printf, commas separated the four arguments of that function. On cueball 8, we saw that a comma also can follow the last element of a list of elements: 
 

    
 
 

  
 

   

   getting-started.c
 

  
 

   

    

     [3] = .00007,                                       
  

   
 

  
 

   

   	One of the difficulties for newcomers to C is that the same punctuation characters are used to express different concepts. For example, the pairs {} and [] are each used for three different purposes in listing 1.1.[Exercise 1]

 

  
 

   

    

    Takeaway 2.1
 

   
 

    

     Punctuation characters can be used for several different purposes.
 

   
 

  
 

   

   	
Comments The construct /*…*/ that we saw earlier tells the compiler that everything inside it is a comment; see, for example, cueball 3:
 getting-started.c 
 

  
 

   

    

     /* The main thing that this program does. */                                       
  

   
 

  
 

   

   	Comments are ignored by the compiler, so it is the perfect place to explain and document your code. Such in-place documentation can (and should) greatly improve the readability and comprehensibility of your code. Another form of comment is the so-called C++-style comment, as on cueball 9. These are marked with //. C++-style comments extend from the // to the end of the line. 
 

   	
Literals Our program contains several items that refer to fixed values that are part of the program: 0, 1, 3, 4, 5, 9.0, 2.9, 3.E+25, .00007, and "element %zu is %g, square is %g". These are called literals. 
 

   	
Identifiers Identifiers are “names” that we (or the C standard) give to certain entities in the program. Here we have A, i, main, printf, size_t, and EXIT_SUCCESS. Identifiers can play different roles in a program. Among other things, they may refer to 

     

     	
Data objectsC (such as A and i). These are also referred to as variablesC. 
 

     	
TypeC aliases, such as size_t, that specify the “kind” of a new object (here, of i). Observe the trailing _t in the name. This naming convention is used by the C standard to remind you that the identifier refers to a type. 
 

     	Functions, such as main and printf. 
 

     	Constants, such as EXIT_SUCCESS. 
 

    
 
 

   	
Functions Two of the identifiers refer to functions: main and printf. As we have already seen, printf is used by the program to produce some output. The function main, in turn, is definedC: that is, its declarationC int main(void) is followed by a function bodyC (indicated by {…} of a compound statement) that describes what that function is supposed to do. In our example, this function definitionC goes from cueball 4 to 15. main has a special role in C programs, as we will encounter: it must always be present since it is the starting point of the program’s execution. 
 

   	
Operators Of the numerous C operators, our program only uses a few: 

     

     	
= for initializationC and assignmentC 
 

     	
< for comparison
 

     	
++ to increment a variable (to increase its value by 1)
 

     	
* to multiply two values
 

    
 
 

   	
Attributes Attributes such as [[ maybe_unused ]] are placed into double square brackets as shown and provide some supplemental information to the principle structure of the program.2 
 

  
 

   

   Just as in natural languages, the lexical elements and the grammar of C programs that we have seen here have to be distinguished from the actual meaning these constructs convey. In contrast to natural languages, this meaning is rigidly specified and usually leaves no room for ambiguity. In the following sections, we will dig into the three main semantic categories that C distinguishes: declarations, definitions, and statements.
 

  
 

   

   
2.2 Declarations
 

  
 

   

   Before we may use a particular identifier in a program, we have to give the compiler a declarationC that specifies what that identifier is supposed to represent. In this way, identifiers differ from keywords: keywords are predefined by the language and must not be declared or redefined.
 

  
 

   

    

    Takeaway 2.2
 

   
 

    

     All identifiers in a program have to be declared.
 

   
 

  
 

   

   Several of the identifiers we use are effectively declared in our program: main, argc, argv, A, and i. Later on, we will see where the other identifiers (printf, size_t, and EXIT_SUCCESS) come from. We already mentioned the declaration of the main function. All five declarations, in isolation as “declarations only,” look like this: 
 

  
 

   

    

    int main(int, char*[]);

int argc;

[[maybe_unused]] char* argv[];

double A[5];

size_t I;
  

   
 

  
 

   

   These five declarations follow a pattern. Each has an identifier (main, argc, argv, A, or i), and a specification of certain properties that are associated with that identifier: 
 

  
 

   

   	
i is of typeC size_t. 
 

   	
argc is of type int. 
 

   	
main is additionally followed by parentheses, (…), and thus declares a function of type int.
 

   	
A is followed by brackets, […], and thus declares an arrayC. An array is an aggregate of several items of the same type; here it consists of 5 items of type double. These 5 items are ordered and can be referred to by numbers, called indicesC, from 0 to 4. 
 

   	
argv is also followed by brackets, so it also has the properties of an array. The attribute [[ maybe_unused ]] indicates that it is possibly unused, and indeed, we don’t see the word argv elsewhere in this program code. There are argc+1 elements of a type denoted by char*. 
 

  
 

   

   Each of these declarations starts with a typeC (here, int, char*, double, and size_t). We will see later what that represents. For the moment, it is sufficient to know that it specifies that four of the identifiers (main, argc, A, and i), when used in the context of a statement, will provide some sort of numbers. 
 

  
 

   

   For the other, argv, the * at the end of char* indicates that it is a pointerC; pointers, though a principal feature of the C language, will only appear much later in this book. 
 

  
 

   

   The declarations of argc, i, and A declare variablesC, which are named items that allow us to store valuesC. They are best visualized as a kind of box that may contain a “something” of a particular type: 
 

  
 

   

   [image: figure] 

  
 

   

   Conceptually, it is important to distinguish the box itself (the object ), the specification (its type ), the box contents (its value ), and the name or label that is written on the box (the identifier ). In such diagrams, we put ?? if we don’t know the actual value of an item. 
 

  
 

   

   For the other three identifiers, printf, size_t, and EXIT_SUCCESS, we don’t see any declarations. They are, in fact, predeclared identifiers. However, as we saw when we tried to compile listing 1.2, the information about these identifiers doesn’t come out of nowhere. We have to tell the compiler where it can obtain information about them. This is done right at the start of the program, in cueball 1 and 2: printf is provided by stdio.h, whereas size_t and EXIT_SUCCESS come from stdlib.h. The real declarations of these identifiers are specified in .h files with these names somewhere on your computer. They could be something like 
 

  
 

   

    

    int printf(char const format[static 1], ...);

typedef unsigned long size_t;

#define EXIT_SUCCESS 0
  

   
 

  
 

   

   Because the specifics of these predeclared features are of minor importance, this information is normally hidden from you in include filesC or header filesC. If you need to know their semantics, it is usually a bad idea to look them up in the corresponding files, as these tend to be barely readable. Instead, search in the documentation that comes with your platform. For the brave, I always recommend a look into the current C standard, as that is where they all come from. For the less courageous, the following commands may help: 
 

  
 

   

   Terminal
 

  
 

   

    

     > apropos printf

 > man printf

 > man 3 printf
  

   
 

  
 

   

   A declaration only describes a feature but does not create it, so repeating a declaration does not do much harm but adds redundancy.
 

  
 

   

    

    Takeaway 2.3
 

   
 

    

     Identifiers may have several consistent declarations.
 

   
 

  
 

   

   Clearly, it would become really confusing (for us and the compiler) if there were several contradicting declarations for the same identifier in the same part of the program, so generally this is not allowed. C is quite specific about what “the same part of the program” is supposed to mean: the scopeC is a part of the program where an identifier is visibleC. 
 

  
 

   

    

    Takeaway 2.4
 

   
 

    

     Declarations are bound to the scope in which they appear.
 

   
 

  
 

   

   The scopes of identifiers are unambiguously described by the grammar. In listing 1.1, we have declarations in different scopes:
 

  
 

   

   	
A is visible inside the definition of the function main, starting at its declaration on cueball 5 and ending with the closing } on cueball 15 of the innermost {…} compound statement that contains that declaration. 
 

   	
i has more restricted visibility. It is bound to the for construct in which it is declared. Its visibility reaches from that declaration on cueball 10 to the end of the {…} compound statement that is associated with the for on cueball 13. 
 

   	
main is not enclosed in any other compound statement, so it is visible from its declaration onward until the end of the file.
 

   	
argc and argv are not enclosed inside {…}, but they are inside the (…) that marked main as being a function. They are the parametersC of the function, and their scope starts at their respective declaration and then spans the whole {…} body of their function (here, of main). 
 

  
 

   

   The first two and the last types of scope are called block scopeC with a blockC being a structure in the grammar that encapsulates such declarations. A function like main, together with its parameter list (enclosed in ()) and the whole body (enclosed in {}), forms a single block of its own. The for construct forms a primary blockC, and the loop body (usually also given with surrounding {…}) forms a secondary blockC. You can see that blocks are nestedC: the block of main contains the primary block of the for loop, which, in turn, contains its secondary block. 
 

  
 

   

   The third type of scope, as used for the name main itself, which is not inside a (…) or {…} pair, is called file scopeC. Identifiers in file scope are often referred to as globalsC. 
 

  
 

   

   So, our seemingly simple program has four nested levels of scopes: file scope and three nested blocks.
 

  
 

   

   
2.3 Definitions
 

  
 

   

   Generally, declarations only specify the kind of object an identifier refers to, not what the concrete value of an identifier is, nor where the object it refers to can be found. This important role is filled by a definitionC. 
 

  
 

   

    

    Takeaway 2.5
 

   
 

    

     Declarations specify identifiers, whereas definitions specify objects.
 

   
 

  
 

   

   We will later see that things are a little more complicated in real life, but for now we can make the simplification that we will always initialize our variables. An initialization is a grammatical construct that augments a declaration and provides an initial value for the object. For instance,
 

  
 

   

    

    size_t i = 0;
  

   
 

  
 

   

   is a declaration of i such that the initial value is 0. 
 

  
 

   

   In C, such a declaration with an initializer also defines the object with the corresponding name: that is, it instructs the compiler to provide storage in which the value of the variable can be stored.
 

  
 

   

    

    Takeaway 2.6
 

   
 

    

     An object is defined at the same time it is initialized.
 

   
 

  
 

   

   Our box visualization can now be completed with a value, 0 in this example: 
 

  
 

   

   [image: figure] 

  
 

   

   A is a bit more complex because it has several components:
 

  
 

   

   getting-started.c
 

  
 

   

    

    double A[5] = {                                      

   [0] = 9.0,                                         

   [1] = 2.9,

   [4] = 3.E+25,                                      

   [3] = .00007,                                      

 };
  

   
 

  
 

   

   This initializes the 5 items in A to the values 9.0, 2.9, 0.0, 0.000, and 3.0E+25, in that order: 
 

  
 

   

   [image: figure] 

  
 

   

   The form of the initializer we see here is called designatedC: a pair of brackets with an integer designates which item of the array is initialized with the corresponding value. For example, [4] = 3.E+25 sets the last item of the array A to the value 3.E+25. As a special rule, any position that is not listed in the initializer is set to 0. In our example, the missing [2] is filled with 0.0.3 
 

  
 

   

    

    Takeaway 2.7
 

   
 

    

     Missing elements in initializers default to 0.
 

   
 

  
 

   

   You might have noticed that array positions, indicesC, start with 0 for the first element, not 1. Think of an array position as the distance of the corresponding array element from the start of the array. 
 

  
 

   

    

    Takeaway 2.8
 

   
 

    

     For an array with n elements, the first element has index 0, and the last has index n-1. 
 

   
 

  
 

   

   For a function, we have a definition (as opposed to only a declaration) if its declaration is followed by braces {…} containing the code of the function: 
 

  
 

   

    

    int main(int argc, [[maybe_unused]] char* argv[argc+1]) {

  ...

}
  

   
 

  
 

   

   In our examples so far, we have seen names for two different features: objectsC (i and A) and functionsC (main and printf). In contrast to object or function declarations, where several are allowed for the same identifier, definitions of objects or functions must be unique. That is, for a C program to be operational, any object or function used must have a definition (otherwise, the execution would not know where to look for them), and there must be no more than one definition (otherwise, the execution could become inconsistent). 
 

  
 

   

    

    Takeaway 2.9
 

   
 

    

     Each object or function must have exactly one definition.
 

   
 

  
 

   

   
2.4 Statements 
 

  
 

   

   The second part of the main function consists primarily of statements . Statements are instructions that tell the compiler what to do with identifiers that have been declared so far. We have
 

  
 

   

   getting-started.c
 

  
 

   

    

     for (size_t i = 0; i < 5; ++i) {                     

     printf("element %zu is %g, \tits square is %g\n", 

            i,

            A[i],

            A[i]*A[i]);                                

  }                                                    



  return EXIT_SUCCESS;                                 
  

   
 

  
 

   

   We have already discussed the lines that correspond to the call to printf. There are also other types of statements: for and return and an increment operation indicated by the operatorC ++. In the following subsection, we will go a bit into the details of three categories of statements: iterations (do something several times), function calls (delegate execution somewhere else), and function returns (resume execution from where a function was called). 
 

  
 

   

   
2.4.1 Iteration 
 

  
 

   

   The for statement tells the compiler that the program should execute the printf line a number of times. This is the simplest form of domain iterationC that C has to offer. It has four different parts. The secondary block (here, a compound statement marked by {…}) that follows the for (…) is the code that is to be repeated; it is also called the loop bodyC. The other three parts are those inside the (…) part, divided by semicolons: 
 

  
 

   

   	The declaration, definition, and initialization of the loop variableC i, which we already discussed. This initialization is executed once before any of the rest of the entire for statement. 
 

   	A loop conditionC, i < 5 specifies how long the for iteration should continue. This tells the compiler to continue iterating as long as i is strictly less than 5. The loop condition is checked before each execution of the loop body. 
 

   	Another statement, ++i, is executed after each iteration. In this case, it increases the value of i by 1 each time. 
 

  
 

   

   If we put all of these parts together, we ask the program to perform the code in the secondary block five times, setting the value of i to 0, 1, 2, 3, and 4, respectively, in each iteration. The fact that we can identify each iteration with a specific value for i makes this an iteration over the domainC 0, …, 4. There is more than one way to do this in C, but for is the easiest, cleanest, and best tool for the task. 
 

  
 

   

    

    Takeaway 2.10
 

   
 

    

     Domain iterations should be coded with a for statement.
 

   
 

  
 

   

   A for statement can be written in several other ways. Often, people place the definition of the loop variable somewhere before the for or even reuse the same variable for several loops. Don’t do that: to help an occasional reader and the compiler understand your code, it is important to know that this variable has the special meaning of an iteration counter for that given for loop.
 

  
 

   

    

    Takeaway 2.11
 

   
 

    

     The loop variable should be defined in the initial part of a for loop.
 

   
 

  
 

   

   
2.4.2 Function calls
 

  
 

   

   Function calls are special statements that suspend the execution of the current function (at the beginning, this is usually main) and then hand over control to the named function. In our example, 
 

  
 

   

   getting-started.c
 

  
 

   

    

         printf("element %zu is %g, \tits square is %g\n", 

            i,

            A[i],

            A[i]*A[i]);                                     
  

   
 

  
 

   

   the called function is printf. A function call usually provides more than just the name of the function; it also provides arguments. Here, these are the long chain of characters, i, A[i], and A[i]*A[i]. The values of these arguments are passed over to the function. In this case, these values are the information that is printed by printf. The emphasis here is on value: although i is an argument, printf will never be able to change i itself. Such a mechanism is called call by value. Other programming languages also have call by reference, a mechanism where the called function can change the value of a variable. C does not implement pass by reference; instead, it has another mechanism to pass the control of a variable to another function: by taking addresses and transmitting pointers. We will see this mechanism much later. 
 

  
 

   

   
2.4.3 Function return
 

  
 

   

   The last statement in main is a return. It tells the main function to return to the statement that it was called from once it’s done. Here, since main has int in its declaration, a return must send back a value of type int to the calling statement. In this case, that value is EXIT_SUCCESS. 
 

  
 

   

   Even though we can’t see its definition, the printf function must contain a similar return statement. At the point where we call the function on cueball codenum11, the execution of the statements in main is temporarily suspended. The execution continues of the printf function until a return is encountered. After the return from printf, the execution of the statements in main continues from where it stopped. 
 

  
 

    

   [image: figure] 

   
Figure 2.1 Execution of a small program


  
 

   

   Figure 2.1 shows a schematic view of the execution of our little program: its control flow . First, a process-startup routine (on the left) provided by our platform calls the user-provided function main (middle). That, in turn, calls printf, a function that is part of the C libraryC (on the right). Once a return is encountered there, control returns back to main, and when we reach the return in main, it passes back to the startup routine. The latter transfer of control, from a programmer’s point of view, is the end of the program’s execution. 
 

  
 

   

   Summary
 

  
 

   

   	C distinguishes the lexical structure (the punctuators, identifiers, and numbers), the grammatical structure (syntax), and the semantics (meaning) of programs.
 

   	All identifiers (names) must be declared so we know the properties of the concept they represent.
 

   	All objects (things that we deal with) and functions (methods that we use to deal with things) must be defined; that is, we must specify how and where they come to be.
 

   	Statements indicate how things are going to be done: iterations (for) repeat variations of certain tasks, function calls (printf(...)) delegate a task to a function, and function returns (return something;) go back where we came from.
 

  
 

   

   1 In C jargon, these are directivesC, keywordsC, attributesC, and reservedC identifiers.↩︎ 
 

  
 

   

   2 This feature is new in C23, so your compiler might not yet implement it.↩︎
 

  
 

   

   3 We will see later how these number literals with dots (.) and exponents (E+25) work.↩︎
 

  
 

   

   [Exercise 1] Find the different uses of these two sets of brackets.↩︎
 

  


 

   

    Level 1:  Acquaintance and Buckle up 
 

  
 

   

    

     

      

      	[image: figure] 

      	 

       

        Our mascot for this level, the common raven, is a very sociable corvid and known for its problem-solving capacity. Ravens organize in teams and have been observed playing even as adults.


        

       

 

     
 

     

   
 

  
 

   

   This level will acquaint you with the C programming language; that is, it will provide you with enough knowledge to write and use good C programs. “Good” here refers to a modern understanding of the language, avoiding most of the pitfalls of early dialects of C and offering you some constructs that were not present before and that are portable across the vast majority of modern computer architectures, from your cell phone to a mainframe computer. Having worked through these sections, you should be able to write short code for everyday needs that is not extremely sophisticated but useful and portable.
 

  
 

   

     Buckle up 
 

  
 

   

   In many ways, C is a permissive language; programmers are allowed to shoot themselves in the foot or other body parts if they choose to, and C will make no effort to stop them. Therefore, just for the moment, we will introduce some restrictions. We’ll try to avoid handing out guns in this level and place the key to the gun safe out of your reach for the moment, marking its location with big and visible exclamation marks.
 

  
 

   

   The most dangerous constructs in C are the so-called castsC, so we’ll skip them at this level. However, there are many other pitfalls that are less easy to avoid. We will approach some of them in a way that might look unfamiliar to you, in particular, if you learned your C basics in the last millennium or if you were introduced to C on a platform that wasn’t upgraded to current ISO C for years: 
 

  
 

   

   	
Experienced C programmers If you already have some experience with C programming, what follows may take some getting used to or even provoke allergic reactions. If you happen to break out in hives when you read some of the code here, take a deep breath and try to relax, but please do not skip these pages.
 

   	
Inexperienced C programmers If you are not an experienced C programmer, much of the following discussion may be a bit over your head; for example, I may use terminology that you have not yet even heard of. If so, this is a digression for you, and you may skip to the start of section 3 and come back later when you feel a bit more comfortable. But be sure to do so before the end of this level.
 

  
 

   

   Some of “getting used to” our approach on this level may concern the emphasis and ordering in which I present the material:
 

  
 

   

   	We will focus primarily on the unsignedC versions of integer types. 
 

   	We will introduce pointers in steps: first, in disguise as parameters to functions (section 6.1.4), then with their state (being valid or not, section 6.2), and then, on the next level, (section 11), using their entire potential.
 

   	We will focus on the use of arrays whenever possible instead.
 

  
 

   

   You might also be surprised by some style considerations that we will discuss in the following points. On the next level, we will dedicate an entire section (section 9) to these questions, so please be patient and accept them for the moment as they are.
 

  
 

   

   	
We bind type modifiers, qualifiers and attributes to the left.  We want to separate identifiers visually from their type. So we will typically write things as
 

  
 

   

    

    char* name;
  

   
 

  
 

   

   	where char* is the type and name is the identifier. We also apply the left-binding rule to qualifiers or attributes and write 
 

  
 

   

    

    char const* const path_name[[deprecated]];
  

   
 

  
 

   

   	Here the first const qualifies the char to its left, the * makes it into a pointer, and the second const again qualifies what is to its left. The attribute [[deprecated]] clearly attaches to the identifier path_name. 
 

   	
We do not use continued declarations. They obfuscate the bindings of type declarators. For example:
 

  
 

   

    

    unsigned const*const a, b;
  

   
 

  
 

   

   	Here, b has type unsigned const; that is, the first const goes to the type, and the second const only goes to the declaration of a. Such rules are highly confusing, and you have more important things to learn. 
 

   	
We use array notation for pointer parameters. We do so wherever these assume that the pointer can’t be null. Some examples are as follows:
 

  
 

   

    

    /* These emphasize that the arguments cannot be null. */

size_t strlen(char const string[static 1]);

int main(int argc, char* argv[argc+1]);

/* Compatible declarations for the same functions.  */

size_t strlen(const char *string);

int main(int argc, char **argv);
  

   
 

  
 

   

   	The first example stresses the fact that strlen must receive a valid (non-null) pointer and will access at least one element of string. The second summarizes the fact that main receives an array of argc+1 pointers to char: referring to the program name, to argc-1 program arguments, and to one null pointer that terminates the array.
The second set of declarations only adds additional equivalent declarations for features that are already known to the compiler. Because these are declarations and not definitions, such a redeclaration is allowed, but it doesn’t add new information in this case. 
 

   	
We use function notation for function pointer parameters. Along the same lines, we do so whenever we know that a function pointer can’t be null:
 

  
 

   

    

    /* This emphasizes that the ``handler" argument cannot be null. */

int atexit(void handler(void));

/* Compatible declaration for the same function.            */

int atexit(void (*handler)(void));
  

   
 

  
 

   

   	Here, the first declaration of atexit emphasizes that, semantically, it receives a function named handler as an argument and that a null function pointer is not allowed. Technically, the function parameter handler is “rewritten” to a function pointer, much as array parameters are rewritten to object pointers, but this is of minor interest for a description of the functionality.
Note, again, that the previous code is valid as it stands and that the second declaration just adds an equivalent declaration for atexit. 
 

   	
We define variables as close to their first use as possible.  Lack of variable initialization, especially for pointers, is one of the major pitfalls for novice C programmers. This is why we should, whenever possible, combine the declaration of a variable with the first assignment to it. The tool that C gives us for this purpose is the definition: a declaration together with an initialization. This gives a name to a value and introduces this name at the first place where it is used.
This is particularly convenient for for loops. The iterator variable of one loop is semantically a different object from that in another loop, so we declare the variable within the for to ensure it stays within the loop’s primary block. 
 

   	
We use prefix notation for code blocks.  To be able to read a code block, it is important to capture two things about it easily: its purpose and its extent. Therefore, 

     

     	All { are prefixed on the same line with the statement or declaration that introduces them.
 

     	The code inside is indented by one level.
 

     	The terminating } starts a new line on the same level as the statement that introduced the block.
 

     	Block statements that have a continuation after the } continue on the same line. 
 

    
 
 

   	See the following code snippet as an example;
 

  
 

   

    

    int main(int argc, char* argv[argc+1]) {

  puts("Hello world!");

  if (argc > 1) {

    while (true) {

      puts("some programs never stop");

    }

  } else {

    do {

      puts("but this one does");

    } while (false);

  }

  return EXIT_SUCCESS;

}
  

   
 

  
 

   

   	
We use digit separators for numbers. The human eye is not very good at perceiving the magnitude of numbers that have many digits. In running text, we therefore use a comma as a thousands separator for large decimal numbers, and we even extend this form of notation to digits after the period, as in, for example, [image: equation image]. A notable exception from this rule is years, where we do not apply a thousands separator.
Since C23, there is also a digit separator for number literals, namely a that appears directly between two consecutive digits, such as in 10. We use that for all number literals by grouping together three decimal digits (for thousands), four hexadecimal digits (for double bytes), and eight binary digits (for the bits in a byte).
 

  


 

   

    3  Everything is about control 
 

  
 

   

   This chapter covers
 

    

    	Conditional execution with if

 

    	Iterating over domains
 

    	Making multiple selections
 

   
 

  
 

   

   In our introductory example, listing 1.1, we saw two different constructs that allowed us to control the flow of a program’s execution: functions and the for iteration. Functions are a way to transfer control unconditionally. The call transfers control unconditionally to the function, and a return statement unconditionally transfers it back to the caller. We will come back to functions in chapter 7.
 

  
 

   

   The for statement is different in that it has a controlling condition (i < 5 in the example) that regulates if/when the secondary block ({ printf(...) }) is executed. C has five conditional control statements: if, for, do, while, and switch. We will look at these statements in this section: if introduces a conditional execution depending on a Boolean expression; for, do, and while are different forms of iterations; and switch is a multiple selection based on an integer value.
 

  
 

   

   C has some other conditionals that we will discuss later: the ternary operatorC, denoted by an expression in the form cond ? A : B (section 4.5); the compile-time preprocessor conditionals #if, #ifdef, #ifndef, #elif, #elifdef, #elifndef, #else, #endif (section 8.1.5); and type-generic expressions denoted with the keyword _Generic (chapter 18).
 

  
 

   

   
3.1 Conditional execution
 

  
 

   

   The first construct that we will look at is specified by the keyword if. It looks like this:
 

  
 

   

    

    if (i > 25) {

  j = i - 25;

}
  

   
 

  
 

   

   Here, we compare i against the value 25. If it is larger than 25, j is set to the value i - 25. In the example, i > 25 is called the controlling expressionC, and the part in { ... } is called the secondary blockC.
 

  
 

   

   On the surface, this form of an if statement resembles the for statement that we already encountered. But it works differently than that: there is only one part inside the parentheses, and that determines whether the secondary block is run once or not at all.
 

  
 

   

   There is a more general form of the if construct:
 

  
 

   

    

    if (i > 25) {

  j = i - 25;

} else {

  j = i;

}
  

   
 

  
 

   

   It has another secondary block that is executed if the controlling condition is not fulfilled. Syntactically, this is done by introducing another keyword, else, which separates the two secondary blocks.
 

  
 

   

   The if (...) ... else ... is a selection statementC. It selects one of the two possible code pathsC according to the contents of ( ... ). The general form is
 

  
 

   

    

    if (condition) secondary-block0

else secondary-block1
  

   
 

  
 

   

   The possibilities for condition (the controlling expression) are numerous. They can range from simple comparisons, as in this example, to very complex nested expressions. We will present all the primitives that can be used in section 4.4.2.
 

  
 

   

   The simplest of such condition specifications in an if statement can be seen in the following example, in a variation of the for loop from listing 1.1:
 

  
 

   

    

    for (size_t i = 0; i < 5; ++i) {

  if (i) {

    printf("element %zu is %g, \tits square is %g\n",

           i,

           A[i],

           A[i]*A[i]);

  }

}
  

   
 

  
 

   

   Here, the condition that determines whether printf is executed is just i: a numerical value by itself can be interpreted as a condition. The text will only be printed when the value of i is not 0.[Exercise 1]
 

  
 

   

   There are two simple rules for the evaluation of a numerical condition.
 

  
 

   

    

    Takeaway 3.1
 

   
 

    

     The value 0 represents logical false.
 

   
 

  
 

   

    

    Takeaway 3.2
 

   
 

    

     Any value different from 0 represents logical true.
 

   
 

  
 

   

   The operators == and != allow us to test for equality and inequality, respectively. a == b is true if the value of a is equal to the value of b, and false otherwise; a != b is false if a is equal to b, and true otherwise. Knowing how numerical values are evaluated as conditions, we can avoid redundancy. For example, we can rewrite
 

  
 

   

    

    if (i != 0) {

  ...

}
  

   
 

  
 

   

   as
 

  
 

   

    

    if (i) {

  ...

}
  

   
 

  
 

   

   Which of these two versions is more readable is a question of coding styleC and can be subject to fruitless debates. While the first might be easier for occasional readers of C code to read, the latter is often preferred in projects that assume some knowledge about C’s type system.
 

  
 

   

   The type bool should be used to store truth values. Its values are false and true. Technically, false is just a value 0 of type bool and true the value 1. It’s important to use false and true (and not the numbers) to emphasize that a value is to be interpreted as a condition. We will learn more about the bool type in section 5.7.4. Note that before C23, to use bool and its literals false and true, you had to use the <stdbool.h> header. This is now obsolete, and you should only use it if you suspect that your code may be compiled on an older platform.
 

  
 

   

   Redundant comparisons quickly become unreadable and clutter your code. If you have a conditional that depends on a truth value, use that truth value directly as the condition. Again, we can avoid redundancy by rewriting something like
 

  
 

   

    

    bool b = ...;

...

if ((b != false) == true) {

  ...

}
  

   
 

  
 

   

   as
 

  
 

   

    

    bool b = ...;

...

if (b) {

  ...

}
  

   
 

  
 

   

    

    Takeaway 3.3
 

   
 

    

     Don’t compare to 0, false, or true.
 

   
 

  
 

   

   Using either the truth value directly (such as i previously) or the negation (denoted as !i in C) makes your code clearer and illustrates one of the basic concepts of the C language.
 

  
 

   

    

    Takeaway 3.4
 

   
 

    

     All scalars have a truth value.
 

   
 

  
 

   

   Here, scalarC types include all the numerical types such as size_t, bool, and int that we already encountered and pointerC types; see table 3.1 for the types that are frequently used in this book. We will come back to them in section 6.2.
 

  
 

   

   
Table 3.1 Scalar types used in this book
 

    

     

      

      	Level 

      	Name 

      	Other 

      	Category 

      	Where 

      	printf 

     
 

      

      	0 

      	size_t 

      	 

      	Unsigned 

      	<stddef.h> 

      	
"%zu" "%zx"
 

     
 

      

      	0 

      	double 

      	 

      	Floating 

      	Built in 

      	
"%e" "%f" "%g" "%a"
 

     
 

      

      	0 

      	signed 

      	int 

      	Signed 

      	Built in 

      	"%d" 

     
 

      

      	0 

      	unsigned 

      	 

      	Unsigned 

      	Built in 

      	
"%b" "%o" "%u" "%x"
 

     
 

      

      	0 

      	bool 

      	_Bool 

      	Unsigned 

      	Built in (since C23) 

      	
"%d" as 0 or 1 

     
 

      

      	1 

      	ptrdiff_t 

      	 

      	Signed 

      	<stddef.h> 

      	"%td" 

     
 

      

      	1 

      	
char const* 

      	 

      	String 

      	Built in 

      	"%s" 

     
 

      

      	1 

      	char 

      	 

      	Character 

      	Built in 

      	"%c" 

     
 

      

      	1 

      	void* 

      	 

      	Pointer 

      	Built in 

      	"%p" 

     
 

      

      	2 

      	
unsigned char
 

      	 

      	Unsigned 

      	Built in 

      	
"%hhu" "%02hhx"
 

     
 

     

   
 

  
 

   

   
3.2 Iterations
 

  
 

   

   Previously, we encountered the for statement to iterate over a domain. In our introductory example, it declared a variable i that was set to the values 0, 1, 2, 3, and 4. The general form of this statement is
 

  
 

   

    

    for (clause1; condition2; expression3) secondary-block
  

   
 

  
 

   

   This statement is actually quite generic. Usually, clause1 is an assignment expression or a variable definition. It serves to state an initial value for the iteration domain. condition2 tests whether the iteration should continue. Then, expression3 updates the iteration variable used in clause1. It is performed at the end of each iteration. Here’s some advice:
 

  
 

   

   	Because we want iteration variables to be defined narrowly in the context for a for loop (takeaway 2.11), clause1 should, in most cases, be a variable definition.
 

   	Because for is relatively complex with its four different parts and not easy to capture visually, the secondary block should usually be a compound statement indicated by { ... }.
 

  
 

   

   Let’s see some more examples:
 

  
 

   

    

    for (size_t i = 10; i; --i) {

  something(i);

}

for (size_t i = 0, stop = upper_bound(); i < stop; ++i) {

  something_else(i);

}

for (size_t i = 9; i <= 9; --i) {

  something_else(i);

}
  

   
 

  
 

   

   The first for counts i down from 10 to 1, inclusive. The condition is again just the evaluation of the variable i; no redundant test against value 0 is required. When i becomes 0, it will evaluate to false, and the loop will stop. The second for declares two variables, i and stop. As before, i is the loop variable, stop is what we compare against in the condition, and when i becomes greater than or equal to stop, the loop terminates.
 

  
 

   

   The third for looks as though it would go on forever, but it actually counts down from 9 to 0. In fact, in the next section, we will see that “sizes” in C (numbers that have type size_t) are never negative.[Exercise 2]
 

  
 

   

   Observe that all three for statements declare variables named i. These three variables with the same name happily live side by side, as long as their scopes don’t overlap.
 

  
 

   

   There are two more iterative statements in C, while and do:
 

  
 

   

    

    while (condition) secondary-block

do secondary-block while(condition);
  

   
 

  
 

   

   The following example shows a typical use of while. It implements the Heron approximation to compute the multiplicative inverse [image: equation image] of a number [image: equation image]:
 

  
 

   

    

    #include <tgmath.h>



constexpr double ε = 1E-9;          // Desired precision

...

double const a = 34.0;

double x = 0.5;

while (fabs(1.0 - a*x) >= ε) {     // Iterates until close

  x *= (2.0 - a*x);                // Heron approximation

}
  

   
 

  
 

   

   It iterates as long as the given condition evaluates true, namely, as long as the absolute value of the difference between 1.0 and the computed product is smaller than a named constant called [image: equation image], which represents the desired minimum precision of the computation. 1 The do loop is very similar, except that it checks the condition after the secondary block:
 

  
 

   

    

    do {                               // Iterates

  x *= (2.0 - a*x);                // Heron approximation

} while (fabs(1.0 - a*x) >= ε);    // Iterates until close
  

   
 

  
 

   

   This means if the condition immediately evaluates to false, a while loop will not run its secondary block at all, but the do loop will unconditionally run its block at least once before ever looking at the condition. As with the for statement, with do and while it is advisable to use the { ... } variants. There is also a subtle syntactical difference between the two: do always needs a semicolon after while (condition) to terminate the statement. Later, we will see that this is a syntactic feature that turns out to be quite useful in the context of multiple nested statements; see section 10.2.1.
 

  
 

   

   All three iteration statements become even more flexible with break and continue statements. A break statement stops the loop without reevaluating the termination condition or executing the part of the secondary block after the break statement:
 

  
 

   

    

    while (true) {

  double prod = a*x;

  if (fabs(1.0 - prod) < ε) {       // Stops if close enough

    break;

  }

  x *= (2.0 - prod);                // Heron approximation

}
  

   
 

  
 

   

   This way, we can separate the computation of the product a*x, the evaluation of the stop condition, and the update of x. The condition of while then becomes trivial. The same thing can be done using for, and there is a tradition among C programmers to write it as follows:
 

  
 

   

    

    for (;;) {

  double prod = a*x;

  if (fabs(1.0 - prod) < ε) {     // Stops if close enough

    break;

  }

  x *= (2.0 - prod);              // Heron approximation

}
  

   
 

  
 

   

   for(;;) here is equivalent to while(true). The fact that the controlling expression of for (the middle part between the ;;) can be omitted and is interpreted as “always true” is just a historical artifact in the rules of C and has no other special purpose.
 

  
 

   

   The continue statement is less frequently used. Like break, it skips the execution of the rest of the secondary block, so all statements in the compound statement after the continue are not executed for the current iteration. However, it then reevaluates the condition and continues from the start of the secondary block if the condition is true:
 

  
 

   

    

    for (size_t i =0; i < max_iterations; ++i) {

  if (x > 1.0) {   // Checks if we are on the correct side of 1

    x = 1.0/x;

    continue;

  }

  double prod = a*x;

  if (fabs(1.0 - prod) < ε) {       // Stops if close enough

    break;

  }

  x *= (2.0 - prod);                // Heron approximation

}
  

   
 

  
 

   

   In these examples, we use a standard macro fabs, which comes with the <tgmath.h> header.2 It calculates the absolute value of a double. Listing 3.1 is a complete program that implements the same algorithm, where fabs has been replaced by several explicit comparisons against certain fixed numbers: for example, eps1m24 defined to be [image: equation image] or eps1p24 as [image: equation image]. We will see later (section 5.3) how the literals 0x1P-24 (standing for the value [image: equation image]) and similar used in these definitions work and how they interact with the constexpr construct (section 5.6.6).
 

  
 

   

   
Listing 3.1 Computing multiplicative inverses of numbers
 

    

    #include <stdio.h>



/* lower and upper iteration limits centered around 1.0 */

constexpr double eps1m01 = 1.0 - 0x1P-01;

constexpr double eps1p01 = 1.0 + 0x1P-01;

constexpr double eps1m24 = 1.0 - 0x1P-24;

constexpr double eps1p24 = 1.0 + 0x1P-24;



int main(int argc, char* argv[argc+1]) {

  for (int i = 1; i < argc; ++i) {        // process args

    double const a = strtod(argv[i], nullptr);  // arg -> double

    double x = 1.0;

    for (;;) {                    // by powers of 2

      double prod = a*x;

      if (prod < eps1m01) {

        x *= 2.0;

      } else if   (eps1p01 < prod) {

        x *= 0.5;

      } else {

        break;

      }

    }

    for (;;) {                    // Heron approximation

      double prod = a*x;

      if ((prod < eps1m24) || (eps1p24 < prod)) {

        x *= (2.0 - prod);

      } else {

        break;

      }

    }

    printf("heron: a=%.5e,\tx=%.5e,\ta*x=%.12f\n",

           a, x, a*x);

  }

  return EXIT_SUCCESS;

}
  

   
 

  
 

   

   In the first phase, the product of the current number under investigation a with the current estimate x is compared to [image: equation image] and [image: equation image], and then x is multiplied by [image: equation image] or [image: equation image] until the product is close to [image: equation image]. Then, the Heron approximation, as shown in the code, is used in a second iteration to close in and compute the multiplicative inverse with a high degree of accuracy.
 

  
 

   

   The overall task of the program is to compute the inverse of all numbers that are provided to it on the command line. An example of a program execution looks like the following:
 

  
 

   

   Terminal
 

  
 

   

    

     > ./heron 0.07 5 6E+23

 heron: a=7.00000e-02, x=1.42857e+01, a*x=0.999999999996

 heron: a=5.00000e+00, x=2.00000e-01, a*x=0.999999999767

 heron: a=6.00000e+23, x=1.66667e-24, a*x=0.999999997028
  

   
 

  
 

   

   To process the numbers on the command line, the program uses another library function strtod from <stdlib.h>. [Exercise 3] [Exercise 4] [Exercise 5]
 

  
 

   

    

    Challenge 1 (Sequential sorting algorithms)
 

   
 

    

     Can you do
 

   
 

    

    	A merge sort (with recursion)
 

    	A quick sort (with recursion)
 

   
 

    

    on arrays with sort keys such as double or strings to your liking?
 

   
 

    

    Nothing is gained if you don’t know whether your programs are correct. Therefore, can you provide a simple test routine that checks whether the resulting array really is sorted?
 

   
 

    

    This test routine should just scan once through the array and should be much, much faster than your sorting algorithms.
 

   
 

  
 

   

   
3.3 Multiple selection
 

  
 

   

   The last control statement that C has to offer is the switch statement, which is another selectionC statement. It is mainly used when cascades of if-else constructs would be too tedious:
 

  
 

   

    

    if (arg == 'm') {

  puts("this is a magpie");

} else if (arg == 'r') {

  puts("this is a raven");

} else if (arg == 'j') {

  puts("this is a jay");

} else if (arg == 'c') {

  puts("this is a chough");

} else {

  puts("this is an unknown corvid");

}
  

   
 

  
 

   

   In this case, we have a choice that is more complex than a false/true decision and that can have several outcomes. We can simplify this as follows:
 

  
 

   

    

    switch (arg) {

  case 'm': puts("this is a magpie");

            break;

  case 'r': puts("this is a raven");

            break;

  case 'j': puts("this is a jay");

            break;

  case 'c': puts("this is a chough");

            break;

  default: puts("this is an unknown corvid");

}
  

   
 

  
 

   

   Here, we select one of the puts calls according to the value of the arg variable. Like printf, the function puts is provided by <stdio.h>. It outputs a line with the string that is passed as an argument. We provide specific cases for characters m, r, j, c, and a special case labeled default. The default case is triggered if arg doesn’t match any of the case values.[Exercise 6]
 

  
 

   

   Syntactically, a switch is as simple as
 

  
 

   

    

    switch (expression) secondary-block
  

   
 

  
 

   

   and its semantics are quite straightforward: the case and default labels serve as jump targetsC. According to the value of the expression, control continues at the statement that is labeled accordingly. If we hit a break statement, the whole switch statement in which it appears is terminated, and then program control is transferred to the next statement after the switch.
 

  
 

   

   By that specification, switch statements can be used much more widely than iterated if-else constructs:
 

  
 

   

    

    switch (count) {

  default:puts("++++ ..... +++");

  case 4: puts("++++");

  case 3: puts("+++");

  case 2: puts("++");

  case 1: puts("+");

  case 0:              // prior to C23 this needed an extra ``;"

}
  

   
 

  
 

   

   Once we have jumped into the secondary block, execution continues until it reaches a break or the end of the block. In this case, because there are no break statements, we end up running all subsequent puts statements. For example, the output when the value of count is 3 is a triangle with three lines:
 

  
 

   

   Terminal
 

  
 

   

    

     +++

 ++

 +
  

   
 

  
 

   

   The structure of a switch can be more flexible than if-else, but it is restricted in other ways.
 

  
 

   

    

    Takeaway 3.5
 

   
 

    

     case values must be integer constant expressions.
 

   
 

  
 

   

    

    Takeaway 3.6
 

   
 

    

     case values must be unique for each switch statement.
 

   
 

  
 

   

   These expressions have to be fixed values that we provide directly in the source, such as the 4, 3, 2, 1, 0 in the previous example. In particular, variables such as count are only allowed in the switch part, not in the individual cases.
 

  
 

   

   With the greater flexibility of the switch statement also comes a price: it is more error prone. In particular, we might accidentally skip variable definitions:
 

  
 

   

    

    switch (x) {

  unsigned tmp = 45;

  ...

  case 0: printf("the temp is %u\n", tmp); // tmp may be uninitialized

}
  

   
 

  
 

   

   Such variables are valid, but their initializer may not have been seen, for the example when x is zero. So, in this case, a program execution where x happens to be zero would be erroneous. Initialization (or lack thereof) will be discussed in more detail in section 5.5.
 

  
 

   

    

    Takeaway 3.7
 

   
 

    

     case labels must not jump beyond a variable definition.
 

   
 

  
 

   

   Prior to C23, the placement of the case labels was even more restricted. They necessarily had to mark a statement: labels in front of declarations or just in front of the closing brace } of a compound statement were not valid.
 

  
 

   

    

    Challenge 2 (Numerical derivatives)
 

   
 

    

     Something we’ll deal with a lot is the concept of numerical algorithms. To get your hands dirty, see whether you can implement the numerical derivative double f(double x) of a function double F(double x).
 

   
 

    

    Implement this with an example F for the function you use for this exercise. A good primary choice for F would be a function for which you know the derivative, such as sin, cos, or sqrt. Doing so allows you to check your results for correctness.
 

   
 

  
 

   

    

    Challenge 3 ([image: equation image])
 

   
 

    

      Compute the [image: equation image] first decimal places of [image: equation image].
 

   
 

  
 

   

   Summary
 

  
 

   

   	Numerical values can be directly used as conditions for if statements; [image: equation image] represents “false,” and all other values are “true.”
 

   	There are three different iteration statements: for, do, and while. for is the preferred tool for domain iterations.
 

   	A switch statement performs multiple selections. One case runs into the next if it is not terminated by a break.
 

  
 

   

   1 We will see the details of C23’s constexpr construct in section 5.6.6.↩︎
 

  
 

   

   2 tgmath stands for type-generic mathematics and provides interfaces to numerical functions.↩︎
 

  
 

   

   [Exercise 1] Add the if (i) condition to the program and compare the output to the previous.↩︎
 

  
 

   

   [Exercise 2] Try to imagine what happens when i has value 0 and is decremented by means of the operator --.↩︎
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