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Abstract

This document is intended for knowledgeable users of C (or any other language using a C-like gram-
mar, like Perl or Java) who would like to know more about, or make the transition to, C++. This
document is the main textbook for Frank’s C++ programming courses, which are yearly organized
at the University of Groningen. The C++ Annotations do not cover all aspects of C++, though. In
particular, C++’s basic grammar is not covered when equal to C’s grammar. Any basic book on C
may be consulted to refresh that part of C++’s grammar.

If you want a hard-copy version of the C++ Annotations: printable versions are available in
zip-archives containing files in postscript, pdf and other formats at

https://gitlab.com/fbb-git/cppannotations—-zip

Pages of files having names starting with cplusplus are in A4 paper size, pages of files having
names starting with cplusplusus are in the US legal paper size. The C++ Annotations are also
available as a Kindle book.

The latest version of the C++ Annotations in html-format can be browsed at:
https://fbb-git.gitlab.io/cppannotations/

and/or at
http://www.icce.rug.nl/documents/
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Chapter 1

Overview Of The Chapters

The chapters of the C++ Annotations cover the following topics:

Chapter 1: This overview of the chapters.

Chapter 2: A general introduction to C++.

Chapter 3: A first impression: differences between C and C++.

Chapter 4: Name Spaces: how to avoid name collisions.

Chapter 5: The ‘string’ data type.

Chapter 6: The C++ I/O library.

Chapter 7: The ‘class’ concept: structs having functions. The ‘object’ concept: variables of a

class.

Chapter 8: Static data and functions: members of a class not bound to objects.

Chapter 9:

Allocation and returning unused memory: new, delete, and the function

set_new_handler ().

Chapter 10:
Chapter 11:
Chapter 12:
Chapter 13:
Chapter 14:
Chapter 15:
Chapter 16:
Chapter 17:
Chapter 18:
Chapter 19:
Chapter 20:
Chapter 21:

Exceptions: handle errors where appropriate, rather than where they occur.
Give your own meaning to operators.

Abstract Containers to put stuff into.

Building classes upon classes: setting up class hierarchies.

Changing the behavior of member functions accessed through base class pointers.
Gaining access to private parts: friend functions and classes.

Classes having pointers to members: pointing to locations inside objects.
Constructing classes and enums within classes.

The Standard Template Library.

The STL generic algorithms.

Multi Threading.

Function templates: using molds for type independent functions.



CHAPTER 1. OVERVIEW OF THE CHAPTERS

Chapter 22: Class templates: using molds for type independent classes.
Chapter 23: Advanced Template Use: programming the compiler.
Chapter 24: Coroutines.

Chapter 25: Several examples of programs written in C++.



Chapter 2

Introduction

This document offers an introduction to the C++ programming language. It is a guide for C/C++
programming courses, yearly presented by Frank at the University of Groningen. This document is
not a complete C/C++ handbook, as much of the C-background of C++ is not covered. Other sources
should be referred to for that (e.g., the on-1ine book! suggested to me by George Danchev (danchev
at spnet dot net)).

The reader should be forewarned that extensive knowledge of the C programming language is ac-
tually assumed. The C++ Annotations continue where topics of the C programming language end,
such as pointers, basic flow control and the construction of functions.

Some elements of the language, like specific lexical tokens (like digraphs (e.g., <: for [, and >: for
1)) are not covered by the C++ Annotations, as these tokens occur extremely seldom in C++ source
code. In addition, trigraphs (using 22< for {, and ??> for }) have been removed from C++.

The working draft of the C++ standard is freely available, and can be cloned from the git-repository
at https://gitlab.com/cplusplus/draft.git

The version number of the C++ Annotations (currently 12.1.0) is updated when the content of the
document change. The first number is the major number, and is probably not going to change for
some time: it indicates a major rewriting. The middle number is increased when new information
is added to the document. The last number only indicates small changes; it is increased when, e.g.,
series of typos are corrected.

This document is published by the Center of Information Technology, University of Groningen, the
Netherlands under the GNU General Public License?.

The C++ Annotations were typeset using the yodl1® formatting system.

All correspondence concerning suggestions, additions, improvements or
changes to this document should be directed to the author:

Frank B. Brokken
University of Groningen,
PO Box 407,

9700 AK Groningen
The Netherlands

Thttp:/publications.gbdirect.co.uk/c_book/
2http:/www.gnu.org/licenses/
Shttps:/fbb-git.gitlab.io/yodl/



4 CHAPTER 2. INTRODUCTION

(email: f.b.brokken@rug.nl)

In this chapter an overview of C++’s defining features is presented. A few extensions to C are
reviewed and the concepts of object based and object oriented programming (OOP) are briefly intro-
duced.

2.1 What’s new in the C++ Annotations

This section is modified when the first or second part of the version number changes (and occasionally
also for the third field of the version number). At a major version upgrade the entries of the previous
major version are kept, and entries referring to older releases are removed.

® Version 12.1.0 adds a description ofthe __file_clock: :to_sys static member (section 4.3.1),
repaired the descriptions of popx () members of various abstract containers, and reorganized
the description of the facilities of the filesystem: :path class.

* Version 12.0.0 adds a new chapter about coroutines (chapter 24) and a new section (20.1.3) to
chapter 20.

® Version 11.6.0 adds section 18.11 to chapter 18 and section 19.1.24 to chapter 19. The
std::optional class is used to return values from functions that are optionally available,
std: :iota is used to fill a range with a sequence of incremented values.

® Version 11.5.0 adds section 18.10 to chapter 18 showing how local variables can directly be
associated with structured data returned by functions.

* Version 11.4.0 contains a complete overhaul of section 23.13, covering the C++20 concepts.

* Version 11.3.0 covers the three-way comparison operator (cf. section 11.6.2) and various com-
parison classes (cf. section 18.7), added to C++ at the C++20 standard.

* Version 11.2.0 moves the (rewritten) coverage of the chrono and filesystem namespaces to
the Namespaces chapter, and contains a rewrite of the sections covering error_codes,
error_categories, and error_conditions (cf. sections 4.3.2, 10.9, and 23.7).

® Version 11.1.0 contains an almost complete rewrite of the sections covering concepts (section
23.13).

® Version 11.0.0 covers new elements and elements that were re-introduced at the c++20 stan-
dard. Version 11.0.0 is made available at the time the C++20 standard has not yet formally
been released, and compilers do not yet implement all its new elements. Therefore, modifi-
cations and updates may be required once the C++20 standard has officially become the next
standard. However, the elements of the new standard that are now covered by the C++ Anno-
tations are (mostly) supported by compilers.

— Modules (cf. section 7.11.2) simplify header processing. E.g., when using modules header
include guards are not required anymore.

— The section about unrestricted unions (9.9) received a major upgrade, and was moved to
chapter 9.

— The section about the syntax of lambda expressions (section 11.11) received a major up-
grade.

— Section 4.3 covering the std: : filesystemnamespace received a new subsection showing
which facilities of the std: : filesystemnamespace are replacing traditional C functions.

— Transactional memory (covered in section 20.14) simplify access to shared data in multi-
threaded programs.
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— Section 22.5.5 covers folding expressions can be used to associate binary operators with a
variadic number of arguments.

— Section 22.6 received a sub-section covering specializing std: : tuple elements in combi-
nation with structured binding declarations.

— Section 23.13 covers concepts (re-introduced into the language after having been consid-
ered before), allowing template writers to define requirements for their templates that
must be satisfied before their templates can be used.

2.2 C++’s history

The first implementation of C++ was developed in the 1980s at the AT&T Bell Labs, where the Unix
operating system was created.

C++ was originally a ‘pre-compiler’, similar to the preprocessor of C, converting special constructions
in its source code to plain C. Back then this code was compiled by a standard C compiler. The ‘pre-
code’, which was read by the C++ pre-compiler, was usually located in a file with the extension . cc,
.Cor .cpp. This file would then be converted to a C source file with the extension .c, which was
thereupon compiled and linked.

The nomenclature of C++ source files remains: the extensions . cc and . cpp are still used. However,
the preliminary work of a C++ pre-compiler is nowadays usually performed during the actual compi-
lation process. Often compilers determine the language used in a source file from its extension. This
holds true for Borland’s and Microsoft’s C++ compilers, which assume a C++ source for an extension
.cpp. The GNU compiler g++, which is available on many Unix platforms, assumes for C++ the
extension . cc.

The fact that C++ used to be compiled into C code is also visible from the fact that C++ is a superset
of C: C++ offers the full C grammar and supports all C-library functions, and adds to this features
of its own. This makes the transition from C to C++ quite easy. Programmers familiar with C may
start ‘programming in C++’ by using source files having extensions .cc or .cpp instead of .c, and
may then comfortably slip into all the possibilities offered by C++. No abrupt change of habits is
required.

2.2.1 History of the C++ Annotations

The original version of the C++ Annotations was written by Frank Brokken and Karel Kubat in
Dutch using LaTeX. After some time, Karel rewrote the text and converted the guide to a more
suitable format and (of course) to English in September 1994.

The first version of the guide appeared on the net in October 1994. By then it was converted to SGML.

Gradually new chapters were added, and the content was modified and further improved (thanks to
countless readers who sent us their comments).

In major version four Frank added new chapters and converted the document from SGML to yod14.

The C++ Annotations are freely distributable. Be sure to read the 1egal notes®.

Reading the annotations beyond this point implies that you are aware of these
notes and that you agree with them.

4https:/fob-git.gitlab.io/yodl/
5]egal.shtml
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If you like this document, tell your friends about it. Even better, let us know by sending email to
Frank®.

2.2.2 Compiling a C program using a C++ compiler

Prospective C++ programmers should realize that C++ is not a perfect superset of C. There are some
differences you might encounter when you simply rename a file to a file having the extension .cc
and run it through a C++ compiler:

e In C, sizeof ('c’) equals sizeof (int), ’c’ being any ASCII character. The underlying
philosophy is probably that chars, when passed as arguments to functions, are passed as inte-
gers anyway. Furthermore, the C compiler handles a character constant like ’ ¢’ as an integer
constant. Hence, in C, the function calls

putchar (10) ;
and
putchar ('"\n'");

are synonymous.

By contrast, in C++, sizeof (' c’) is always 1 (but see also section 3.4.2). An int is still an
int, though. As we shall see later (section 2.5.4), the two function calls

somefunc (10) ;
and
somefunc ('\n"');

may be handled by different functions: C++ distinguishes functions not only by their names,
but also by their argument types, which are different in these two calls. The former using an
int argument, the latter a char.

* C++ requires very strict prototyping of external functions. E.g., in C a prototype like
void func();

means that a function func () exists, returning no value. The declaration doesn’t specify which
arguments (if any) are accepted by the function.

However, in C++ the above declaration means that the function func () does not accept any
arguments at all. Any arguments passed to it result in a compile-time error.

Note that the keyword extern is not required when declaring functions. A function defini-
tion becomes a function declaration simply by replacing a function’s body by a semicolon. The
keyword extern is required, though, when declaring variables.

Smailto:f.b.brokken@rug.nl
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2.2.3 Compiling a C++ program

To compile a C++ program, a C++ compiler is required. Considering the free nature of this document,
it won’t come as a surprise that a free compiler is suggested here. The Free Software Foundation
(FSF) provides at http://www.gnu.org a free C++ compiler which is, among other places, also
part of the Debian (http://www.debian.org) distribution of Linux (http://www.linux.org).

Always use the latest C++ standard supported by your compiler. When the latest standard isn’t used
by default, but is already partially implemented it can usually be selected by specifying the appro-
priate flag. E.g., to use the C++20 standard specify the flag ——std=c++20. In the C++ Annotations
it is assumed that this flag is used when compiling the examples.

2.2.3.1 C++ under MS-Windows

For MS-Windows Cygwin (http://cygwin.com)or MinGW (http://mingw-wé64.org/doku.php)
provide the foundation for installing the Windows port of the GNU g++ compiler (see also
https://docs.microsoft.com/en-us/windows/wsl/about).

The GNU g++ compiler’s official home page is http://gcc.gnu.org, also containing information
about how to install the compiler in an MS-Windows system.

2.2.3.2 Compiling a C++ source text
Generally the following command can be used to compile a C++ source file ‘source.cc’
g++ source.cc

This produces a binary program (a.out or a.exe). If the default name is inappropriate, the name
of the executable can be specified using the —o flag (here producing the program source):

g++ —O0 SOource source.cCc
If a mere compilation is required, the compiled module can be produced using the —c flag:
g++ —C source.cc

This generates the file source. o, which can later on be linked to other modules.

C++ programs quickly become too complex to maintain ‘by hand’. With all serious programming
projects program maintenance tools are used. Usually the standard make program is used to main-
tain C++ programs, but good alternatives exist, like the i cmake” or ccbuild® program maintenance
utilities.

It is strongly advised to start using maintenance utilities early in the study of C++.

2.3 C++: advantages and claims

Often it is said that programming in C++ leads to ‘better’ programs. Some of the claimed advantages
of C++ are:

"https:/fbb-git.gitlab.io/icmake/
8https:/gitlab.com/bneijt/ccbuild/
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* New programs would be developed in less time because old code can be reused.

¢ Creating and using new data types would be easier than in C.

* The memory management under C++ would be easier and more transparent.

* Programs would be less bug-prone, as C++ uses a stricter syntax and type checking.

¢ ‘Data hiding’, the usage of data by one program part while other program parts cannot access
the data, would be easier to implement with C++.

Which of these allegations are true? Originally, our impression was that the C++ language was some-
what overrated; the same holding true for the entire object-oriented programming (OOP) approach.
The enthusiasm for the C++ language resembles the once uttered allegations about Artificial-
Intelligence (AI) languages like Lisp and Prolog: these languages were supposed to solve the most
difficult Al-problems ‘almost without effort’. New languages are often oversold: in the end, each
problem can be coded in any programming language (say BASIC or assembly language). The advan-
tages and disadvantages of a given programming language aren’t in ‘what you can do with them’,
but rather in ‘which tools the language offers to implement an efficient and understandable solu-
tion to a programming problem’. Often these tools take the form of syntactic restrictions, enforcing
or promoting certain constructions or simply suggesting intentions by applying or ‘embracing’ such
syntactic forms. Rather than a long list of plain assembly instructions we now use flow control state-
ments, functions, objects or even (with C++) so-called templates to structure and organize code and
to express oneself ‘eloquently’ in the language of one’s choice.

Concerning the above allegations of C++, we support the following, however.

* The development of new programs while existing code is reused can also be implemented in
C by, e.g., using function libraries. Functions can be collected in a library and need not be
re-invented with each new program. C++, however, offers specific syntax possibilities for code
reuse, apart from function libraries (see chapters 13 and 21).

¢ Creating and using new data types is certainly possible in C; e.g., by using structs, typedefs
etc.. From these types other types can be derived, thus leading to st ructs containing st ructs
and so on. In C++ these facilities are augmented by defining data types which are completely
‘self supporting’, taking care of, e.g., their memory management automatically (without having
to resort to an independently operating memory management system as used in, e.g., Java).

* In C++ memory management can in principle be either as easy or as difficult as it is in C.
Especially when dedicated C functions such as xmalloc and xrealloc are used (allocating
the memory or aborting the program when the memory pool is exhausted). However, with
functions like malloc it is easy to err. Frequently errors in C programs can be traced back
to miscalculations when using malloc. Instead, C++ offers facilities to allocate memory in a
somewhat safer way, using its operator new.

* Concerning ‘bug proneness’ we can say that C++ indeed uses stricter type checking than C.
However, most modern C compilers implement ‘warning levels’; it is then the programmer’s
choice to disregard or get rid of the warnings. In C++ many of such warnings become fatal
errors (the compilation stops).

* As far as ‘data hiding’ is concerned, C does offer some tools. E.g., where possible, local or
static variables can be used and special data types such as structs can be manipulated by
dedicated functions. Using such techniques, data hiding can be implemented even in C; though
it must be admitted that C++ offers special syntactic constructions, making it far easier to
implement ‘data hiding’ (and more in general: ‘encapsulation’) in C++ than in C.

C++ in particular (and OOP in general) is of course not the solution to all programming problems.
However, the language does offer various new and elegant facilities which are worth investigating. At
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the downside, the level of grammatical complexity of C++ has increased significantly as compared
to C. This may be considered a serious drawback of the language. Although we got used to this
increased level of complexity over time, the transition was neither fast nor painless.

With the C++ Annotations we hope to help the reader when transiting from C to C++ by focusing on
the additions of C++ as compared to C and by leaving out plain C. It is our hope that you like this
document and may benefit from it.

Enjoy and good luck on your journey into C++!

2.4 What is Object-Oriented Programming?

Object-oriented (and object-based) programming propagates a slightly different approach to pro-
gramming problems than the strategy usually used in C programs. In C programming problems
are usually solved using a ‘procedural approach’: a problem is decomposed into subproblems and
this process is repeated until the subtasks can be coded. Thus a conglomerate of functions is created,
communicating through arguments and variables, global or local (or static).

In contrast (or maybe better: in addition) to this, an object-based approach identifies the keywords
used in a problem statement. These keywords are then depicted in a diagram where arrows are
drawn between those keywords to depict an internal hierarchy. The keywords become the objects
in the implementation and the hierarchy defines the relationship between these objects. The term
object is used here to describe a limited, well-defined structure, containing all information about
an entity: data types and functions to manipulate the data. As an example of an object oriented
approach, an illustration follows:

The employees and owner of a car dealer and auto garage company are paid as follows.
First, mechanics who work in the garage are paid a certain sum each month. Second, the
owner of the company receives a fixed amount each month. Third, there are car salesmen
who work in the showroom and receive their salary each month plus a bonus per sold
car. Finally, the company employs second-hand car purchasers who travel around; these
employees receive their monthly salary, a bonus per bought car, and a restitution of their
travel expenses.

When representing the above salary administration, the keywords could be mechanics, owner, sales-
men and purchasers. The properties of such units are: a monthly salary, sometimes a bonus per
purchase or sale, and sometimes restitution of travel expenses. When analyzing the problem in this
manner we arrive at the following representation:

* The owner and the mechanics can be represented by identical types, receiving a given salary
per month. The relevant information for such a type would be the monthly amount. In addition
this object could contain data as the name, address and social security number.

¢ Car salesmen who work in the showroom can be represented as the same type as above but with
some extra functionality: the number of transactions (sales) and the bonus per transaction.
In the hierarchy of objects we would define the dependency between the first two objects by

letting the car salesmen be ‘derived’ from the owner and mechanics.

¢ Finally, there are the second-hand car purchasers. These share the functionality of the sales-
men except for travel expenses. The additional functionality would therefore consist of the
expenses made and this type would be derived from the salesmen.

The hierarchy of the identified objects are further illustrated in Figure 2.1.
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e.g. mechanics
and owner

Monthly salary

A

e.g. salesmen

+
bonus per sale in showroom

A

e.g. car

+
travel expenses purchasers

Figure 2.1: Hierarchy of objects in the salary administration.

The overall process in the definition of a hierarchy such as the above starts with the description of the
most simple type. Traditionally (and still encountered with some popular object oriented languages)
more complex types are thereupon derived from the basic type, with each derived type adding some
new functionality. From these derived types, more complex types can again be derived ad infinitum,
until a representation of the entire problem can be made.

Over the years this approach has become less popular in C++ as it typically results in very tight cou-
pling among those types, which in turns reduces rather than enhances the understanding, maintain-
ability and testability of complex programs. The term coupling refers to the degree of independence
between software components: tight coupling means a strong dependency, which is frowned upon in
C++. In C++ object oriented programs more and more favor small, easy to understand hierarchies,
limited coupling and a developmental process where design patterns (cf. Gamma et al. (1995)) play
a central role.

In C++ classes are frequently used to define the characteristics of objects. Classes contain the nec-
essary functionality to do useful things. Classes generally do not offer all their functionality (and
typically none of their data) to objects of other classes. As we will see, classes tend to hide their prop-
erties in such a way that they are not directly modifiable by the outside world. Instead, dedicated
functions are used to reach or modify the properties of objects. Thus class-type objects are able to
uphold their own integrity. The core concept here is encapsulation of which data hiding is just an
example. These concepts are further elaborated in chapter 7.

2.5 Differences between C and C++

In this section some examples of C++ code are shown. Some differences between C and C++ are
highlighted.

2.5.1 The function ‘main’

In C++ there are only two variants of the function main: int main() and int main (int argc,
char *xxargv).

Notes:

* The return type of main is int, and not void;

® The function main cannot be overloaded (for other than the abovementioned signatures);
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It is not required to use an explicit return statement at the end of main. If omitted main
returns 0;

The value of argv[argc] equals 0;

The ‘third char *xenvp parameter’ is not defined by the C++ standard and should be avoided.
Instead, the global variable extern char #xenviron should be declared providing access to
the program’s environment variables. Its final element has the value 0;

A C++ program ends normally when the main function returns. Using a function try block (cf.
section 10.11) for main is also considered a normal end of a C++ program. When a C++ ends
normally, destructors (cf. section 9.2) of globally defined objects are activated. A function like
exit(3) does not normally end a C++ program and using such functions is therefore deprecated.

2.5.2 End-of-line comment

According to the ANSI/ISO definition, ‘end of line comment’ is implemented in the syntax of C++.
This comment starts with // and ends at the end-of-line marker. The standard C comment, delimited
by /+ and x/ can still be used in C++:

int main ()

{
// this is end-of-line comment
// one comment per line

/
this is standard-C comment, covering
multiple lines

*/

Despite the example, it is advised not to use C type comment inside the body of C++ functions.
Sometimes exist