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Abstract

This document is intended for knowledgeable users of C (or any other language using a C-like grammar,
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
postscript, pdf and other formats in

http://sourceforge. net/ projects/cppannotations/,

in files having names starting with cpl uspl us (A4 paper size). Files having names starting with
‘cplusplusus’ are intended for the US legal paper size.

The latest version of the C++ Annotations in html-format can be browsed at:
http://cppannot ati ons. sour cef orge. net/

and/or at
http://wwv. icce.rug.nl/docunments/
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Chapter 1

Overview Of The Chapters

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

e Chapter 1: This overview of the chapters.

e Chapter 2: A general introduction to C++.

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

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

e Chapter 5: The ‘string’ data type.

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

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

e Chapter 8: Allocation and returning unused memory: new, del ete, and the function
set _new handl er ().

e Chapter 9: Exceptions: handle errors where appropriate, rather than where they occur.
e Chapter 10: Give your own meaning to operators.

e Chapter 11: Static data and functions: members of a class not bound to objects.

e Chapter 12: Abstract Containers to put stuff into.

e Chapter 13: Building classes upon classes: setting up class hierarcies.

e Chapter 14: Changing the behavior of member functions accessed through base class pointers.
e Chapter 15: Gaining access to private parts: friend functions and classes.

e Chapter 16: Classes having pointers to members: pointing to locations inside objects.

e Chapter 17: Constructing classes and enums within classes.

e Chapter 18: The Standard Template Library.

e Chapter 19: The STL generic algorithms.

e Chapter 20: Function templates: using molds for type independent functions.

e Chapter 21: Class templates: using molds for type independent classes.

e Chapter 22: Advanced Template Use: programming the compiler.

e Chapter 23: Several examples of programs written in C++.
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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 Dutch book De programmeertaal C, Brokken and Kubat, University of
Groningen, 1996) or the on-|i ne book! suggested to me by George Danchev (danchev at spnet dot
net).

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

The version number of the C++ Annotations (currently 8.2.0) is updated when the contents of the
document change. The first number is the major number, and will probably not be changed 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 Computing Center, University of Groningen, the Netherlands under
the GNU General Public License2.

The C++ Annotations were typeset using the yod! 3 formatting system.

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

Frank B. Brokken
Center of Information Technology,
University of Groningen

Nettelbosje 1,
P.O. Box 11044,

9700 CA Groningen

The Netherlands
(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 introduced.

Thttp:/publications.gbdirect.co.uk/c_book/
2http://www.gnu.org/licenses/
S3http://yodl.sourceforge.net



4 CHAPTER 2. INTRODUCTION
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 sometimes
for the third part as well).

e Version 8.2.0 adds a section about casting shar ed_pt r s (section 18.4.5) and about sharing arrays
of objects (18.4.6).

e Version 8.1.0 was released following a complete overhaul of the C++ Annotations, with two pre-
leases in between. Many inconsistencies that had crept into the text and examples were removed,
streamlining the text and synchronizing examples with the text. All of the code examples have
received a work-over, replacing endl by '\ n’ , making virtual functions private, etc., etc. The
sections labeled C++0x were improved and sections showing C++0x now also mention the g++
version in which the new feature will be made available, using ? if this is as yet unknown.
No version is shown if the feature is already available in g++ 4.3 (or in one of its subreleases,
like 4.3.3). I received a host of suggestions from Francesco Poli (thanks, Francesco (and several
others), for all the effort you've put into sending me those corrections).

e Version 8.0.0 was released as a result of the upcoming new C++ standard* becoming (partially)
available in the Gnu g++ compiler®. Not all new elements of the new standard (informally called
the C++0x standard) are available right now, and new subreleases of the C++ Annotations will
appear once more elements become implemented in the g++ compiler. In section 2.2.3 the way
to activate the new standard is shown, and new sections covering elements of the new standard
show C++0x in their section-titles.

Furthermore, two new chapters were added: the STL chapter is now split in two. The STL chapter
now covers the STL except for the Generic Algorithms which are now discussed in a separate
chapter. Name spaces, originally covered by the introductory chapter are now also covered in a
separate chapter.

e Version 7.3.0 adds a section about overloading operators outside of the common context of classes
(section 10.11).

e Version 7.2.0 describes the implementation of polymorphism for classes inheriting from multiple
base classes defining virtual member functions (section 14.9) and adds two new sections in the
concrete examples chapter: Section 23.6 discusses the problem how to distinguish lvalues from
rvalues with operator[] (), section 23.8.3 discusses in the context of the Bisonc++ parser gen-
erator how to use polymorphism instead of a union to define different types of semantic values.
As usual, several typos were repaired and various other improvements were made.

e Version 7.1.0 adds a description of the t ype_i nf o: : bef or e() member (cf. section 14.5.2). Fur-
thermore, several typographical corrections were made.

e Version 7.0.1. was released shortly after releasing version 7.0.0, as the result of very extensive
feedback received by Eric S. Raymond (esr at thyrsus dot com) and Edward Welbourne (eddy
at chaos dot org dot uk). Considering the extent of the received feedback, it’s appropriate to
mention explicitly the sub-sub-release here. Many textual changes were made and section 5.2.4
was completely reorganized.

e Version 7.0.0 comes with a new chapter discussing advanced template applications. Moreover,
the general terminology used with templates has evolved. “Templates’ are now considered a core
concept, which is reflected by the use of ‘templates’ as a noun, rather than an adjective. So, from
now on it is ‘class template’ rather than ‘template class’. The addition of another chapter, together
with the addition of several new sections to existing chapters as well as various rewrites of exist-
ing sections made it appropriate to upgrade to the next major release. The newly added chapter
does not aim at concrete examples of templates. Instead it discusses possibilities of templates be-
yond the basic function and class templates. In addition to this new chapter, several new sections
were added: section 7.7 introduces local classes; section 8.1.5 discusses the placement new opera-
tor; section 13.6.1 discusses how to make available some members of privately inherited classes

4htt p: // en. wi ki pedi a. or g/ wi ki / C++0x
Shttp:/gce.gnu.org/projects/cxx0x.html
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and section 13.8 discusses how objects created by new|{ ] can be initialized by non-default con-
structors. In addition to all this, Elwin Dijck (e dot dijck at gmail dot com), one of the students of
the 2006-2007 edition of the C++ course, did a magnificent job by converting all images to vector
graphics (in the process prompting me to start using vector graphics as well :-). Thanks, Elwin
for a job well done!

Version 6.5.0 changed unsi gned into si ze_t where appropriate, and explicitly mentioned i nt -
derived types like i nt 16_t . In-class member function definitions were moved out of (below) their
class definitions as i nl i ne defined members. A paragraphs about implementing pure virtual
member functions was added. Various bugs and compilation errors were fixed.

Version 6.4.0 added a new section (22.1.1) further discussing the use of the t enpl at e keyword
to distinguish types nested under class templates from template members. Furthermore, Sergio
Bacchi s dot bacchi at grmail dot comdid an impressive job when translating the Anno-
tations into Portuguese. His translation (which may lag a distribution or two behind the latest
verstion of the Annotations) may also be retrieved from the cont ri buti ons/ subdirectory in the
c++-annotati ons_X Y. Z. tar. gz archive at

htt p://sourceforge. net/ projects/cppannot ati ons/

Version 6.3.0 added new sections about anonymous objects (section 7.5.1) and type resolution
with class templates (section 22.1.2). Also the description of the template parameter deduction
algorithm was rewritten (cf. section 20.3.4) and numerous modifications required because of the
compiler’s closer adherence to the C++ standard were realized, among which exception rethrowing
from constructor and destructor function try blocks. Also, all textual corrections received from
readers since version 6.2.4 were processed.

In version 6.2.4 many textual improvements were realized. I received extensive lists of typos and
suggestions for clarifications of the text, in particular from Nathan Johnson and from Jakob van
Bethlehem. Equally valuable were suggestions I received from various other readers of the C++
annotations: all were processed in this release. The C++ content matter of this release was not
substantially modified, compared to version 6.2.2.

Version 6.2.2 offers improved implementations of the configurable class templates (removed in
8.1.0, superseded by lambda functions).

Version 6.2.0 was released as an Annual Update, by the end of May, 2005. Apart from the usual
typo corrections several new sections were added and some were removed: in the Exception chap-
ter (9) a section was added covering the standard exceptions and their meanings; in the chapter
covering static members (11) a section was added discussing st ati ¢ const data members; and
the final chapter (23) covers configurable class templates using local context structs (replacing the
previous For Each, UnaryPredi cat e and Bi nar yPr edi cat e classes). Furthermore, the final
section (covering a C++ parser generator) now uses bisonc++, rather than the old (and somewhat
outdated) bison++ program.

Version 6.1.0 was released shortly after releasing 6.0.0. Following suggestions received from
Leo Razoumov<LEOR@\M nnai n. r ut ger s. edu> and Paulo Tribolet, and after receiving many,
many useful suggestions and extensive help from Leo, navigatable . pdf files are from now on
distributed with the C++ Annotations. Also, some sections were slightly adapted.

Version 6.0.0 was released after a full update of the text, removing many inconsistencies and ty-
pos. Since the update effected the Annotation’s full text an upgrade to a new major version seemed
appropriate. Several new sections were added: overloading binary operators (section 10.6); throw-
ing exceptions in constructors and destructors (section 9.11); function t r y-blocks (section 9.10);
calling conventions of static and global functions (section 11.2.1) and virtual constructors (section
14.11). The chapter on templates was completely rewritten and split into two separate chapters:
chapter 20 discusses the syntax and use of template functions; chapter 21 discusses template
classes. Various concrete examples were modified; new examples were included as well (chapter
23).

In version 5.2.4 the description of the random_shuffle generic algorithm (section 19.1.39) was
modified.
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In version 5.2.3 section 2.5.11 on local variables was extended and section 2.5.4 on function over-
loading was modified by explicitly discussing the effects of the const modifier with overloaded
functions. Also, the description of the conpar e() function in chapter 5 contained an error, which
was repaired.

e In version 5.2.2 a leftover in section 10.4 from a former version was removed and the correspond-
ing text was updated. Also, some minor typos were corrected.

e In version 5.2.1 various typos were repaired, and some paragraphs were further clarified. Fur-
thermore, a section was added to the template chapter (chapter 20), about creating several i t er at or
types. This topic was further elaborated in chapter 23, where the section about the construction
of a reverse iterator (section 23.7) was completely rewritten. In the same chapter, a universal text
to anything convertor is discussed (section 23.5). Also, LaTeX, Post Scri pt and PDF versions fit-
ting the US-letter paper size are now available as cpl uspl usus versions: cpl uspl usus. | at ex,
cpl uspl usus. ps and cpl uspl us. pdf. The A4-paper size is of course kept, and remains to be
available in the cpl uspl us. | at ex, cpl uspl us. ps and cpl uspl . pdf files.

Version 5.2.0 was released after adding a section about the nut abl e keyword (section 7.8), and
after thoroughly changing the discussion of the For k() abstract base class (section 23.3). All
examples should now be up-to-date with respect to the use of the st d namespace.

e However, in the meantime the Gnu g++ compiler version 3.2 was released®. In this version ex-
tensions to the abstract containers (see chapter 12) like the hash_map were placed in a separate
namespace, __gnu_cxX. This namespace should be used when using these containers. However,
this may break compilations of sources with g++, version 3.0. In that case, a compilation can be
performed conditionally to the 3.2 and the 3.0 compiler version, defining ___gnu_cxx for the 3.2
version. Alternatively, the dirty trick

#define __gnu_cxx std

can be placed just before header files in which the __gnu_cxx namespace is used. This might
eventually result in name-collisions, and it’s a dirty trick by any standards, so please don’t tell
anybody I wrote this down.

e Version 5.1.1 was released after modifying the sections related to the f or k() system call in chap-
ter 23. Under the ANSI/ISO standard many of the previously available extensions (like pr ocbuf ,
and vf or m applied to streams were discontinued. Starting with version 5.1.1. ways of construct-
ing these facilities under the ANSI/ISO standard are discussed in the C++ Annotations. I consider
the involved subject sufficiently complex to warrant the upgrade to a new subversion.

e With the advent of the Gnu g++ compiler version 3.00, a more strict implementation of the
ANSI/ISO C++ standard became available. This resulted in version 5.1.0 of the Annotations,
appearing shortly after version 5.0.0. In version 5.1.0 chapter 6 was modified and several cos-
metic changes took place (e.g., removing cl ass from template type parameter lists, see chapter
20). Intermediate versions (like 5.0.0a, 5.0.0b) were not further documented, but were mere in-
termediate releases while approaching version 5.1.0. Code examples will gradually be adapted to
the new release of the compiler.

In the meantime the reader should be prepared to insert usi ng nanespace std; in
many code examples, just beyond the #i ncl ude preprocessor directives as a temporary
measure to make the example accepted by the compiler.

e New insights develop all the time, resulting in version 5.0.0 of the Annotations. In this version a
lot of old code was cleaned up and typos were repaired. According to current standard, namespaces
are required in C++ programs, so they are introduced now very early (in section 3.1.1) in the
Annotations. A new section about using external programs was added to the Annotations (and
removed again in version 5.1.0), and the new st ri ngstreamclass, replacing the strstream
class is now covered too (sections 6.4.3 and 6.5.3). Actually, the chapter on input and output
was completely rewritten. Furthermore, the operators new and del et e are now discussed in
chapter 8, where they fit better than in a chapter on classes, where they previously were discussed.

6htt p: // ww. gnu. or g
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Chapters were moved, split and reordered, so that subjects could generally be introduced without
forward references. Finally, the ht ml , PostScript and pdf versions of the C++ Annotations now
contain an index (sigh of relief ?) All in, considering the volume and nature of the modifications,
it seemed right to upgrade to a full major version. So here it is.

Considering the volume of the Annotations, I'm sure there will be typos found every now and
then. Please do not hesitate to send me mail containing any mistakes you find or corrections you
would like to suggest.

e In release 4. 4. 1b the pagesize in the LaTeX file was defined to be di n Ad. In countries where
other pagesizes are standard the default pagesize might be a better choice. In that case, re-
move the adpaper, t wosi de option from cpl uspl us. t ex (or cpl uspl us. yo if you have yodl
installed), and reconstruct the Annotations from the TeX-file or Yodl -files.

The Annotations mailing lists was stopped at release 4. 4. 1d. From this point on only minor
modifications were expected, which are not anymore generally announced.

At some point, I considered version 4. 4. 1 to be the final version of the C++ Annotations. How-
ever, a section on special I/O functions was added to cover unformatted I/0, and the section about
the st ri ng datatype had its layout improved and was, due to its volume, given a chapter of its
own (chapter 5). All this eventually resulted in version 4. 4. 2.

Version 4. 4. 1 again contains new material, and reflects the ANSI / | SO standard (well, I try
to have it reflect the ANSI/ISO standard). In version 4.4.1. several new sections and chapters
were added, among which a chapter about the Standard Template Library (STL) and generic
algorithms.

Version 4. 4. 0 (and subletters) was a mere construction version and was never made available.

The version 4. 3. 1a is a precursor of 4. 3. 2. In 4. 3. 1a most of the typos I've received since the
last update have been processed. In version 4. 3. 2 extra attention was paid to the syntax for
function addresses and pointers to member functions.

The decision to upgrade from version 4.2.* to 4.3.* was made after realizing that the lexical scan-
ner function yyl ex() can be defined in the scanner class that is derived from yyFl exLexer .
Under this approach the yyl ex() function can access the members of the class derived from
yyFl exLexer as well as the public and protected members of yyFl exLexer. The result of all
this is a clean implementation of the rules defined in the f | ex++ specification file.

The upgrade from version 4.1.* to 4.2.* was the result of the inclusion of section 3.4.1 about the
bool data type in chapter 3. The distinction between differences between C and C++ and exten-
sions of the C programming languages is (albeit a bit fuzzy) reflected in the introduction chapter
and the chapter on first impressions of C++: The introduction chapter covers some differences
between C and C++, whereas the chapter about first impressions of C++ covers some extensions
of the C programming language as found in C++.

Major version 4 is a major rewrite of the previous version 3.4.14. The document was rewritten
from SGML to Yodl and many new sections were added. All sections got a tune-up. The distribu-
tion basis, however, hasn’t changed: see the introduction.

Modifications in versions 1.%.* 2.* * and 3.*.* (replace the stars by any applicable number) were
not logged.

Subreleases like 4. 4. 2a etc. contain bugfixes and typographical corrections.

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

Tftp://research.att.com/dist/c++std/WP/
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. cpp. This file would then be converted to a C source file with the extension . ¢, 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 exten-
sion . ccC.

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 . ¢, 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 SGVL.

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

In major version four Frank added new chapters and converted the document from SGML to yod] 8.

The C++ Annotations are freely distributable. Be sure to read the | egal not es?®.

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

If you like this document, tell your friends about it. Even better, let us know by sending email to
Frank!©.

In the Internet, many useful hyperlinks exist to C++. Without even suggesting completeness (and
without being checked regularly for existence: they might have died by the time you read this), the
following might be worthwhile visiting:

e http://wwmv. cpl uspl us. coni ref/ : a reference site for C++.

e http://wwn csci . csusb. edu/ di ck/ c++st d/ cd2/i ndex. ht M : offers a version of the 1996
working paper of the C++ ANSI/ISO standard.

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,si zeof (" c’) equals si zeof (int),’ ¢’ being any ASCII character. The underlying phi-
losophy is probably that char s, when passed as arguments to functions, are passed as integers

8http://yodl.sourceforge.net
9legal.shtml
Omailto:f.b.brokken@rug.nl



2.2. C++S HISTORY 9

anyway. Furthermore, the C compiler handles a character constant like ' ¢’ as an integer con-
stant. Hence, in C, the function calls

put char ( 10);
and
putchar(’\n");

are synonymodus.

By contrast, in C++, si zeof (' ¢’ ) is always 1 (but see also section 3.4.2). An i nt is still ani nt,
though. As we shall see later (section 2.5.4), the two function calls

somef unc( 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 i nt
argument, the latter a char .

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

means that a function f unc() 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 f unc() does not accept any
arguments at all. Any arguments passed to it will result in a compile-time error.

Note that the keyword ext er n is not required when declaring functions. A function definition
becomes a function declaration simply by replacing a function’s body by a semicolon. The keyword
ext er n is required, though, when declaring variables.

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 ht t p: / / www. gnu. or g a free C++ compiler which is, among other places, also part of the
Debian (ht t p: / / ww. debi an. or g) distribution of Linux ( ht t p: / / ww. | i nux. or g).

The upcoming C++0x standard has not yet fully been implemented in the g++ compiler. Unless in-
dicated otherwise, all features of the C++0x standard covered by the C++ Annotations are available
in g++ 4. 4, unless indicated otherwise. To use these features the compiler flag - st d=c++0x must
currently be provided. It is assumed that this flag is used when compiling the examples given by the
Annotations. The features of the C++0x standard may or may not be available in g++ versions older
than 4.4.

2.2.3.1 C++ under MS-Windows

For MS-Windows Cygnus (htt p://sources. redhat. conf cygw n) provides the foundation for in-
stalling the Windows port of the Gnu g++ compiler.

When visiting the above URL to obtain a free g++ compiler, click on i nst al I now. This will download
the file set up. exe, which can be run to install cygwi n. The software to be installed can be downloaded
by set up. exe from the internet. There are alternatives (e.g., using a CD-ROM), which are described
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on the Cygwin page. Installation proceeds interactively. The offered defaults are sensible and should
be accepted unless you have reasons to divert.

The most recent Gnu g++ compiler can be obtained from htt p: // gcc. gnu. or g. If the compiler that
is made available in the Cygnus distribution lags behind the latest version, the sources of the latest
version can be downloaded after which the compiler can be built using an already available compiler.
The compiler’s webpage (mentioned above) contains detailed instructions on how to proceed. In our
experience building a new compiler within the Cygnus environment works flawlessly.

2.2.3.2 Compiling a C++ source text
Generally the following command can be used to compile a C++ source file ‘sour ce. 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 sour ce):

g++ -0 source source.cc
If a mere compilation is required, the compiled module can be produced using the - ¢ flag:
g++ -c source.cc

This generates the file sour ce. o, which can later on be linked to other modules. As pointed out,
provide the compiler option —std=c++0x (note: two dashes). to activate the features of the C++0x
standard.

C++ programs quickly become too complex to maintain ‘by hand’. With all serious programming
projects program maintenance tools are used. Usually the standard nake program is be used to
maintain C++ programs, but good alternatives exist, like the i cmake!! program maintenance utility,
ccbui | d'2 or | ake!3

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:

e 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.

e ‘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++.

Hhttp:/icmake.sourceforge.net/
2http://ccbuild.sourceforge.net/
Bhttp://nl.logilogi.org/MetaLogi/LaKe
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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 advantages and disadvan-
tages 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 solution to a programming problem’.
Often these tools take the form of syntactic restrictions, enforcing or promoting certain constructions
or which simply suggest intentions by applying or ‘embracing’ such syntactic forms. Rather than a
long list of plain assembly instructions we now use flow control statements, 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.

e 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 20).

e Creating and using new data types is certainly possible in C; e.g., by using struct s, t ypedef s
etc.. From these types other types can be derived, thus leading to st r uct s containing st ruct s
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).

e In C++ memory management can in principle be either as easy or as difficult as it is in C. Es-
pecially when dedicated C functions such as xnmal | oc and xr eal | oc are used (allocating the
memory or aborting the program when the memory pool is exhausted). However, with functions
like nal | oc it is easy to err. Frequently errors in C programs can be traced back to miscalcula-
tions when using mal | oc. Instead, C++ offers facilities to allocate memory in a somewhat safer
way, using its oper at or new.

e Concerning ‘bug proneness’ we can say that C++ indeed uses stricter type checking than C. How-
ever, 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).

e As far as ‘data hiding’ is concerned, C does offer some tools. E.g., where possible, local or st ati c
variables can be used and special data types such as struct s 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
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++!
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Figure 2.1: Hierarchy of objects in the salary administration.
2.4 What is Object-Oriented Programming?

Object-oriented (and object-based) programming propagates a slightly different approach to program-
ming 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 st ati c).

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 im-
plementation 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, salesmen
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:

e 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.

e 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.

e Finally, there are the second-hand car purchasers. These share the functionality of the salesmen
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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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 in vogue with some popular object oriented languages) more
complex types are then derived from the basic set, with each derivation adding a little extra functional-
ity. From these derived types, more complex types can be derived ad infinitum, until a representation
of the entire problem can be made. Over the years, however, this approach has become less popular in
C++ as it typically results in overly tight coupling, which in turns reduces rather than enhances the
understanding, maintainability and testability of complex programs. In C++ object oriented program
more and more favors small, easy to understand hierarchies, limited coupling and a developmental
process where design patterns (cf. Gamma et al. (1995)) play a central role.

Nonetheless, in C++ classes are frequently used to define the characteristics of objects. Classes contain
the necessary 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
properties 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 will be further explained 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 high-
lighted.

2.5.1 The function ‘main’

In C++ there are but two variants of the function nain: i nt main() and i nt nain(int argc,
char ==xargv). Notes:

e The return type of mai nisi nt, and not voi d.

e It is not required to use an explicit r et ur n statement at the end of mai n. If omitted mai n returns
0.

e The ‘third char **envp parameter’ is not defined by the C++ standard and should be avoided.
Instead, the global variable ext ern char =**envi r on should be declared providing access to the
program’s environment variables. Its final element has the value 0.

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 */ can still be used in C++:

int main()

{
// this is end-of-1ine conmment
/1 one conmment per |ine

| *
this is standard-C comrent, covering
multiple lines

*/
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Despite the example, it is advised not to use C type comment inside the body of C++ functions. Some-
times existing code must temporarily be suppressed, e.g., for testing purposes. In those cases it’s very
practical to be able to use standard C comment. If such suppressed code itself contains such comment,
it would result in nested comment-lines, resulting in compiler errors. Therefore, the rule of thumb is
not to use C type comment inside the body of C++ functions (alternatively, #i f 0 until #endi f pair of
preprocessor directives could of course also be used).

2.5.3 Strict type checking

C++ uses very strict type checking. A prototype must be known for each function before it is called, and
the call must match the prototype. The program

int main()

{
}

printf("Hello World\n");

often compiles under C, albeit with a warning that pri nt f () is an unknown function. But C++ compil-
ers (should) fail to produce code in such cases. The error is of course caused by the missing #i ncl ude
<st di 0. h> (which in C++ is more commonly included as #i ncl ude <cst di o> directive).

And while we're at it: as we've seen in C++ mai n always uses the i nt return value. Although it is
possible to define i nt mai n() without explicitly defining a return statement, within nai n it is not
possible to use a r et ur n statement without an explicit i nt -expression. For example:

int main()

{

return; /1 won't conpile: expects int expression, e.g.
/1l return 1;

2.5.4 Function Overloading

In C++ it is possible to define functions having identical names but performing different actions. The
functions must differ in their parameter lists (and/or in their const attribute). An example is given
below:

#i ncl ude <stdi o. h>

voi d show(int val)

{

printf("lInteger: %\ n", val);
}
voi d show doubl e val)
{

printf("Double: %f\n", val);
}
voi d show(char const =*val)
{

printf("String: %\n", val);
}

int main()
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{
show(12) ;
show( 3. 1415) ;
show("Hello World\n!");

In the above program three functions showare defined, only differing in their parameter lists, expecting
an i nt, doubl e and char =, respectively. The functions have identical names. Functions having
identical names but different parameter lists are called overloaded. The act of defining such functions
is called ‘function overloading’.

The C++ compiler implements function overloading in a rather simple way. Although the functions
share their names (in this example show), the compiler (and hence the linker) use quite different names.
The conversion of a name in the source file to an internally used name is called ‘name mangling’. E.g.,
the C++ compiler might convert the prototype voi d show (i nt) to the internal name Vshow , while
an analogous function having a char * argument might be called VshowCP. The actual names that are
used internally depend on the compiler and are not relevant for the programmer, except where these
names show up in e.g., a listing of the contents of a library.

Some additional remarks with respect to function overloading:

e Do not use function overloading for functions doing conceptually different tasks. In the example
above, the functions show are still somewhat related (they print information to the screen).

However, it is also quite possible to define two functions | ookup, one of which would find a name
in a list while the other would determine the video mode. In this case the behavior of those two
functions have nothing in common. It would therefore be more practical to use names which
suggest their actions; say, f i ndnane and vi deoMbde.

e C++ does not allow identically named functions to differ only in their return values, as it is always
the programmer’s choice to either use or ignore a function’s return value. E.g., the fragment

printf("Hello World!'\n");

provides no information about the return value of the function pri ntf. Two functions pri nt f
which only differ in their return types would therefore not be distinguishable to the compiler.

e In chapter 7 the notion of const member functions is introduced (cf. section 7.5). Here it is
merely mentioned that classes normally have so-called member functions associated with them
(see, e.g., chapter 5 for an informal introduction to the concept). Apart from overloading member
functions using different parameter lists, it is then also possible to overload member functions
by their const attributes. In those cases, classes may have pairs of identically named member
functions, having identical parameter lists. Then, these functions are overloaded by their const
attribute. In such cases only one of these function must have the const attribute.

2.5.5 Default function arguments

In C++ it is possible to provide ‘default arguments’ when defining a function. These arguments are
supplied by the compiler when they are not specified by the programmer. For example:

#i ncl ude <stdi o. h>

voi d showstring(char *str = "Hello World!\n");
int main()

{

showstring("Here’s an explicit argument.\n");

showstring(); /1 in fact this says:
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/1 showstring("Hello World!'\n");

The possibility to omit arguments in situations where default arguments are defined is just a nice
touch: it is the compiler who supplies the lacking argument unless it is explicitly specified at the call.
The code of the program will neither be shorter nor more efficient when default arguments are used.

Functions may be defined with more than one default argument:

void two_ints(int a =1, int b = 4);

int main()

{
two_ints(); /1 arguments: 1, 4
two_i nts(20); /1 arguments: 20, 4
two_ints(20, 5); /1 argunents: 20, 5

}

When the functiont wo_i nt s is called, the compiler supplies one or two arguments whenever necessary.
A statement like t wo_i nt s(, 6) is, however, not allowed: when arguments are omitted they must be
on the right-hand side.

Default arguments must be known at compile-time since at that moment arguments are supplied to
functions. Therefore, the default arguments must be mentioned at the function’s declaration, rather
than at its implementation:

/'l sanpl e header file
extern void two_ints(int a =1, int b = 4);

/1l code of function in, say, two.cc
void two_ints(int a, int b)

{
}

It is an error to supply default arguments in function definitions. When the function is used by other
sources the compiler reads the header file rather than the function definition. Consequently the com-
piler has no way to determine the values of default function arguments. Current compilers generate
compile-time errors when detecting default arguments in function definitions.

2.5.6 NULL-pointers vs. 0-pointers and nullptr (C++0x, ?)

In C++ all zero values are coded as 0. In C NULL is often used in the context of pointers. This difference
is purely stylistic, though one that is widely adopted. In C++ NULL should be avoided (as it is a macro,
and macros can —and therefore should- easily be avoided in C++). Instead O can almost always be used.

Almost always, but not always. As C++ allows function overloading (cf. section 2.5.4) the programmer
might be confronted with an unexpected function selection in the situation shown in section 2.5.4:

#i ncl ude <stdi o. h>

voi d show(int val)
{

}

voi d show doubl e val)

printf("lInteger: %\ n", val);
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{
printf("Double: %f\n", val);

}
voi d show(char const =*val)
{

printf("String: %\n", val);
}
int main()
{

show(12) ;

show( 3. 1415) ;

show("Hel o World\n!");
}

In this situation a programmer intending to call show( char const =*) might call show( 0) . But this
doesn’t work, as O is interpreted as i nt and so show(i nt) is called. But calling show( NULL) doesn’t
work either, as C++ usually defines NULL as 0, rather than ((void *)0). So, show(i nt) is called
once again. To solve these kinds of problems the new C++ standard introduces the keyword nul | ptr
representing the 0 pointer. In the current example the programmer should call show( nul | ptr) to
avoid the selection of the wrong function. The nul | ptr value can also be used to initialize pointer
variables. E.g.,

int xip = nullptr; Il K
int value = nullptr; /1 error: value is no pointer

2.5.7 The ‘void’ parameter list
In C, a function prototype with an empty parameter list, such as
void func();

means that the argument list of the declared function is not prototyped: the compiler will not warn
against calling f unc with any set of arguments. In C the keyword voi d is used when it is the explicit
intent to declare a function with no arguments at all, as in:

voi d func(void);

As C++ enforces strict type checking, in C++ an empty parameter list indicates the total absence of
parameters. The keyword voi d is thus omitted.

2.5.8 The ‘#define __cplusplus’

Each C++ compiler which conforms to the ANSI/ISO standard defines the symbol __ cpl uspl us: it is
as if each source file were prefixed with the preprocessor directive #defi ne __ cpl uspl us.

We shall see examples of the usage of this symbol in the following sections.

2.5.9 Using standard C functions

Normal C functions, e.g., which are compiled and collected in a run-time library, can also be used in
C++ programs. Such functions, however, must be declared as C functions.
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As an example, the following code fragment declares a function xmal | oc as a C function:
extern "C'" void *xmalloc(int size);

This declaration is analogous to a declaration in C, except that the prototype is prefixed with ext ern
n CI .

A slightly different way to declare C functions is the following:

extern "C'

{
}

/1 C-declarations go in here

It is also possible to place preprocessor directives at the location of the declarations. E.g., a C header
file myheader . h which declares C functions can be included in a C++ source file as follows:

extern "C'

{
}

#i ncl ude <myheader. h>

Although these two approaches may be used, they are actually seldom encountered in C++ sources. We
will encounter a more frequently used method to declare external C functions in the next section.

2.5.10 Header files for both C and C++

The combination of the predefined symbol __cpl uspl us and the possibility to define extern "C"
functions offers the ability to create header files for both C and C++. Such a header file might, e.g.,
declare a group of functions which are to be used in both C and C++ programs.

The setup of such a header file is as follows:

#i fdef _ cpl uspl us
extern "C'

{
#endi f

/* declaration of C-data and functions are inserted here. E. g., */
void *xmal | oc(int size);

#i fdef _ cpl uspl us

}
#endi f

Using this setup, a normal C header file is enclosed by ext ern " C' { which occurs near the top of the
file and by }, which occurs near the bottom of the file. The #i f def directives test for the type of the
compilation: C or C++. The ‘standard’ C header files, such as st di 0. h, are built in this manner and
are therefore usable for both C and C++.

In addition C++ headers should support include guards. In C++ it is usually undesirable to include
the same header file twice in the same source file. Such multiple inclusions can easily be avoided by
including an #i f ndef directive in the header file. For example:

#i f ndef MYHEADER H_
#defi ne MYHEADER H_
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/1 declarations of the header file is inserted here,
/1 using #ifdef cplusplus etc. directives
#endi f

When this file is initially scanned by the preprocessor, the symbol MYTHEADER H is not yet defined. The
#i f ndef condition succeeds and all declarations are scanned. In addition, the symbol MYHEADER H_
is defined.

When this file is scanned next while compiling the same source file, the symbol MY'HEADER_H_ has been
defined and consequently all information between the #i f ndef and #endi f directives is skipped by
the compiler.

In this context the symbol name MYHEADER H serves only for recognition purposes. E.g., the name of
the header file can be used for this purpose, in capitals, with an underscore character instead of a dot.

Apart from all this, the custom has evolved to give C header files the extension . h, and to give C++
header files no extension. For example, the standard iostreams ci n, cout and cerr are available
after including the header file i ost r eam rather than i ost r eam h. In the Annotations this convention
is used with the standard C++ header files, but not necessarily everywhere else.

There is more to be said about header files. Section 7.9 provides an in-depth discussion of the preferred
organization of C++ header files.

2.5.11 Defining local variables

In C local variables can only be defined at the top of a function or at the beginning of a nested block. In
C++ local variables can be created at any position in the code, even between statements.

Furthermore, local variables can be defined within some statements, just prior to their usage. A typical
example is the f or statement:

#i ncl ude <stdi o. h>

int main()
{
for (int i =0; i < 20; ++i)
printf("%\n", i);

In this program the variable i is created in the initialization section of the f or statement. According
to the ANSI-standard, the variable does not exist prior to the f or -statement and not beyond the f or -
statement. With some older compilers, the variable continues to exist after the execution of the f or -
statement, but nowadays a warning like

warning: name lookup of i’ changed for new ANSI “for’ scoping using obsolete binding at ¥’

is issued when the variable is used outside of the f or -loop.

The implication seems clear: define a variable just before the f or -statement if it is to be used beyond
that statement. Otherwise the variable should be defined inside the f or -statement itself. This reduces
its scope as much as possible, which is a very desirable characteristic.

Defining local variables when they’re needed requires a little getting used to. However, eventually it
tends to produce more readable, maintainable and often more efficient code than defining variables
at the beginning of compound statements. We suggest the following rules of thumb for defining local
variables:

e Local variables should be created at ‘intuitively right’ places, such as in the example above. This
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does not only entail the f or -statement, but also all situations where a variable is only needed,
say, half-way through the function.

e More in general, variables should be defined in such a way that their scope is as limited and
localized as possible. When avoidable local variables are not defined at the beginning of functions
but rather where they’re first used.

e Itis considered good practice to avoid global variables. It is fairly easy to lose track of which global
variable is used for what purpose. In C++ global variables are seldom required, and by localizing
variables the well known phenomenon of using the same variable for multiple purposes, thereby
invalidating each individual purpose of the variable, can easily be prevented.

If considered appropriate, nested blocks can be used to localize auxiliary variables. However, situations
exist where local variables are considered appropriate inside nested statements. The just mentioned
f or statement is of course a case in point, but local variables can also be defined within the condition
clauses of i f - el se statements, within selection clauses of swi t ch statements and condition clauses of
whi | e statements. Variables thus defined will be available to the full statement, including its nested
statements. For example, consider the following swi t ch statement:

#i ncl ude <stdi o. h>

int main()
{
switch (int ¢ = getchar())
{
case
case
case
case
case

a :
e :
i
o’

u
printf("Saw vowel %\n", c);
br eak;

case EOCF:
printf("Saw EOF\ n");
br eak;

def aul t:
printf("Saw ot her character, hex val ue Ox%®x\n", c);

Note the location of the definition of the character ‘c’: it is defined in the expression part of the swi t ch
statement. This implies that ‘c’ is available only to the swi t ch statement itself, including its nested
(sub)statements, but not outside the scope of the swi t ch.

The same approach can be used with i f and whi | e statements: a variable that is defined in the
condition part of an i f and whi | e statement is available in their nested statements. There are some
caveats, though:

e The variable definition must result in a variable which is initialized to a numeric or logical value;

e The variable definition cannot be nested (e.g., using parentheses) within a more complex expres-
sion.

The latter point of attention should come as no big surprise: in order to be able to evaluate the logi-
cal condition of an i f or whi | e statement, the value of the variable must be interpretable as either
zero (false) or non-zero (true). Usually this is no problem, but in C++ objects (like objects of the type
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std::string (cf. chapter 5)) are often returned by functions. Such objects may or may not be in-
terpretable as numeric values. If not (as is the case with st d: : stri ng objects), then such variables
can not be defined at the condition or expression clauses of condition- or repetition statements. The
following example will therefore not compile:

if (std::string nyString = getString()) /] assume getString returns
{ /1 a std::string val ue

/'l process nyString
}

The above example requires additional clarification. Often a variable can profitably be given local scope,
but an extra check is required immediately following its initialization. The initialization and the test
cannot both be combined in one expression. Instead two nested statements are required. Consequently,
the following example won’t compile either:

if ((int ¢ = getchar()) && strchr("aeiou", c))
printf("Saw a vowel\n");

If such a situation occurs, either use two nested i f statements, or localize the definition of i nt ¢ using
a nested compound statement:

if (int ¢ = getchar()) /1 nested if-statements
if (strchr("aeiou", c))
printf("Saw a vowel\n");

{ /1 nested conpound st atenent
int ¢ = getchar();

if (c & strchr("aeiou", c))
printf("Saw a vowel\n");

2.5.12 The keyword ‘typedef’

The keyword t ypedef is still allowed in C++, but is not required anymore when defining uni on,
st ruct or enumdefinitions. This is illustrated in the following example:

struct sonestruct

{

i nt a;

double d;

char string[80];
b

When a struct, uni on or other compound type is defined, the tag of this type can be used as type
name (this is sonest r uct in the above example):

sonestruct what;

what . d = 3. 1415;

2.5.13 Functions as part of a struct

In C++ we may define functions as members of structs. Here we encounter the first concrete example
of an object: as previously described (see section 2.4), an object is a structure containing data while
specialized functions exist to manipulate those data.
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A definition of a struct Poi nt is provided by the code fragment below. In this structure, two i nt
data fields and one function dr aw are declared.

struct Point

{

} .

int x;
int y;
void draw();

/1

11
11
11

definition of a screen-dot

coor di nat es
xly
draw ng function

A similar structure could be part of a painting program and could, e.g., represent a pixel. With respect

to this st ruct it should be noted that:

e The function dr aw mentioned in the struct definition is a mere declaration. The actual code
of the function defining the actions performed by the function is found elsewhere (the concept of
functions inside st r uct s is further discussed in section 3.2).

e The size of the st ruct Poi nt is equal to the size of its two i nt s. A function declared inside the
structure does not affect its size. The compiler implements this behavior by allowing the function
dr awto be available only in the context of a Poi nt .

The Poi nt structure could be used as follows:

Poi nt a;
Poi nt b;

a

»

O T

.X = 0;
y = 10;
draw);

= a;
.y = 20;
draw();

/11
/11

/1
/1

11
/11
/11

two points on
t he screen

define first dot
and draw it

copy atob
redefine y-coord
and draw it

As shown in the above example a function that is part of the structure may be selected using the dot (.)
(the arrow (- >) operator is used when pointers to objects are available). This is therefore identical to
the way data fields of structures are selected.

The idea behind this syntactic construction is that several types may contain functions having identical
names. E.g., a structure representing a circle might contain three i nt values: two values for the
coordinates of the center of the circle and one value for the radius. Analogously to the Poi nt structure,
a C rcl e may now have a function dr awto draw the circle.



Chapter 3

A First Impression Of C++

In this chapter C++ is further explored. The possibility to declare functions in st r uct s is illustrated
in various examples; the concept of a ¢l ass is introduced; casting is covered in detail; many new types
are introduced and several important notational extensions to C are discussed.

3.1 Extensions to C

Before we continue with the ‘real’ object-approach to programming, we first introduce some extensions
to the C programming language: not mere differences between C and C++, but syntactic constructs
and keywords not found in C.

3.1.1 Namespaces

C++ introduces the notion of a namespace: all symbols are defined in a larger context, called a names-
pace. Namespaces are used to avoid name conflicts that could arise when a programmer would like to
define a function like si n operating on degrees, but does not want to lose the capability of using the
standard si n function, operating on radians.

Namespaces are covered extensively in chapter 4. For now it should be noted that most compilers
require the explicit declaration of a standard namespace: st d. So, unless otherwise indicated, it is
stressed that all examples in the Annotations now implicitly use the

usi ng nanespace std;

declaration. So, if you actually intend to compile examples given in the C++ Annotations, make sure
that the sources start with the above usi ng declaration.

3.1.2 The scope resolution operator ::

C++ introduces several new operators, among which the scope resolution operator (: : ). This operator
can be used in situations where a global variable exists having the same name as a local variable:

#i ncl ude <stdio. h>
int counter = 50; /'l gl obal variable

int main()
23
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for (int counter = 1; /1l this refers to the
counter < 10; /'l 1ocal variable
count er ++)
{
printf("%\n",
::counter /1 gl obal variable
/ /1 divided by
counter); /1 local variable
}

In the above program the scope operator is used to address a global variable instead of the local variable
having the same name. In C++ the scope operator is used extensively, but it is seldom used to reach
a global variable shadowed by an identically named local variable. Its main purpose is described in
chapter 7.

3.1.3 Using the keyword ‘const’
Even though the keyword const is part of the C grammar, its use is more important and much more
common in C++ than it is in C.

The const keyword is a modifier stating that the value of a variable or of an argument may not be
modified. In the following example the intent is to change the value of a variable i val , which fails:

int main()
{
int const ival = 3; /1 a constant int
/1 initialized to 3
ival = 4; /1 assignnment produces
/1 an error nessage
}

This example shows how i val may be initialized to a given value in its definition; attempts to change
the value later (in an assignment) are not permitted.

Variables that are declared const can, in contrast to C, be used to specify the size of an array, as in the

following example:

int const size = 20;
char buf[size]; /1 20 chars big

Another use of the keyword const is seen in the declaration of pointers, e.g., in pointer-arguments. In
the declaration

char const =*buf;

buf is a pointer variable pointing to char s. Whatever is pointed to by buf may not be changed through
buf : the char s are declared as const . The pointer buf itself however may be changed. A statement
like xbuf = ' a’; is therefore not allowed, while ++buf is.

In the declaration

char xconst buf;
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buf itself is a const pointer which may not be changed. Whatever char s are pointed to by buf may
be changed at will.

Finally, the declaration
char const *const buf;

is also possible; here, neither the pointer nor what it points to may be changed.

The rule of thumb for the placement of the keyword const is the following: whatever occurs to the left
to the keyword may not be changed.

Although simple, this rule of thumb is often used. For example, Bjarne Stroustrup states (inhtt p: / / www. r esear ch. att. c

Should I put "const” before or after the type?
I put it before, but that’s a matter of taste. "const T” and "T const” were always (both) allowed
and equivalent. For example:

const int a = 1; Il K
int const b 2; /1 also K

My guess is that using the first version will confuse fewer programmers (“is more idiomatic”).

But we’ve already seen an example where applying this simple ‘before’ placement rule for the keyword
const produces unexpected (i.e., unwanted) results as we will shortly see below. Furthermore, the
‘idiomatic’ before-placement also conflicts with the notion of const functions, which we will encounter
in section 7.5. With const functions the keyword const is also placed behind rather than before the
name of the function.

The definition or declaration (either or not containing const ) should always be read from the variable
or function identifier back to the type indentifier:

“Bufis a const pointer to const characters”
This rule of thumb is especially useful in cases where confusion may occur. In examples of C++ code
published in other places one often encounters the reverse: const preceding what should not be altered.
That this may result in sloppy code is indicated by our second example above:

char const =*buf;
What must remain constant here? According to the sloppy interpretation, the pointer cannot be altered

(as const precedes the pointer). In fact, the char values are the constant entities here, as becomes
clear when we try to compile the following program:

int main()
{
char const *buf = "hell 0o";
++buf ; /1 accepted by the conpiler
*puf = 'u’; /1 rejected by the conpiler
}
Compilation fails on the statement *buf = ' u’; and not on the statement ++buf .

Marshall Cline’s C++ FAQ' gives the same rule (paragraph 18.5) , in a similar context:

[18.5] What’s the difference between "const Fred* p”, "Fred* const p” and "const Fred* const
p"?
You have to read pointer declarations right-to-left.

Lhttp://www.parashift.com/c++-faq-lite/const-correctness.html
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Marshal Cline’s advice might be improved, though: you should start to read pointer definitions (and
declarations) at the variable name, reading as far as possible to the definition’s end. Once you see
a closing parenthesis, read backwards (right to left) from the initial point, until you find matching
open-parenthesis or the very beginning of the definition. For example, consider the following complex
declaration:

char const =(* const (*ip)[])I[]
Here, we see:

e the variable i p, being a

e (reading backwards) modifiable pointer to an
e (reading forward) array of

e (reading backward) constant pointers to an

e (reading forward) array of

e (reading backward) modifiable pointers to constant characters

3.14 ‘cout’, ‘cin’, and ‘cerr’
9 9

Analogous to C, C++ defines standard input- and output streams which are available when a program
is executed. The streams are:

e cout, analogous to st dout ,

e Ci n, analogous to st di n,

e cerr, analogous to st derr.
Syntactically these streams are not used as functions: instead, data are written to streams or read
from them using the operators <<, called the insertion operator and >>, called the extraction operator.
This is illustrated in the next example:

#i ncl ude <i ostreane

usi ng nanespace std;

int main()

{
i nt ival;
char sval [ 30];

cout << "Enter a nunber:\n";

cin >> ival;

cout << "And now a string:\n";

cin >> sval;

cout << "The nunber is: " << ival << "\n"
"And the string is: " << sval << ’'\n’;

}

This program reads a number and a string from the ci n stream (usually the keyboard) and prints these
data to cout . With respect to streams, please note:

e The standard streams are declared in the header file i ostream In the examples in the C++
Annotations this header file is often not mentioned explicitly. Nonetheless, it must be included
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(either directly or indirectly) when these streams are used. Comparable to the use of the usi ng
nanmespace std; clause, the reader is expected to #i ncl ude <i ostr ean> with all the examples
in which the standard streams are used.

The streams cout, ci n and cerr are variables of so-called class-types. Such variables are com-
monly called objects. Classes are discussed in detail in chapter 7 and are used extensively in
C++.

e The stream ci n extracts data from a stream and copies the extracted information to variables
(e.g., i val in the above example) using the extraction operator (two consecutive > characters:
>>). We will describe later how operators in C++ can perform quite different actions than what
they are defined to do by the language, as is the case here. Function overloading has already
been mentioned. In C++ operators can also have multiple definitions, which is called operator
overloading.

The operators which manipulate ci n, cout and cerr (i.e., >> and <<) also manipulate variables
of different types. In the above example cout << i val results in the printing of an integer value,
whereas cout << "Enter a nunber" results in the printing of a string. The actions of the
operators therefore depend on the types of supplied variables.

e The extraction operator (>>) performs a so called type safe assignment to a variable by ‘extracting’
its value from a text stream. Normally, the extraction operator skips all white space characters
preceding the values to be extracted.

Special symbolic constants are used for special situations. Normally a line is terminated by in-
serting "\ n" or '\ n’. But when inserting the endl symbol the line is terminated followed by
the flushing of the stream’s internal buffer. Thus, endl can usually be avoided in favor of ' \ n’
resulting in somewhat more efficient code.

The stream objects ci n, cout and cerr are not part of the C++ grammar proper. The streams are part
of the definitions in the header file i ost r eam This is comparable to functions like pri nt f that are not
part of the C grammar, but were originally written by people who considered such functions important
and collected them in a run-time library.

A program may still use the old-style functions like pri ntf and scanf rather than the new-style
streams. The two styles can even be mixed. But streams offer several clear advantages and in many
C++ programs have completely replaced the old-style C functions. Some advantages of using streams
are:

e Using insertion and extraction operators is type-safe. The format strings which are used with
printf and scanf can define wrong format specifiers for their arguments, for which the compiler
sometimes can’t warn. In contrast, argument checking with ci n, cout and cerr is performed by
the compiler. Consequently it isn’t possible to err by providing an i nt argument in places where,
according to the format string, a string argument should appear. With streams there are no
format strings.

e The functions pri ntf and scanf (and other functions using format strings) in fact implement a
mini-language which is interpreted run-time. In contrast, with streams the C++ compiler knows
exactly which in- or output action to perform given the arguments used. No mini-language here.

e In addition the possibilities of the insertion and extraction operators may be extended allowing
objects of classes that didn’t exist when the streams were originally designed to be inserted into
or extracted from streams. Mini languages as used with pri nt f cannot be extended.

e The usage of the left-shift and right-shift operators in the context of the streams illustrates yet
another capability of C++: operator overloading allowing us to redefine the actions an operator
performs in certain contexts. Ascending from C operator overloading requires some getting used,
but after a short little while these overloaded operators feel rather comfortable.

e Streams are independent of the media they operate upon. This (at this point somewhat abstract)
notion means that the same code can be used without any modification at all to interface your code
to any kind of device. The code using streams can be used when the device is a file on disk; an
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Internet connection; a digital camera; a DVD device; a satellite link; and much more: you name
it. Streams allow your code to be decoupled (independent) of the devices your code is supposed to
operate on, which eases maintenance and allows reuse of the same code in new situations.

The iostream library has a lot more to offer than just ci n, cout and cerr. In chapter 6 iostreams
will be covered in greater detail. Even though pri ntf and friends can still be used in C++ programs,
streams have practically replaced the old-style C | / O functions like pri ntf. If you think you still
need to use pri nt f and related functions, think again: in that case you've probably not yet completely
grasped the possibilities of stream objects.

3.2 Functions as part of structs

Earlier it was mentioned that functions can be part of st r uct s (see section 2.5.13). Such functions are
called member functions. This section briefly discusses how to define such functions.

The code fragment below shows a st ruct having data fields for a person’s name and address. A
function pri nt is included in the st r uct’s definition:

struct Person

{
char nane[ 80];
char address[80];
void print();

}s

When defining the member function pri nt the structure’s name (Per son) and the scope resolution
operator (: : ) are used:

voi d Person::print()

{

cout << "Nane: << name << "\n"
" Addr ess: " << address << '\n’;

The implementation of Per son: : pri nt shows how the fields of the st ruct can be accessed without
using the structure’s type name. Here the function Per son: : print prints a variable nane. Since
Per son: : print is itself a part of struct person, the variable nane implicitly refers to the same

type.

This st ruct Per son could be used as follows:

Person person;

strcpy(person. nane, "Karel");
strcpy(p. address, "Marskranerstraat 33");

p.print();

The advantage of member functions is that the called function automatically accesses the data fields
of the structure for which it was invoked. In the statement per son. pri nt () the object per son is the
‘substrate’: the variables nane and addr ess that are used in the code of pri nt refer to the data stored
in the per son object.
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3.2.1 Data hiding: public, private and class

As mentioned before (see section 2.3), C++ contains specialized syntactic possibilities to implement
data hiding. Data hiding is the capability of sections of a program to hide its data from other sections.
This results in very clean data definitions. It also allows these sections to enforce the integrity of their
data.

C++ has three keywords that are related to data hiding: pri vate, prot ect ed and publ i c. These
keywords can be used in the definition of st r uct s. The keyword publ i ¢ allows all subsequent fields of
a structure to be accessed by all code; the keyword pri vat e only allows code that is part of the st r uct
itself to access subsequent fields. The keyword pr ot ect ed is discussed in chapter 13, and is somewhat
outside of the scope of the current discussion.

In a struct all fields are publ i c, unless explicitly stated otherwise. Using this knowledge we can
expand the st ruct Person:

struct Person
{ .
private:
char d_nane[ 80];
char d_address[80];
public:
voi d set Nane(char const =*n);
voi d set Address(char const =*a);
void print();
char const =*nane();
char const =*address();

s

As the data fields d_nane and d_addr ess are in a pri vat e section they are only accessible to the
member functions which are defined in the struct: these are the functions set Nane, set Addr ess
etc.. As an illustration consider the following code:

Per son f bb;

f bb. set Nane(" Frank"); /1l OK, setName is public
strcpy(fbb.d _name, "Knarf"); // error, x.d_nane is private

Data integrity is implemented as follows: the actual data of a struct Per son are mentioned in the
structure definition. The data are accessed by the outside world using special functions that are also
part of the definition. These member functions control all traffic between the data fields and other parts
of the program and are therefore also called ‘interface’ functions. The thus implemented data hiding
is illustrated in Figure 3.1. The members set Nane and set Addr ess are declared with char const
* parameters. This indicates that the functions will not alter the strings which are supplied as their
arguments. Analogously, the members nane and addr ess return char const =*s: the compiler will
prevent callers of those members from modifying the information made accessible through the return
values of those members.

Two examples of member functions of the st r uct Per son are shown below:

voi d Person::set Name(char const =n)

{
strncpy(d_name, n, 79);
d_name[79] = O;

}

char const =*Person:: nane()

{
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Interface functions to set the fields

setName () setAddress ()

Private data

d_name | |

d_address | |

print () name () address ()

Interface functions to inspect/use the fields

Figure 3.1: Private data and public interface functions of the class Person.

return d_nane;

The power of member functions and of the concept of data hiding results from the abilities of member
functions to perform special tasks, e.g., checking the validity of the data. In the above example set Nane
copies only up to 79 characters from its argument to the data member nane, thereby avoiding a buffer
overflow.

Another illustration of the concept of data hiding is the following. As an alternative to member func-
tions that keep their data in memory a library could be developed featuring member functions storing
data on file. To convert a program which stores Per son structures in memory to one that stores the
data on disk no special modifications would be required. After recompilation and linking the program to
a new library it will have converted from storage in memory to storage on disk. This example illustrates
a broader concept than data hiding; it illustrates encapsulation. Data hiding is a kind of encapsulation.
Encapsulation in general results in reduced coupling of different sections of a program. This in turn
greatly enhances reusability and maintainability of the resulting software. By having the structure
encapsulate the actual storage medium the program using the structure becomes independent of the
actual storage medium that is used.

Though data hiding can be implemented using st r uct s, more often (almost always) classes are used
instead. A class is a kind of struct, except that a class uses private access by default, whereas structs
use public access by default. The definition of a cl ass Per son is therefore identical to the one shown
above, except for the fact that the keyword cl ass has replaced struct while the initial pri vat e:
clause can be omitted. Our typographic suggestion for class names (and other type names defined by
the programmer) is to start with a capital character to be followed by the remainder of the type name
using lower case letters (e.g., Per son).

3.2.2 Structs in C vs. structs in C++

In this section we’ll discuss an important difference between C and C++ structs and (member) func-
tions. In C it is common to define several functions to process a st r uct , which then require a pointer
to the st ruct as one of their arguments. An imaginary C header file showing this concept is:

[+ definition of a struct PERSON This is C */
typedef struct
{
char nane[ 80];
char address[ 80];
} PERSON,
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/+* some functions to mani pul ate PERSON structs */
/+ initialize fields with a name and address */
void initialize(PERSON *p, char const *nm

char const =*adr);

[+ print information */
voi d print ( PERSON const =*p);

/[~ etc.. * [

In C++, the declarations of the involved functions are put inside the definition of the st ruct or cl ass.
The argument denoting which st r uct is involved is no longer needed.

cl ass Person

{

char d_nane[ 80];
char d_address[ 80];

publi c:
void initialize(char const *nm char const =*adr);
void print();
Il etc..
H
In C++ the st ruct parameter is not used. A C function call such as:

PERSON x;

initialize(&, "sonme nane", "sonme address");
becomes in C++:

Person x;

X.initialize("some nane", "sone address");

3.3 More extensions to C

3.3.1 References

In addition to the common ways to define variables (plain variables or pointers) C++ introduces refer-
ences defining synonyms for variables. A reference to a variable is like an alias; the variable and the
reference can both be used in statements involving the variable:

int int_val ue;
int &ef = int_value;

In the above example a variable i nt _val ue is defined. Subsequently a reference r ef is defined, which
(due to its initialization) refers to the same memory location as i nt _val ue. In the definition of r ef , the
reference operator & indicates that r ef is not itself an i nt but a reference to one. The two statements

++i nt _val ue;
++r ef ;
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have the same effect: they increment i nt _val ue’s value. Whether that location is called i nt _val ue
orr ef does not matter.

References serve an important function in C++ as a means to pass modifiable arguments to functions.
E.g., in standard C, a function that increases the value of its argument by five and returning nothing
needs a pointer parameter:

voi d increase(int =valp) /'l expects a pointer
{ [/l to an int

*val p += 5;
}
int main()
{

int x;

i ncrease(&x); /1l pass x’s address
}

This construction can also be used in C++ but the same effect is also achieved using a reference:

void increase(int &valr) /'l expects a reference
{ /1 to an int

valr += 5;
}
int main()
{

int x;

i ncrease(Xx); /'l passed as reference
}

It is arguable whether code such as the above should be preferred over C’s method, though. The
statement i ncr ease (x) suggests that not x itself but a copy is passed. Yet the value of x changes
because of the way i ncr ease() is defined. However, references can also be used to pass objects that
are only inspected (without the need for a copy or a const *) or to pass objects whose modification is an
accepted side-effect of their use. In those cases using references are strongly preferred over existing
alternatives like copy by value or passing pointers.

Behind the scenes references are implemented using pointers. So, as far as the compiler is concerned
references in C++ are just const pointers. With references, however, the programmer does not need
to know or to bother about levels of indirection. An important distinction between plain pointers and
references is of course that with references no indirection takes place. For example:

extern int *ip;
extern int &r;

0; /'l reassigns ip, now a O-pointer
0; [l ir unchanged, the int variable it refers to
/1 is now O.

ip
ir

In order to prevent confusion, we suggest to adhere to the following:

e In those situations where a function does not alter its parameters of a built-in or pointer type,
value parameters can be used:

voi d sone_func(int val)
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{
cout << val << ’'\n’;
}
int main()
{
int x;
some_func(x); /1l a copy is passed
}

e When a function explicitly must change the values of its arguments, a pointer parameter is pre-
ferred. These pointer parameters should preferably be the function’s initial parameters. This is
called return by argument.

voi d by _pointer(int =val p)
{

}

xval p += 5;

When a function doesn’t change the value of its class- or struct-type arguments, or if the modi-
fication of the argument is a trivial side-effect (e.g., the argument is a stream) references can be
used. Const-references should be used if the function does not modify the argument:

void by reference(string const &str)

{
cout << str; /1 no nodification of str
}
int main ()
{
int x =7,
by pointer (&x); /1 a pointer is passed
/1l x mght be changed
string str("hello");
by reference(str); /1 str is not altered
}

References play an important role in cases where the argument is not changed by the function
but where it is undesirable to copy the argument to initialize the parameter. Such a situation
occurs when a large object is passed as argument, or is returned by the function. In these cases
the copying operation tends to become a significant factor, as the entire object must be copied. In
these cases references are preferred.

If the argument isn’t modified by the function, or if the caller shouldn’t modify the returned
information, the const keyword should be used. Consider the following example:

struct Person /'l some large structure
{

char nane[ 80] ;

char addr ess[ 90];

doubl e sal ary;

b
Per son person[50]; /| database of persons

/'l printperson expects a
/'l reference to a structure
/1 but won’t change it

voi d printperson (Person const &p)
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cout << "Nane: " << p.name << '\n’ <<
"Address: " << p.address << '\n’;

}
/1l get a person by indexval ue
Person const &person(int index)

{
return person[index]; /1l a reference is returned,
} /1 not a copy of person[index]
int main()
{
Per son boss;
print person (boss); /'l no pointer is passed,
/'l so variable won't be
/1l altered by the function
print person(person(5));
/'l references, not copies
/'l are passed here
}

e Furthermore, note that there is yet another reason for using references when passing objects as
function arguments. When passing a reference to an object, the activation of a so called copy
constructor is avoided. Copy constructors will be covered in chapter 8.

References could result in extremely ‘ugly’ code. A function may return a reference to a variable, as in
the following example:

int & unc()
{

static int val ue;
return val ue;

This allows the use of the following constructions:

func() = 20;
func() += func();

It is probably superfluous to note that such constructions should normally not be used. Nonetheless,
there are situations where it is useful to return a reference. We have actually already seen an example
of this phenomenon in our previous discussion of streams. In a statement like cout << "Hel | 0" <<
"\ n’; the insertion operator returns a reference to cout . So, in this statement first the " Hel | 0" is
inserted into cout , producing a reference to cout . Through this reference the ' \ n’ is then inserted in
the cout object, again producing a reference to cout , which is then ignored.

Several differences between pointers and references are pointed out in the next list below:

e A reference cannot exist by itself, i.e., without something to refer to. A declaration of a reference
like

int &ref;

is not allowed; what would r ef refer to?

o References can be declared as ext er nal . These references were initialized elsewhere.
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e References may exist as parameters of functions: they are initialized when the function is called.

e References may be used in the return types of functions. In those cases the function determines
what the return value will refer to.

e References may be used as data members of classes. We will return to this usage later.
e Pointers are variables by themselves. They point at something concrete or just “at nothing”.

o References are aliases for other variables and cannot be re-aliased to another variable. Once a
reference is defined, it refers to its particular variable.

e Pointers (except for const pointers) can be reassigned to point to different variables.

e When an address-of operator & is used with a reference, the expression yields the address of the
variable to which the reference applies. In contrast, ordinary pointers are variables themselves,
so the address of a pointer variable has nothing to do with the address of the variable pointed to.

3.3.2 Rvalue References (C++0x)

In C++, temporary (rvalue) values are indistinguishable from const & types. the C++0x standard
adds a new reference type called an rvalue reference, defined as t ypenane &&.

The name rvalue reference is derived from assignment statements, where the variable to the left of the
assignment operator is called an lvalue and the expression to the right of the assignment operator is
called an rvalue. Rvalues are often temporary (or anonymous) values, like values returned by functions.

In this parlance the C++ reference should be considered an lvalue reference (using the notationt ypenane
&). They can be contrasted to rvalue references (using the notation t ypenane &&).

The key to understanding rvalue references is anonymous variable. An anonymous variable has no
name and this is the distinguishing feature for the compiler to associate it automatically with an lvalue
reference if it has a choice. Before introducing some interesting and new constructions that weren’t
available before C++0x let’s first have a look at some distinguishing applications of lvalue references.
The following function returns a temporary (anonymous) value:

int intVal()
{

}

return 5;

Although the return value of i nt Val can be assigned to an i nt variable it requires a copying operation,
which might become prohibitive when a function does not return an i nt but instead some large object.
A reference or pointer cannot be used either to collect the anonymous return value as the return value
won’t survive beyond that. So the following is illegal (as noted by the compiler):

int &r = intVal(); /1 fails: refers to a tenporary
int const & c = intVal(); /1 OK: inmmutable tenporary
int xip = & ntVal (); /1 fails: no |lvalue available

Apparently it is not possible to modify the temporary returned by i nt Val . But now consider the next
function:

void receive(int &val ue)

{
cout << "int value paraneter\n";
}
void receive(int &&val ue)
{
cout << "int R-value paraneter\n";

}
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and let’s call this function from mai n:

int main()

{
recei ve(18);
int value = 5;
recei ve(val ue);
recei ve(intVval ());

This program produces the following output:

int R-val ue paraneter
i nt val ue paraneter
int R-val ue paraneter

It shows the compiler selecting recei ve(int &&val ue) in all cases where it receives an anony-
mous i nt as its argument. Note that this includes r ecei ve( 18) : a value 18 has no name and thus
receive(int &Rval ue) is called. Internally, it actually uses a temporary variable to store the 18, as
is shown by the following example which modifies r ecei ve:

void receive(int &&val ue)

{
++val ue;
cout << "int R-value paraneter, now " << value << '\n’;
/1 displays 19 and 6, respectively.
}

Contrastingr ecei ve(i nt &val ue) withrecei ve(int &&val ue) hasnothing to do withi nt &val ue
not being a const reference. If recei ve(i nt const &val ue) is used the same results are obtained.
Bottom line: the compiler selects the overloaded function using the rvalue reference if the function is
passed an anonymous value.

The compiler runs into problems if voi d recei ve(i nt &val ue) is replaced by voi d recei ve(i nt
val ue), though. When confronted with the choice between a value parameter and a reference param-
eter (either Ivalue or rvalue) it cannot make a decision and reports an ambiguity. In practical contexts
this is not a problem. Rvalue refences were added to the language in order to be able to distinguish the
two forms of references: named values (for which lvalue references are used) and anonymous values
(for which rvalue references are used).

It is this distinction that allows the implementation of move semantics and perfect forwarding. At
this point the concept of move semantics cannot yet fully be discussed (but see section 8.6 for a more
thorough discussusion) but it is very well possible to illustrate the underlying ideas.

Consider the situation where a function returns a st r uct Dat a containing a pointer to dynamically al-
located characters. Moreover, the struct defines a member function copy( Dat a const &ot her) that
takes another Dat a object and copies the other’s data into the current object. The (partial) definition of
the st ruct Dat a might look like this?:

struct Data
{
char *text;
size t size;
voi d copy(Data const &other)

{
text = strdup(other.text);

2To the observant reader: in this example the memory leak that results from using Data::copy() should be ignored
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b

size = strlen(text);

Next, functions dat aFact ory and mai n are defined as follows:

Dat a dat aFactory(char const =*txt)

{

}

Data ret = {strdup(txt), strlen(txt)};
return ret;

mai n()

Data d1 = {strdup("hello"), strlen("hello")};

Data d2;

d2. copy(dl); /1 1 (see text)
Dat a d3;

d3. copy(dat aFactory("hello")); /Il 2

At (1) d2 appropriately receives a copy of d1’s text. But at (2) d3 receives a copy of the text stored in
the temporary returned by the dat aFact or y function. As the temporary ceases to exist after the call
to copy() two releated and unpleasant consequences are observed:

e The return value is a temporary object: its only reason for existence is to pass its data on to d3.
Now d3 copies the temporary’s data which clearly is somewhat overdone.

e The temporary Dat a object is lost following the call to copy(). Unfortunately its dynamically
allocated data is lost as well resulting in a memory leak.

In cases like these rvalue reference should be used. By overloading the copy member with a member
copy(Dat a &&ot her) the compiler is able to distinguish situations (1) and (2). It now calls the initial
copy() member in situation (1) and the newly defined overloaded copy() member in situation (2):

struct Data

{

b

char =text;
size t size;
voi d copy(Data const &other)

{
text = strdup(other.text);
}
voi d copy(Data &&ot her)
{
text = other.text;
other.text = 0;
}

Note that the overloaded copy() function merely moves the ot her . t ext pointer to the current object’s
t ext pointer followed by reassigning O to ot her.text. Struct Data suddenly has become move-
aware and implements move semantics, removing the drawbacks of the previously shown approach:

e Instead of making a deep copy (which is required in situation (1)), the pointer value is simply
moved to its new owner;
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e Since the ot her. t ext doesn’t point to dynamically allocated memory anymore the memory leak
is prevented.

Rvalue references for *t hi s and initialization of class objects by rvalues are not yet supported by the
g++ compiler.

3.3.3 Raw String Literals (C++0x, 4.5)

Standard ASCII-C strings are delimited by double quotes, supporting escape sequences like \ n, \\
and \ ". In some cases it is useful to avoid escaping strings (e.g., in the context of XML). To this end,
the C++0x standard offers raw string literals.

Raw string literals start with an R, followed by a double quote, followed by a label (which is an arbitrary
sequence of characters not equal to [ ), followed by [ . The raw string ends at the closing bracket |,
followed by the label which is in turn followed by a double quote. Example:

R'TA Raw\ "String"]"
R'delimter[Another \ Raw "[String]]delimter"

In the first case, everything between " [ and ] " is part of the string. Escape sequences aren’t supported
so\ " defines three characters: a backslash, a blank character and a double quote. The second example
shows a raw string defined between the markers "del imter[ and]delimter".

3.3.4 Strongly typed enumerations (C++0x, 4.4)

Enumeration values in C++ are in fact i nt values, thereby bypassing type safety. E.g., values of
different enumeration types may be compared for (in)equality, albeit through a (static) type cast.

Another problem with the current enumtype is that their values are not restricted to the enum type
name itself, but to the scope where the enumeration is defined. As a consequence, two enumerations
having the same scope cannot have identical values.

In the C++0x standard these problems are solved by defining enum classes. An enum class can be
defined as in the following example:

enum cl ass Saf eEnum

{
NOT_CK, /1 0, by inplication
(0 ¢ = 10,
MAYBE_CK /1 11, by inplication
b

Enum classes use i nt values by default, but the used value type can easily be changed using the :
t ype notation, as in:

enum cl ass Char Enum unsi gned char
{

NOT_CK,

(0 ¢
b

To use a value defined in an enum class its enumeration name must be provided as well. E.g., OKis not
defined, Char Enum : OKis.

Using the data type specification (noting that it defaults to i nt ) it is possible to use enum class forward
declarations. E.g.,
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enum Enunt; /1 Illegal: no size available

enum Enun®: unsi gned int; /1 Legal in C++Ox: explicitly declared type
enum cl ass Enung; /1 Legal in C++Ox: default int type is used
enum cl ass Enumd: char; /1 Legal in C++Ox: explicitly declared type

3.3.5 Initializer lists (C++0x, 4.4)

The C language defines the initializer list as a list of values enclosed by curly braces, possibly them-
selves containing initializer lists. In C these initializer lists are commonly used to initialize arrays and
structs.

C++ extends this concept in the C++0x standard by introducing the type i nitializer |ist<Type>
where Type is replaced by the type name of the values used in the initializer list. Initializer lists
in C++ are, like their counterparts in C, recursive, so they can also be used with multi-dimensional
arrays, structs and classes.

Like in C, initializer lists consist of a list of values surrounded by curly braces. But unlike C, functions
can define initializer list parameters. E.g.,

voi d val ues(std::initializer_list<int> iniValues)
{
}

A function like ar r ayVal ues could be called as follows:
values({2, 3, 5, 7, 11, 13});

The initializer list appears as an argument which is a list of values surrounded by curly braces. Due to
the recursive nature of initializer lists a two-dimensional series of values can also be passes, as shown
in the next example:

voi d val ues2(std::initializer_list<int>iniValues)
{
}

values2({{1, 2}, {2, 3}, {3, 5}, {4, 7}, {5 11}, {6, 13}});

Initializer lists are constant expressions and cannot be modified. However, their size and values may
be retrieved using their si ze, begi n, and end members as follows:

voi d values(initializer_list<int> iniValues)

{
cout << "lInitializer list having " << iniValues.size() << "values\n"
for
(
initializer_list<int>::const_iterator begin = iniValues.begin();
begin ! = ini Val ues. end();
++begi n
)
cout << "Value: " << xbegin << ’'\n’;
}

Initializer lists can also be used to initialize objects of classes (cf. section 7.3).
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3.3.6 Type inference using ‘auto’ (C++0x, 4.4)

A special use of the keyword aut o is defined by the C++0x standard allowing the compiler to determine
the type of a variable automatically rather than requiring the software engineer to define a variable’s
type explicitly.

In parallel, the use of aut 0 as a storage class specifier is no longer supported in the C++0x standard.
According to that standard a variable definition like aut 0 i nt var results in a compilation error.

This can be very useful in situations where it is very hard to determine the variable’s type in advance.
These situations occur, e.g., in the context of templates, topics covered in chapters 18 until 22.

At this point in the Annotations only simple examples can be given, and some hints will be provided
about more general uses of the aut o keyword.

When defining and initializing a variable i nt vari abl e = 5 the type of the initializing expression
is well known: it’s an i nt, and unless the programmer’s intentions are different this could be used
to define vari abl e’s type (although it shouldn’t in normal circumstances as it reduces rather than
improves the clarity of the code):

auto vari able = 5;

Here are some examples where using aut o is useful. In chapter 5 the iterator concept is introduced
(see also chapters 12 and 18). Iterators sometimes have long type definitions, like

std::vector<std::string>::const_reverse_iterator

Functions may return types like this. Since the compiler knows the types returned by functions we
may exploit this knowledge using aut 0. Assuming that a function begi n() is declared as follows:

std::vector<std::string>::const_reverse_ iterator begin();

Rather than writing the verbose variable definition (at // 1) a much shorter definition (at// 2) may
be used:

std::vector<std::string>: :const_reverse_iterator iter = begin(); /11
auto iter = begin(); /1 2

It’s easy to define additional variables of this type. When initializing those variables using i t er the
aut o keyword can be used again:

auto start = iter;

If start can’t be initialized immediately using an existing variable the type of a well known variable
of function can be used in combination with the decl t ype keyword, as in:

decltype(iter) start;
decl type(begin()) spare;

The keyword decl t ype may also receive an expression as its argument. This feature is already avail-
able in the C++0x standard implementation in g++ 4.3. E.g., decl type(3 + 5) represents an int,
decl type(3 / doubl e(3)) represents doubl e.

The aut 0 keyword can also be used to postpone the definition of a function’s return type. The declara-
tion of a function i nt Arr Pt r returning a pointer to an array of 10 i nt s looks like this:

int (*intArrPtr())[10];
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Such a declaration is fairly complex. E.g., among other complexities it requires ‘protection of the
pointer’ using parentheses in combination with the function’s parameter list. In situations like these
the specification of the return type can be postponed using the aut o return type, followed by the speci-
fication of the function’s return type after any other specification the function might receive (e.g., as a
const member (cf. section 7.5) or following its exception throw list (cf. section 9.6)).

Using aut o to declare the above function, the declaration becomes:
auto intArrPtr() ->int (*)[10];

A return type specification using aut o is called a late-specified return type.

The aut 0 keyword can also be used to defined types that are related to the actual aut o associated type.
Here are some examples:

vector<int> vi;

auto iter = vi.begin(); /1 standard: auto is vector<int>::iterator
auto &&rref = vi.begin(); /1 auto is rvalue ref. to the iterator type
auto *ptr = &iter; /1 auto is pointer to the iterator type
auto *ptr = &rref; /1 same

3.3.7 Range-based for-loops (C++0x, ?)
The C++ for-statement is identical to C’s for-statement:

for (init; cond; inc)
st at enent

In many cases, however, the initialization, condition and increment parts are fairly obvious as in situ-
ations where all elements of an array or vector must be processed. Many languages offer the f or each
statement for that and C++ offers the st d: : f or _each generic algorithm (cf. section 19.1.17).

The C++0x standard adds a new f or statement syntax to this. The new syntax can be used to process
each element of a range. Three types of ranges are distinguished:
e Plain arrays (e.g.,i nt array[ 10]);
e Standard containers (or comparable) (cf. chapter 12);
e Ranges contained in a std:: pair (cf. section 12.2, e.g,, std: : pair subRange(array + 1,
array + 8)).

In these cases the C++0x standard offers the following additional for-statement syntax:

/1l assunme int array[30]
for (int &elenent: array)
st at enent

here an i nt &el enent is defined whose lifetime and scope is restricted to the lifetime of the for-
statement. It refers to each of the subsequent elements of array at each new iteration of the for-
statement, starting with the first element of the range.

3.4 New language-defined data types

In C the following built-in data types are available: voi d, char, short, int, long, float and
doubl e. C++ extends these built-in types with several additional built-in types: the types bool ,
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wchar _t, 1l ong | ong and | ong doubl e (Cf. ANSI/ISO draft (1995), par. 27.6.2.4.1 for examples
of these very long types). The type | ong | ong is merely a double-long | ong datatype. The type | ong
doubl e is merely a double-long doubl e datatype. These built-in types as well as pointer variables are
called primitive types in the C++ Annotations.

Except for these built-in types the class-type st ri ng is available for handling character strings. The
datatypes bool , and wchar _t are covered in the following sections, the datatype st ri ng is covered in
chapter 5. Note that recent versions of C may also have adopted some of these newer data types (no-
tably bool and wchar t). Traditionally, however, C doesn’t support them, hence they are mentioned
here.

Now that these new types are introduced, let’s refresh your memory about letters that can be used in
literal constants of various types. They are:

e E or e: the exponentiation character in floating point literal values. For example: 1. 23E+3.
Here, E should be pronounced (and interpreted) as: times 10 to the power. Therefore, 1. 23E+3
represents the value 1230.

e F can be used as postfix to a non-integral numeric constant to indicate a value of type f | oat ,
rather than doubl e, which is the default. For example: 12. F (the dot transforms 12 into a
floating point value); 1. 23E+3F (see the previous example. 1. 23E+3 is a doubl e value, whereas
1. 23E+3Fis a fl oat value).

e L can be used as prefix to indicate a character string whose elements are wchar _t -type characters.
For example: L"hel | o worl d".

e L can be used as postfix to an integral value to indicate a value of type | ong, rather than
i nt, which is the default. Note that there is no letter indicating a short type. For that a
static_cast<short>() must be used.

e p, to specify the power in hexadecimal floating point numbers. E.g. 0x10p4. The exponent itself is
read as a decimal constant and can therefore not start with 0x. The exponent part is interpreted
as a power of 2. So 0x10p2 is (decimal) equal to 64: 16 * 2/2,

e Ucan be used as postfix to an integral value to indicate an unsi gned value, rather than an i nt .
It may also be combined with the postfix L to produce an unsi gned | ong i nt value.

And, of course: the x and a until f characters can be used to specify hexadecimal constants (optionally
using capital letters).

3.4.1 The data type ‘bool’

The type bool represents boolean (logical) values, for which the (now reserved) constants t r ue and
f al se may be used. Except for these reserved values, integral values may also be assigned to vari-
ables of type bool , which are then implicitly converted to t r ue and f al se according to the following
conversion rules (assume i nt Val ue is an i nt -variable, and bool Val ue is a bool -variable):

/1 fromint to bool:
bool Value = intValue ? true : false;

// frombool to int:
i nt Val ue = bool Value ? 1 : 0;

Furthermore, when bool values are inserted into streams then t r ue is represented by 1, and f al se
is represented by 0. Consider the following example:

cout << "A true value: " << true << "\n"
"A false value: " << false << '"\n’;
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The bool data type is found in other programming languages as well. Pascal has its type Bool ean;
Java has a bool ean type. Different from these languages, C++’s type bool acts like a kind of i nt type.
It is primarily a documentation-improving type, having just two values true and f al se. Actually,
these values can be interpreted as enumvalues for 1 and 0. Doing so would ignore the philosophy
behind the bool data type, but nevertheless: assigning true to an i nt variable neither produces
warnings nor errors.

Using the bool -type is usually clearer than using i nt . Consider the following prototypes:

bool exists(char const *fileName); // (1)
int exists(char const *fileNanme); // (2)

For the first prototype, readers will expect the function to return t r ue if the given filename is the name
of an existing file. However, using the second prototype some ambiguity arises: intuitively the return
value 1 is appealing, as it allows constructions like

if (exists("nyfile"))
cout << "nyfile exists";

On the other hand, many system functions (like access, st at , and many other) return 0 to indicate a
successful operation, reserving other values to indicate various types of errors.

As a rule of thumb I suggest the following: if a function should inform its caller about the success or
failure of its task, let the function return a bool value. If the function should return success or various
types of errors, let the function return enum values, documenting the situation by its various symbolic
constants. Only when the function returns a conceptually meaningful integral value (like the sum of
two i nt values), let the function return an i nt value.

3.4.2 The data type ‘wchar_t’

The wchar _t type is an extension of the char built-in type, to accomodate wide character values (but
see also the next section). The g++ compiler reports si zeof (wchar _t) as 4, which easily accomodates
all 65,536 different Unicode character values.

Note that Java’s char data type is somewhat comparable to C++’s wchar _t type. Java’s char type is
2 bytes wide, though. On the other hand, Java’s byt e data type is comparable to C++’s char type: one
byte. Confusing?

3.4.3 Unicode encoding (C++0x, 4.4)

In C++ string literals can be defined as ASCII-Z C strings. Prepending an ASCII-Z string by L (e.g.,
L"hel | 0") defines a wchar _t string literal.

The new C++0x standard adds to this support for 8, 16 and 32 bit Unicode encoded strings. Further-
more, two new data types are introduced: char 16 _t and char 32_t storing, respectively, a UTF- 16
and UTF- 32 unicode value.

In addition, char will be large enough to contain any UTF- 8 unicode value as well (i.e., it will remain
an 8-bit value).

String literals for the various types of unicode encodings (and associated variables) can be defined as
follows:

u8"This is UTF-8 encoded.";
u"This is UTF-16 encoded.";
U'This is UTF-32 encoded. ";

char utf_8[]
char16 t utf16][]
char32_t utf32[]
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Alternatively, unicode constants may be defined using the \ u escape sequence, followed by a hexadec-
imal value. Depending on the type of the unicode variable (or constant) a UTF-8, UTF- 16 or UTF- 32
value is used. E.g.,

char utf 8[] = u8"\u2018";
char16 t utf16[] = u"\u2018";
char32_t utf32[] = U'\u2018";

Unicode strings can be delimited by double quotes but raw string literals can also be used.

3.4.4 The data type ‘long long int’ (C++0x)

The C++0x standard adds the type | ong | ong i nt to the set of standard types. On 32 bit systems it
will have at least 64 usable bits. Some compilers already supported | ong | ong i nt as an extension,
but C++0x officially adds it to C++.

3.4.5 The data type ‘size_t’

The si ze_t typeis not really a built-in primitive data type, but a data type that is promoted by POSIX
as a typename to be used for non-negative integral values answering questions like ‘how much’ and ‘how
many’, in which case it should be used instead of unsi gned i nt. It is not a specific C++ type, but also
available in, e.g., C. Usually it is defined implictly when a (any) system header file is included. The
header file ‘officially’ defining si ze_t in the context of C++ is cst ddef .

Using si ze_t has the advantage of being a conceptual type, rather than a standard type that is then
modified by a modifier. Thus, it improves the self-documenting value of source code.

Sometimes functions explictly require unsi gned i nt to be used. E.g., on and-architectures the X-
windows function XQuer yPoi nt er explicitly requires a pointer to an unsi gned i nt variable as one
of its arguments. In such situations a pointer to a si ze_t variable can’t be used, but the address of an
unsi gned i nt must be provided. Such situations are exceptional, though.

Other useful bit-represented types also exists. E.g., ui nt 32_t is guaranteed to hold 32-bits unsigned
values. Analogously, i nt 32_t holds 32-bits signed values. Corresponding types exist for 8, 16 and 64
bits values. These types are defined in the header file cst di nt .

3.5 A new syntax for casts

Traditionally, C offers the following cast syntax:
(typenane) expressi on

here t ypenane is the name of a valid ¢ype, and expr essi on is an expression.

C style casts are now deprecated. Although C++ offers function call notations using the following
syntax:

t ypenane( expr essi on)

the function call notation does in fact not represents a cast, but a request to the compiler to construct
an (anonymous) variable having type t ypenane from expr essi on. Although this form is very often
used in C++, it should not be used for casting. Instead, there are now four new-style casts available,
that are introduced in the following sections.
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The C++0x standard defines the shared_ptr type (cf. section 18.4). To cast shared pointers specialized
casts should be used. These are discussed in section 18.4.5.

3.5.1 The ‘static_cast’-operator

The cast converting conceptually comparable types to each other is:
static_cast <type>(expression)

This type of cast is used to convert, e.g., a doubl e to an i nt : both are numbers, but as the i nt has no
fractions precision is potentially reduced. But the converse also holds true. When the quotient of two
i nt values must be assigned to a doubl e the fraction part of the division will get lost unless a cast is
used.

Here is an example of such a cast is (assuming quoti ent is of type doubl e and | hs and r hs are
i nt -typed variables):

quotient = static_cast<double>(lhs) / rhs;

If the cast is omitted, the division operator will ignore the remainder as its operands are i nt expres-
sions. Note that the division should be put outside of the cast expression. If the division is put inside
(asin static_cast <doubl e>(1 hs / rhs)) an integer division will have been performed before the
cast has had a chance to convert the type of an operand to doubl e.

Another nice example of code in which it is a good idea to use the st ati c_cast <>() -operator is in
situations where the arithmetic assignment operators are used in mixed-typed exprressions. Consider
the following expression (assume doubl eVar is a variable of type doubl e):

i nt Var += doubl eVar;
This statement actually evaluates to:

intVar = static_cast<int>(static_cast<doubl e>(intVar) +
doubl eVar) ;

Here | nt Var is first promoted to a doubl e, and is then added as a doubl e value to doubl eVar . Next,
the sum is cast back to an i nt. These two casts are a bit overdone. The same result is obtained by
explicitly casting doubl eVar to an i nt, thus obtaining an i nt -value for the right-hand side of the
expression:

i ntVar += static_cast<int>(doubl eVar);

A static_cast can also be used to undo or introduce the signed-modifier of an i nt -typed variable.
The C function t ol ower requires an i nt representing the value of an unsi gned char. But char by
default is a signed type. To call t ol ower using an available char ch we should use:

t ol ower (static_cast <unsi gned char>(ch))

Casts like these provide information to the compiler about how to handle the provided data. Very often
(especially with data types differing only in size but not in representation) the cast won’t require any
additional code. Additional code will be required, however, to convert one representation to another,
e.g., when converting doubl e toi nt .
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3.5.2 The ‘const_cast’-operator

The const keyword has been given a special place in casting. Normally anything const is const for
a good reason. Nonetheless situations may be encountered where the const can be ignored. For these
special situations the const _cast should be used. Its syntax is:

const _cast <t ype>(expressi on)

A const _cast <t ype>(expressi on) expression is used to undo the const attribute of a (pointer)
type.

The need for a const _cast may occur in combination with functions from the standard C library
which traditionally weren’t always as const-aware as they should. A functionstrfun(char *s) might
be available, performing some operation on its char *s parameter without actually modifying the
characters pointed to by s. Passing char const hello[] = "hello"; tostrfun will produce the
warning

passi ng ‘const char *’ as argunent 1 of ‘fun(char %)’ discards const
A const _cast is the appropriate way to prevent the warning:

strfun(const_cast<char *>(hello));

3.5.3 The ‘reinterpret_cast’-operator

The third new-style cast is used to change the interpretation of information: the r ei nt er pret _cast.
It is somewhat reminiscent of the st ati c_cast, but rei nt erpret_cast should be used when it is
known that the information as defined in fact is or can be interpreted as something completely different.
Its syntax is:

reinterpret _cast<pointer type>(pointer expression)

Areinterpret cast<type>(expressi on) operator is appropriately used to reinterpret a voi d =
to a pointer of a well-known type. Void pointers are encountered with functions from the C library
like gsort. The gsort function expects a pointer to a (comparison) function having two voi d const
* parameters. In fact, the voi d const =*s point to data elements of the array to sort, and so the
comparison function may cast the voi d const =* parameters to pointers to the elements of the array
to be sorted. E.g., if the array is an i nt array[] and the compare function’s parameters are voi d
const *pl, void const *p2 then the compare function may obtain the address of the i nt pointed
to by p1l by using:

reinterpret_cast<int const *>(pl)

Another example of a r ei nt er pret _cast is found in combination with the wri t e functions that are
available for files and streams. In C++ streams are the preferred interface to, e.g., files. Output streams
(like cout ) offer wr i t e members having the prototype

write(char const xbuffer, int |ength)

To write a doubl e to a stream usingwrite arei nterpret_cast is needed as well. E.g., to write the
raw bytes of a variable doubl e val ue to cout we would use:

cout.wite(reinterpret_cast<char const *>(&val ue), sizeof(double));
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All casts are potentially dangerous, but the r ei nt er pret _cast is the most dangerous of all casts.
Effectively we tell the compiler: back off, we know what we’re doing, so stop fuzzing. All bets are off,
and we’d better do know what we’re doing in situations like these. As a case in point consider the
following code:

int value = 0x12345678; /] assunme a 32-bits int

cout << "Value's first byte has value: " << hex <<
static_cast<int>(
*xrei nterpret_cast<unsigned char *>(&val ue)

)

The above code will show different results on little and big endian computers. Little endian computers
will show the value 78, big endian computers the value 12. Also note that the different represen-
tations used by little and big endian computers renders the previous example (cout. wite(...))
non-portable over computers of different architectures.

As a rule of thumb: if circumstances arise in which casts Aave to be used, clearly document the reasons
for their use in your code, making double sure that the cast will not eventually cause a program to
misbehave.

3.54 The ‘dynamic_cast’-operator

Finally there is a new style cast that is used in combination with polymorphism (see chapter 14). Its
syntax is:

dynam c_cast <t ype>(expressi on)

It is used run-time to convert, a pointer to an object of a class to a pointer to an object of a class that is
found further down its so-called class hierarchy (which is also called a downcast). At this point in the
Annotations a dynam c_cast cannot yet be discussed extensively, but we will return to this topic in
section 14.5.1.

3.6 Keywords and reserved names in C++

C++’s keywords are a superset of C’s keywords. Here is a list of all keywords of the language:

al i gnof conpl explicit namespace return typeid
and concept export new short t ypenane
and_eq const extern not si gned uni on
asm const _cast fal se not _eq si zeof unsi gned
aut o const expr fl oat nul | ptr static usi ng
axi om continue for oper at or static_cast virtua
bitand decltype friend or struct voi d

bi t or def aul t got o or_eq switch vol atile
bool del ete i f private tenpl ate wchar _t
br eak do i mport pr ot ect ed this whi |l e
case doubl e inline public t hr ow xor
catch dynam c_cast int register true Xor _eq
char el se | ong reinterpret _cast try

cl ass enum mut abl e requires t ypedef

Notes:
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e The export keyword is removed from the language under the C++0x standard, but remains a
keyword, reserved for future use.

e The nul | ptr keyword is defined in the C++0x standard (not yet supported by the g++ compiler).

e the operator keywords: and, and_eq, bitand, bitor, conpl, not, not_eq, or, or_eq,
xor and xor _eq are symbolic alternatives for, respectively, &&, &=, & |, ~, !, '= ||,
| =, ~and”=.

Keywords can only be used for their intended purpose and cannot be used as names for other entities
(e.g., variables, functions, class-names, etc.). In addition to keywords identifiers starting with an un-
derscore and living in the global namespace (i.e., not using any explicit namespace or using the mere

namespace specification) or living in the std namespace are reserved identifiers in the sense that
their use is a prerogative of the implementor.



Chapter 4

Name Spaces

4.1 Namespaces

Imagine a math teacher who wants to develop an interactive math program. For this program functions
like cos, sin, tan etc. are to be used accepting arguments in degrees rather than arguments in
radians. Unfortunately, the function name cos is already in use, and that function accepts radians as
its arguments, rather than degrees.

Problems like these are usually solved by defining another name, e.g., the function name cosDegr ees
is defined. C++ offers an alternative solution through namespaces. Namespaces can be considered as
areas or regions in the code in which identifiers are defined that normally won’t conflict with names
already defined elsewhere.

Now that the ANSI/ISO standard has been implemented to a large degree in recent compilers, the use
of namespaces is more strictly enforced than in previous versions of compilers. This affects the setup
of cl ass header files. At this point in the Annotations this cannot be discussed in detail, but in section
7.9.1 the construction of header files using entities from namespaces is discussed.

4.1.1 Defining namespaces
Namespaces are defined according to the following syntax:

nanespace identifier

/1 declared or defined entities
/1 (declarative region)

The identifier used when defining a namespace is a standard C++ identifier.

Within the declarative region, introduced in the above code example, functions, variables, structs,
classes and even (nested) namespaces can be defined or declared. Namespaces cannot be defined
within a function body. However, it is possible to define a namespace using multiple namespace decla-
rations. Namespaces are ‘open’ meaning that a namespace CppAnnot at i ons could be defined in a file
filel.cc and also in a file fi | e2. cc. Entities defined in the CppAnnot at i ons namespace of files
filel.ccandfile2.cc are then united in one CopAnnot at i ons namespace region. For example:

/1 in filel.cc
nanespace CppAnnot ati ons

doubl e cos(doubl e ar gl nDegr ees)
49
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}

/Il in file2.cc
nanespace CppAnnot ati ons

{
doubl e si n(doubl e ar gl nDegr ees)
{
}

}

Both si n and cos are now defined in the same CppAnnot at i ons namespace.

Namespace entities can be defined outside of their namespaces. This topic is discussed in section
4.1.4.1.

4.1.1.1 Declaring entities in namespaces

Instead of defining entities in a namespace, entities may also be declared in a namespace. This allows
us to put all the declarations in a header file that can thereupon be included in sources using the
entities defined in the namespace. Such a header file could contain, e.g.,

nanmespace CppAnnotati ons

{

doubl e cos(doubl e degrees);
doubl e sin(doubl e degrees);

4.1.1.2 A closed namespace

Namespaces can be defined without a name. Such an anonymous namespace restricts the visibility of
the defined entities to the source file defining the anonymous namespace.

Entities defined in the anonymous namespace are comparable to C’s st at i ¢ functions and variables. In
C++ the st at i ¢ keyword can still be used, but its preferred use is in cl ass definitions (see chapter 7).
In situations where in C static variables or functions would have been used the anonymous namespace
should be used in C++.

The anonymous namespace is a closed namespace: it is not possible to add entities to the same anony-
mous namespace using different source files.

4.1.2 Referring to entities

Given a namespace and its entities, the scope resolution operator can be used to refer to its entities.
For example, the function cos() defined in the CppAnnot at i ons namespace may be used as follows:

/'l assume CppAnnot ations nanespace is declared in the
/1 follow ng header file:
#i ncl ude <cppannot ati ons>

int main()

{
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cout << "The cosine of 60 degrees is: " <<
CppAnnot ations::cos(60) << '"\n’;

This is a rather cumbersome way to refer to the cos() function in the CppAnnot at i ons namespace,
especially so if the function is frequently used. In cases like these an abbreviated form can be used
after specifying a using declaration. Following

usi ng CppAnnotations::cos; // note: no function prototype,
/1 just the nane of the entity
/1 is required.

calling cos will call the cos function defined in the CppAnnot at i ons namespace. This implies that
the standard cos function, accepting radians, is not automatically called anymore. To call that latter
cos function the plain scope resolution operator should be used:

int main()
{
usi ng CppAnnot ati ons: : cos;
cout << cos(60) /1 calls CppAnnotations::cos()
<< ::co0s(1.5) /1 call the standard cos() function
<< "\n’;

A usi ng declaration can have restricted scope. It can be used inside a block. The usi ng declaration
prevents the definition of entities having the same name as the one used in the usi ng declaration. It
is not possible to specify a usi ng declaration for a variable val ue in some namespace, and to define
(or declare) an identically named object in a block also containing a usi ng declaration. Example:

int main()
{
usi ng CppAnnot ati ons: : val ue;
cout << value << ’'\n’; [/ uses CppAnnotations::value
i nt val ue; /1 error: value already decl ared.

4.1.2.1 The ‘using’ directive

A generalized alternative to the usi ng declaration is the using directive:

usi ng namespace CppAnnot ati ons;

Following this directive, all entities defined in the CppAnnot at i ons namespace are used as if they
were declared by usi ng declarations.

While the usi ng directive is a quick way to import all the names of a namespace (assuming the names-
pace has previously been declared or defined), it is at the same time a somewhat dirty way to do so, as
it is less clear what entity will be used in a particular block of code.

If, e.g., cos is defined in the CppAnnot at i ons namespace, CppAnnot at i ons: : cos will be used when
cos is called. However, if cos is not defined in the CppAnnot at i ons namespace, the standard cos
function will be used. The usi ng directive does not document as clearly as the usi ng declaration what
entity will be used. Therefore use caution when applying the usi ng directive.
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4.1.2.2 ‘Koenig lookup’
If Koenig lookup were called the ‘Koenig principle’, it could have been the title of a new Ludlum novel.
However, it is not. Instead it refers to a C++ technicality.

‘Koenig lookup’ refers to the fact that if a function is called without specifying its namespace, then
the namespaces of its arguments are used to determine its namespace. If the namespace in which the
arguments are defined contains such a function, then that function is used. This is called the ‘Koenig
lookup’.

This is illustrated in the following example. The function FBB: : f un( FBB: : Val ue v) is defined in the
FBB namespace. It can be called without explicitly mentioning its namespace:

#i ncl ude <i ostreane

nanmespace FBB

{
enum Val ue /'l defines FBB:: Val ue
{
FI RST
b
voi d fun(Val ue x)
{
std::cout << "fun called for " << x << ’\n’;
}
}
int main()
{
fun(FBB: : FI RST) ; /1 Koeni g | ookup: no nanespace
/1 for fun() specified
}
| *

gener at ed out put:
fun called for 0O
*/

The compiler is fairly smart when handling namespaces. If Val ue in the nanespace FBB would have
been defined as t ypedef int Val ue then FBB: : Val ue would be recognized as i nt, thus causing the
Koenig lookup to fail.

As another example, consider the next program. Here two namespaces are involved, each defining their
own f un function. There is no ambiguity, since the argument defines the namespace and FBB: : f un is
called:

#i ncl ude <i ostreanr

nanespace FBB

{
enum Val ue /'l defines FBB:: Val ue
{
FI RST
b

voi d fun(Val ue x)

{
}

std::cout << "FBB::fun() called for " << x << ’'\n’
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}

nanmespace ES

voi d fun(FBB: : Val ue x)

{
std::cout << "ES::fun() called for " << x << ’\n’

}
}
int main()
{

fun( FBB: : FI RST) ; /1 No ambi guity: argunment deternines

/1 the nanespace

}
| *

gener at ed out put:

FBB::fun() called for O

*/

53

Here is an example in which there is an ambiguity: f un has two arguments, one from each namespace.
The ambiguity must be resolved by the programmer:

#i ncl ude <i ostreanr

nanmespace ES

{

}

enum Val ue /] defines ES:: Val ue
{

FI RST
b

namespace FBB

{

}

enum Val ue /'l defines FBB:: Val ue
{

FI RST
1
void fun(Value x, ES::Value vy)
{

std::cout << "FBB::fun() called\n"
}

nanmespace ES

void fun(FBB:: Val ue x, Val ue y)

{
std::cout << "ES::fun() called\n";
}
}
int main()
{

/1 fun(FBB::FIRST, ES::FIRST); anmbiguity: resolved by
/1 explicitly nentioning
/1 t he nanespace
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ES:: fun(FBB: : FI RST, ES::FIRST);
}
| *
gener at ed out put:
ES::fun() called
*/

An interesting subtlety with namespaces is that definitions in one namespace may break the code
defined in another namespace. It shows that namespaces may affect each other and that may backfire
if we're not aware of their peculiarities. Consider the following example:

namespace FBB

{
struct Val ue
{}:
void fun(int x);
voi d gun(Val ue x);
}

namespace ES

void fun(int x)

fun(x);
}
voi d gun(FBB: : Val ue x)
{
gun(x);
}

Whatever happens, the programmer’d better not use any of the ES: : f un functions since it will doubtlessly
result in infinite recursion, but that’s not the point. The point is that the programmer won’t even be
given the opportunity to call ES: : f un since the compilation fails.

Compilation fails for gun but not for f un. Why is that? Why is ES: : f un flawlessly compiling while
ES: : gunisn’t? In ES: : fun fun(x) is called. As x’s type is not defined in a namespace the Koenig
lookup does not apply and f un calls itself with infinite recursion.

With ES: : gun the argument is defined in the FBB namespace. Consequently, the FBB: : gun function is
a possible candidate to be called. But ES: : gun itself also is possible as ES: : gun’s prototype perfectly
matches the call gun(x) .

Now consider the situation where FBB: : gun has not yet been declared. Then there is of course no
ambiguity. The programmer responsible for the ES namespace is resting happily. Some time after
that the programmer who’s maintaining the FBB namespace decides it may be nice to add a function
gun( Val ue x) to the FBB namespace. Now suddenly the code in the namespace ES breaks because of
an addition in a completely other namespace (FBB). Namespaces clearly are not completely independent
of each other and we should be aware of subtleties like the above. Later in the C++ Annotations (chapter
10) we’ll return to this issue.

4.1.3 The standard namespace

The st d namespace is reserved by C++. The standard defines many entities that are part of the
runtime available software (e.g., cout, cin, cerr);the templates defined in the Standard Template
Library (cf. chapter 18); and the Generic Algorithms (cf. chapter 19) are defined in the st d namespace.
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Regarding the discussion in the previous section, usi ng declarations may be used when referring to
entities in the st d namespace. For example, to use the st d: : cout stream, the code may declare this
object as follows:

#i ncl ude <i ostrean»
usi ng std::cout;

Often, however, the identifiers defined in the st d namespace can all be accepted without much thought.
Because of that, one frequently encounters a usi ng directive, allowing the programmer to omit a
namespace prefix when referring to any of the entities defined in the namespace specified with the
usi ng directive. Instead of specifying usi ng declarations the following usi ng directive is frequently
encountered: construction like

#i ncl ude <i ostrean»
usi ng nanespace std;

Should a usi ng directive, rather than usi ng declarations be used? As a rule of thumb one might decide
to stick to usi ng declarations, up to the point where the list becomes impractically long, at which point
a usi ng directive could be considered.

Two restrictions apply to usi ng directives and declarations:

e Programmers should not declare or define anything inside the nanespace st d. This is not com-
piler enforced but is imposed upon user code by the standard;

e Usi ng declarations and directives should not be imposed upon code written by third parties. In
practice this means that usi ng directives and declarations should be banned from header files
and should only be used in source files (cf. section 7.9.1).

4.1.4 Nesting namespaces and namespace aliasing
Namespaces can be nested. Here is an example:

nanespace CppAnnot ations

{
nanmespace Virtual
{
voi d *pointer;
}
}

The variable poi nt er is defined in the Vi r t ual namespace, that itselfis nested under the CppAnnot ati ons
namespace. To refer to this variable the following options are available:

e The fully qualified name can be used. A fully qualified name of an entity is a list of all the
namespaces that are encountered until reaching the definition of the entity. The namespaces and
entity are glued together by the scope resolution operator:

int main()

{
}

e A usi ng declaration for CppAnnot ati ons: : Virtual can be provided. Now Virtual can be
used without any prefix, but poi nt er must be used with the Vi rt ual : : prefix:

CppAnnot ations::Virtual ::pointer = 0;

usi ng CppAnnot ations:: Virtual;
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int main()
{
}

e A usi ng declaration for CppAnnot ations: : Virtual :: pointer can be used. Now poi nt er
can be used without any prefix:

Virtual ::pointer = 0;

usi ng CppAnnot ations::Virtual:: pointer;

int main()

{
}

e A usi ng directive or directives can be used:

poi nter = O;

usi ng nanespace CppAnnotations::Virtual;

int main()

{
}

Alternatively, two separate usi ng directives could have been used:

poi nter = O;

usi ng nanespace CppAnnot ati ons;
usi ng nanespace Virtual;

int main()

{
}

e A combination of usi ng declarations and usi ng directives can be used. E.g., a usi ng directive
can be used for the CppAnnot at i ons namespace, and a usi ng declaration can be used for the
Vi rtual :: poi nt er variable:

poi nter = O;

usi ng nanespace CppAnnot ati ons;
using Virtual:: pointer;

int main()

{
}

poi nter = O;

At every usi ng directive all entities of that namespace can be used without any further prefix. If a
namespace is nested, then that namespace can also be used without any further prefix. However, the
entities defined in the nested namespace still need the nested namespace’s name. Only after applying
a usi ng declaration or directive the qualified name of the nested namespace can be omitted.

When fully qualified names are preferred but a long name like
CppAnnot ati ons: : Virtual :: pointer
is nevertheless considered too long, a namespace alias may be used:

nanespace CV = CppAnnotations:: Virtual;
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This defines CV as an alias for the full name. The variable poi nt er may now be accessed using:
CV::pointer = 0;
A namespace alias can also be used in a usi ng declaration or directive:

nanespace CV = CppAnnotations::Virtual;
usi ng nanmespace CV;

4.1.4.1 Defining entities outside of their namespaces

It is not strictly necessary to define members of namespaces inside a namespace region. But before an
entity is defined outside of a namespace it must have been declared inside its namespace.

To define an entity outside of its namespace its name must be fully qualified by prefixing the member
by its namespaces. The definition may be provided at the global level or at intermediate levels in the
case of nested namespaces. This allows us to define an entity belonging to namespace A: : B within the
region of namespace A.

Assume the type i nt | NT8[ 8] is defined in the CppAnnot ati ons: : Vi rt ual namespace. Further-
more assume that is is our intent to define a function squar es, inside the namespace
CppAnnot ati ons: : Vi rtual returning a pointer to CopAnnot ati ons: : Virtual :: 1 NT8.

Having defined the prerequisites within the CppAnnot ati ons: : Vi rtual namespace, our function
could be defined as follows (cf. chapter 8 for coverage of the memory allocation operator newf ] ):

nanespace CppAnnot ations

{
nanmespace Virtual
{
voi d *pointer;
typedef int |NT8[8];
I NT8 *squares()
{
INT8 *ip = new | NT8[1];
for (size_t idx = 0; idx !'= sizeof (INT8) / sizeof(int); ++idx)
(¢*ip)[idx] = (idx + 1) = (idx + 1);
return ip;
}
}
}

The function squar es defines an array of one | NT8 vector, and returns its address after initializing
the vector by the squares of the first eight natural numbers.

Now the function squar es can be defined outside of the CopAnnot at i ons: : Vi rt ual namespace:

nanmespace CppAnnotati ons

{

nanespace Virtual

{

voi d *pointer;
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typedef int |INT8[8];

I NT8 *squares();

}

CppAnnot ations::Virtual :: I NT8 *CppAnnot ations::Virtual ::squares()

{
INT8 *ip = new | NT8[ 1];

for (size_t idx = 0; idx !'= sizeof (INT8) / sizeof(int); ++idx)
(*ip)[idx] = (idx + 1) * (idx + 1);

return ip;

In the above code fragment note the following:

e squar es is declared inside of the CppAnnot ati ons: : Vi rt ual namespace.

e The definition outside of the namespace region requires us to use the fully qualified name of the
function and of its return type.

e Inside the body of the function squar es we are within the CopAnnot ati ons: : Vi rt ual names-

pace, so inside the function fully qualified names (e.g., for | NT8) are not required any more.

Finally, note that the function could also have been defined in the CppAnnot at i ons region. In that
case the Vi r t ual namespace would have been required when defining squar es() and when specifying
its return type, while the internals of the function would remain the same:

nanespace CppAnnot ations

{

nanmespace Virtual

{
voi d *pointer;
typedef int |INT8[8];
I NT8 *squares();

}

Virtual :: I NT8 *Virtual ::squares()

{
INT8 *ip = new | NT8[1];
for (size_t idx = 0; idx !'= sizeof (INT8) / sizeof(int); ++idx)

(*ip)[idx] = (idx + 1) = (idx + 1);

return ip;

}



Chapter 5

The ‘string’ Data Type

C++ offers many solutions for common problems. Most of these facilities are part of the Standard
Template Library or they are implemented as generic algorithms (see chapter 19).

Among the facilities C++ programmers have developed over and over again are those manipulating
chunks of text, commonly called strings. The C programming language offers rudimentary string
support. C’s ASCII-Z terminated series of characters form the foundation upon which an enourmous
amount of code has been built!.

To process text C++ offers a st d: : stri ng type. In C++ the traditional C library functions manipu-
lating ASCII-Z strings are deprecated in favor of using st r i ng objects. Many problems in C programs
are caused by buffer overruns, boundary errors and allocation problems that can be traced back to im-
properly using these traditional C string library functions. Many of these problems can be prevented
using C++ string objects.

Actually, string objects are class type variables, and in that sense they are comparable to stream
objects like ci n and cout . In this section the use of st ri ng type objects is covered. The focus is on
their definition and their use. When using stri ng objects the member function syntax is commonly
used:

stringVariabl e. operation(argunentLi st)
For example, if st ri ngl and st ri ng2 are variables of type st d: : stri ng, then
stringl. compare(string2)

can be used to compare both strings.

In addition to the common member functions the st ri ng class also offers a wide variety of operators,
like the assignment (=) and the comparison operator (==). Operators often result in code that is easy to
understand and their use is generally preferred over the use of member functions offering comparable
functionality. E.g., rather than writing

if (stringl.conpare(string2) == 0)
the following is generally preferred:
if (stringl == string2)

To define and use st r i ng-type objects, sources must include the header file st ri ng. To merely declare
the string type the header should be included.

IWe define an ASCII-Z string as a series of ASCII-characters terminated by the ASCII-character zero (hence -Z), which has
the value zero, and should not be confused with character ' 0’ , which usually has the value 0x30
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5.1 Operations on strings

Some of the operations that can be performed on strings return indices within the strings. Whenever
such an operation fails to find an appropriate index, the value stri ng: : npos is returned. This value
is a symbolic value of type stri ng: : si ze_t ype, which is (for all practical purposes) an (unsi gned)
int.

All st ri ng members accepting st ri ng objects as arguments also accept char const * (C ASCII-Z
string) arguments. The same usually holds true for operators accepting st ri ng objects.

Some st ri ng-members use iterators. Iterators are formally introduced in section 18.2. Member func-
tions using iterators are listed in the next section (5.2), but the iterator concept itself is not further
covered by this chapter.

Strings support a large variety of members and operators. A short overview listing their capabilities
is provided in this section, with subsequent sections offering a detailed discussion. The bottom line:
C++ strings are extremely versatile and there is hardly a reason for falling back on the C library
to process text. C++ strings handle all the required memory management and thus memory related
problems, which is the #1 source of problems in C programs, can be prevented when C++ strings are
used. Strings do come at a price, though. The class’s extensive capabilities have also turned it into
a beast. It’s hard to learn and master all its features and in the end you’ll find that not all that you
expected is actually there. For example, st d: : st ri ng doesn’t offer case-insensitive comparisons. But
in the end it even isn’t as simple as that. It is there, but it is somewhat hidden and at this point in the
C++ Annotations it’s too early to study into that hidden corner yet. Instead, realize that C’s standard
library does offer useful functions that can be used as long as we’re aware of their limitations and are
able to avoid their traps. So for now, to perform a classical case-insensitive comparison of the contents
of two st d: : string objects str1 and st r 2 the following will do:

strcasecnp(strl.c_str(), str2.c_str());
Strings support the following functionality:
einitialization:
when string objects are defined they are always properly initialized. In other words,

they are always in a valid state. Strings may be initialized empty or already existing
text can be used to initialize strings.

assi gnnent :

strings may be given new values. New values may be assigned using member functions
(like assi gn) but a plain assignment operator (i.e., =)may also be used. Furthermore,
assignment to a character buffer is also supported.

conver si ons:

the partial or complete contents of string objects may be interpreted as C strings but the
string’s contents may also be processed as a series of raw binary bytes, not necessarily
terminating in an ASCII-Z byte. Furthermore, in many situations plain characters and
C strings may be used where st d: : st ri ngs are accepted as well.

br eakdown:

the individual characters stored in a string can be accessed using the familiar index
operator ([ ] ) allowing us to either access or modify information in the middle of a string.

conpari sons:

strings may be compared to other strings (or C ASCII-Z strings) using the familiar logi-
cal comparison operators ==, ! =, <, <=, >and >=. There are also member functions
available offering a more fine-grained comparison.
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e nodi fication:

the contents of strings may me modified in many ways. Operators are available to add
information to string objects, to insert information in the middle of string objects, or to
replace or erase (parts of) a string’s contents.

swappi ng:

the string’s swapping capability allows us in principle to exchange the contents of two
string objects without a byte-by-byte copying operation of the string’s contents.

sear chi ng:

the locations of characters, sets of characters, or series of characters may be searched for
from any position within the string object and either searching in a forward or backward
direction.

housekeepi ng:

several housekeeping facilities are offered: the string’s length, or its empty-state may
be interrogated. But string objects may also be resized.

e stream |/ O

strings may be extracted from or inserted into streams. In addition to plain string ex-
traction a line of a text file may be read without running the risk of a buffer overrun.
Since extraction and insertion operations are stream based the I/O facilities are device
independent.

5.2 A std:string reference

In this section the string members and string-related operations are referenced. The subsections cover,
respectively the string’s initializers, iterators, operators, and member functions. The following termi-
nology is used throughout this section:

e obj ect is always a st ri ng-object;

e argunent isastring const &orachar const * unless indicated otherwise. The contents
of an ar gunent never is modified by the operation processing the ar gunent ;

e 0pos refers to an offset into an obj ect string;
e apos refers to an offset into an ar gunent ;
e 0on represents a number of characters in an obj ect (starting at opos);
e an represents a number of characters in an ar gunent (starting at apos).
Both opos and apos must refer to existing offsets, or an exception (cf. chapter 9) is generated. In

contrast, an and on may exceed the number of available characters, in which case only the available
characters will be considered.

Many members declare default values for on, an and apos. Some members declare default values
for opos. Default offset values are 0, the default values of on and an is stri ng: : npos, which can be
interpreted as ‘the required number of characters to reach the end of the string’.

With members starting their operations at the end of the string object’s contents proceeding backwards,
the default value of opos is the index of the object’s last character, with on by default equal to opos +
1, representing the length of the substring ending at opos.

In the overview of member functions presented below it may be assumed that all these parameters
accept default values unless indicated otherwise. Of course, the default argument values cannot be
used if a function requires additional arguments beyond the ones otherwise accepting default values.
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Some members have overloaded versions expecting an initial argument of type char const =*. But
even if that is not the case the first argument can always be of type char const * where a parameter
of std: : stringis defined.

Several member functions accept iterators. Section 18.2 covers the technical aspects of iterators, but
these may be ignored at this point without loss of continuity. Like apos and opos, iterators must refer
to existing positions and/or to an existing range of characters within the string object’s contents.

Finally, all st ri ng-member functions computing indices return the predefined constant st ri ng: : npos
on failure.

5.2.1 Initializers

After defining string objects they are guaranteed to be in a valid state. At definition time string objects
may be initialized in one of the following ways: The following st ri ng constructors are available:
e string object:

initializes obj ect to an empty string. When defining a st ri ng this way no argument
list may be specified;

e string object(string::size_type count, char ch):
initializes obj ect with count characters ch;

e string object(string const &argunent):
initializes obj ect with ar gurment ;

e string object(std::string const &argunent, string::size type apos,
string::size_type an):

initializes obj ect with ar gunent’s contents starting at index position apos, using at
most an of ar gunent ’s characters;

e string object(lnputlterator begin, Inputlterator end):

initializes obj ect with the characters in the range of characters defined by the two
I nputlterators.

5.2.2 Iterators

See section 18.2 for details about iterators. As a quick introduction to iterators: an iterator acts like a
pointer, and pointers can often be used in situations where iterators are requested. Iterators usually
come in pairs, defining a range of entities. The begin-iterator points to the first entity of the range, the
end-iterator points just beyond the last entity that will be considered. Their difference is equal to the
number of entities in the iterator-range.

Iterators play an important role in the context of generic algorithms (cf. chapter 19). The class
st d: : st ring defines the following iterator types:

e string::iterator andstring::const_iterator:

these iterators are forward iterators. The const _iterator is returned by string
const objects, the plain i t er at or is returned by non-const string objects. Characters
referred to by i t er at or s may be modified;

e string::reverse_iterator andstring::reverse_const_iterator:

these iterators are also forward iterators but when incrementing the iterator the previ-
ous character in the string object is reached. Other than that they are comparable to,
respectively,string::iterator andstring::const_iterator.
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5.2.3 Operators

String objects may be manipulated by member functions but also by operators. Using operators of-
ten results in more natural-looking code. In cases where operators are available having equivalent

functionality as member function the operator is practically always preferred.

The following operators are available for st ri ng objects (in the examples ‘object’ and ‘argument’ refer

to existing st d: : st ri ng objects).

e plain assignment:

a character, C or C++ string may be assigned to a stri ng object. The assignment
operator returns its left-hand side operand. Example:

obj ect = argunent;

object = "C string"

object = 'x;

obj ect = 120; /1l same as object = 'Xx

e addition:

the arithmetic additive assignment operator and the addition operator add text to a
st ri ng object. The arithmetic assignment operator returns its left-hand side operand,
the addition operator returns its result in a temporary string object. When using the
addition operator either the left-hand side operand or the right-hand side operand must
be astd: : string object. The other operand may be a char, a C string or a C++ string.

Example:

obj ect += argunent;
obj ect += "hell o";
obj ect +="

argunent + ot her Argunent;
argunent + "hello";
"hel | 0" + argunent;
argunent + 'a
a' + argunment;

e index operator:

X' /'l integral expressions are K

/1 two std::string objects

/1 using + at |east one

/1 std::string is required

/1 integral expressions are OK

The index operator may be used to retrieve obj ect ’s individual characters, or to assign
new values to individual characters of a non-const string object. There is no range-
checking (use the at () member function for that). This operator returns a char & or

char const & Example:
object[3] = argument[5];

e logical operators:

the logical comparison operators may be applied to two string objects or to a string object
and a C string to compare their contents. These operators return a bool value The ==,

I =, > >=, < and <= operators are available. The ordering operators perform a lexi-
cographical comparison of their contents using the ASCII character collating sequence.

Example:
obj ect == obj ect;
object !'= (object + 'x');
obj ect <= (object + 'x');

e stream related operators:

/1l true
/1l true
/1l true

the insertion-operator (cf. section 3.1.4) may be used to insert a stri ng object into
an ostream the extraction-operator may be used to extract a string object from an
i stream The extraction operator by default first ignores all white space characters
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and then extracts all consecutively non-blank characters from an i st ream Instead
of a string a character array may be extracted as well, but the advantage of using a
string object should be clear: the destination string object is automatically resized to
the required number of characters. Example:

cin >> object;
cout << object;

5.2.4 Member functions

The st d: : stri ng class offers many member function as well as additional non-member functions that
should be considered part of the string class. All these functions are listed below in alphabetic order.

The symbolic value st ri ng: : npos is defined by the string class. It represents ‘index-not-found’ when
returned by member functions returning string offset positions. Example: when calling ‘obj ect . fi nd(’ x’)
(see below) on a string object not containing the character ' X’ , npos is returned, as the requested po-

sition does not exist.

The final 0-byte used in C strings to indicate the end of an ASCII-Z string is not considered part of a
C++ string, and so the member function will return npos, rather than | engt h() when looking for 0 in

a string object containing the characters of a C string.

Here are the standard functions that operate on objects of the class string. When a parameter of
si ze_t is mentioned it may be interpreted as a parameter of type stri ng: : si ze_t ype, but without
defining a default argument value. The type si ze_t ype should be read as string::size_type.
With si ze_t ype the default argument values mentioned in section 5.2 apply. All quoted functions are

member functions of the class st d: : stri ng, except where indicated otherwise.

e char &at(size_t opos):

a reference to the character at the indicated position is returned. When called with
string const objects a char const & is returned. The member function performs
range-checking, raising an exception (that by default aborts the program) if an invalid
index is passed.

string &append(lnputlterator begin, Inputlterator end):

the characters in the range defined by begi n and end are appended to the current string
object.

string &append(string const &argunent, size_type apos, size_type an):
ar gunment (or a substring) is appended to the current string object.

string &append(char const xargunent, size_type an):
the first an characters of ar gunent are appended to the string object.

string &append(size type n, char ch):
n characters ch are appended to the current string object.

string &assign(string const &argunent, size type apos, size type an):

ar gunent (or a substring) is assigned to the string object. If ar gunent is of type char
const * and one additional argument is provided the second argument is interpreted
as a value initializing an, using 0 to initialize apos.

string &assign(size_type n, char ch):

n characters ch are assigned to the current string object.

H
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e Size type capacity() const:

e int
e int
e int

the number of characters that can currently be stored in the string object without need-
ing to resize it is returned.

conpare(string const &argunent) const:

the text stored in the current string object and the text stored in ar gunent is compared
using a lexicographical comparison using the ASCII character collating sequence. zero
is returned if the two strings have identical contents, a negative value is returned if
the text in the current object should be ordered before the text in ar gunent ; a positive
value is returned if the text in the current object should be ordered beyond the text in
ar gunent .

conpare(size_t opos, size_t on, string const &argument) const:

a substring of the text stored in the current string object is compared to the text stored
in ar gunent . At most on characters starting at offset opos are compared to the text in
ar gunent .

conpare(size_t opos, size t on, string const &argunent,

size _type apos, size type an):

a substring of the text stored in the current string object is compared to a substring of
the text stored in ar gunment . At most on characters of the current string object, starting
at offset opos, are compared to at most an characters of ar gunent , starting at offset
apos. In this case ar gunent must be a string object.

conpare(size_t opos, size t on, char const xargunment, size t an):

a substring of the text stored in the current string object is compared to a substring of
the text stored in ar gunent . At most on characters of the current string object starting
at offset opos are compared to at most an characters of ar gunent . Argunent must
have at least an characters. The characters may have arbitrary values: the ASCII-Z
value has no special meaning.

e size_t copy(char xargunent, size_t on, size_type opos) const:

the contents of the current string object are (partially) copied into ar gunent . The actual
number of characters copied is returned. The second argument, specifying the number of
characters to copy, from the current string object is required. No ASCI | - Z is appended
to the copied string but can be appended to the copied text using an idiom like the
following:

ar gunent [ obj ect. copy(argunent, string::npos)] = O;

Of course, the programmer should make sure that ar gunment ’s size is large enough to
accomodate the additional 0-byte.

e char const *c_str() const:

the contents of the current string object as an ASCII-Z terminated C-string.

e char const xdata() const:

e bool

the raw contents of the current string object are returned. Since this member does
not return an ASCII-Z terminated C string (as ¢c_str does), it can be used to retrieve
any kind of information stored inside the current string object including, e.g., series of
0-bytes:

string s(2, 0);
cout << static_cast<int>(s.data()[1]) << ’'\n’;

enpty() const:

t r ue is returned if the current string object contains no data.
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string &erase(size type opos, size type on):
a (sub)string of the information stored in the current string object is erased.
string::iterator erase(string::iterator begin, string::iterator end):

the parameter end is optional. If omitted the value returned by the current object’s end
member is used. The characters defined by the begi n and end iterators are erased. The
iterator begi n is returned, which is then referring to the position immediately following
the last erased character.

size_t find(string const &argunent, size_type opos) const:

the first index in the current string object where ar gunent is found is returned.

size_t find(char const xargunment, size_type opos, size_type an) const:

the first index in the current string object where ar gunent is found is returned. When
all three arguments are specified the first argument must be a char const *.

size_t find(char ch, size_type opos) const:

the first index in the current string object where ch is found is returned.

size_t find_first_of(string const &argunent, size_type opos) const:

the first index in the current string object where any character in ar gunent is found is

returned.
size_type find_first_of (char const xargunent, size_type opos,
size_type an) const:

the first index in the current string object where any character in ar gunent is found
is returned. If opos is provided it refers to the first index in the current string object
where the search for ar gunment should start. If omitted, the string object is scanned
completely. If an is provided it indicates the number of characters of the char const
* argument that should be used in the search. It defines a substring starting at the
beginning of ar gunent . If omitted, all of ar gunent ’s characters are used.

size_type find_first_of (char ch, size_type opos):

the first index in the current string object where character ch is found is returned.

size_t find_first_not_of(char ch, size_type opos) const:

the first index in the current string object where another character than ch is found is
returned.

size_t find_last_of(string const &argunent, size_type opos) const:

the last index in the current string object where any character in ar gunent is found is
returned.

S
S

ze_type find_l ast_of (char const xargunent, size_type opos,
ze_type an) const:

the last index in the current string object where any character in ar gunent is found
is returned. If opos is provided it refers to the last index in the current string object
where the search for ar gunment should start. If omitted, the string object is scanned
completely. If an is provided it indicates the number of characters of the char const
* argument that should be used in the search. It defines a substring starting at the
beginning of ar gunent . If omitted, all of ar gunent ’s characters are used.

size_type find_|l ast_of (char ch, size_type opos):

the last index in the current string object where character ch is found is returned.
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e size t find last _not _of(string const &argunment, size type opos) const:

the last index in the current string object where any character not appearing in ar gunent
is found is returned.

e istream &std::getline(istream&i str, string &bject, char delimter = '\n"):

Note: this is not a member function of the class stri ng.

A line of text is read from i str. All characters until del i mi t er (or the end of the
stream, whichever comes first) are read from i str and are stored in obj ect. If the
delimiter is encountered it is removed from the stream, but is not stored in | i ne.

If the delimiter is not found, i st r. eof returnstrue (see section 6.3.1). Since streams
may be interpreted as bool values (cf. section 6.3.1) a commonly encountered idiom to
read all lines from a stream successively into a string object | i ne looks like this:

while (getline(istr, line))
process(line);

The contents of the last line, whether or not it was terminated by a delimiter, is eventu-
ally also assigned to obj ect .

e string & nsert(size_t opos, string const &argunent, size type
apos, size_type an)

a (sub)string of ar gunent is inserted into the current string object at the current string
object’s index position opos. Arguments for apos and an must either both be provided
or they must both be omitted.

e string & nsert(size_t opos, char const xargunent, size_type an):

argunent (of type char const =*) is inserted at index opos into the current string
object.

e string & nsert(size_t opos, size_t count, char ch):
Count characters ch are inserted at index opos into the current string object.
e string::iterator insert(string::iterator begin, char ch):

the character ch is inserted at the current object’s position referred to by begi n. Begi n
is returned.

e string::iterator insert(string::iterator begin, size t count, char ch):

Count characters ch are inserted at the current object’s position referred to by begi n.
Begi n is returned.

e string::iterator insert(string::iterator begin, Inputlterator abegin,
I nput I terator aend):

the characters in the range defined by the | nput|terators abegi n and aend are
inserted at the current object’s position referred to by begi n. Begi n is returned.

e size t length() const:
the number of characters stored in the current string object is returned.
e size t max_size() const:

the maximum number of characters that can be stored in the current string object is
returned.

e string & eplace(size t opos, size t on, string const &
argunent, size type apos, size type an):

a (sub)string of characters in obj ect are replaced by the (subset of) characters of ar gunment .
If on is specified as 0 ar gunent is inserted into obj ect at offset opos.
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string &replace(size_t opos, size t on,
char const =*argument, size_type an):

a series of characters in obj ect are be replaced by the first an characters of char
const +* argument.

string &replace(size_t opos, size_t on, size_type count,
char ch):

on characters of the current string object, starting at index position opos, are replaced
by count characters ch.

string & eplace(string::iterator begin, string::iterator end, string const &
argunent) :

the series of characters in the current string object defined by the iterators begi n and
end are replaced by ar gunent. If ar gument is a char const =, an additional argu-
ment an may be used, specifying the number of characters of ar gunent that are used
in the replacement.

string & eplace(string::iterator begin, string::iterator end, size type count,
char ch):

the series of characters in the current string object defined by the iterators begi n and
end are replaced by count characters having values ch.

string & eplace(string::iterator begin, string::iterator end, |nputlterator
abegin, Inputlterator aend):

the series of characters in the current string object defined by the iterators begi n
and end are replaced by the characters in the range defined by the | nputlterators
abegi n and aend.

voi d reserve(size_ t request):

the current string object’s capacity is changed to at least r equest . After calling this
member, capaci t y’s return value will be at least r equest . A request for a smaller size
than the value returned by capaci ty is ignored. A std: : | ength_error exception is
thrown if r equest exceeds the value returned by max_si ze (std: : l ength_error is
defined in the st dexcept header). Calling r eserve() has the effect of redefining a
string’s capacity, not of actually making available the memory to the program. This is
illustrated by the exception thrown by the string’s at () member when trying to access
an element exceeding the string’s si ze but not the string’s capaci ty.

voi d resize(size_t size, char ch = 0):

the current string object is resized to si ze characters. If the string object is resized to
a size larger than its current size the additional characters will be initialized to ch. If it
is reduced in size the characters having the highest indices are chopped off.

size_t rfind(string const &argunment, size_type opos) const:

the last index in the current string object where ar gunent is found is returend. Search-
ing proceeds from the current object’s offset opos back to its beginning.

size t rfind(char const *argunent, size type opos, size type an) const:

the last index in the current string object where ar gunent is found is returned. Search-
ing proceeds from the current object’s offset opos back to its beginning. The parameter
an specifies the length of the substring of ar gunent to look for, starting at ar gunment ’s
beginning.

size_t rfind(char ch, size_type opos)const:

the last index in the current string object where ch is found is returned. Searching
proceeds from the current object’s offset opos back to its beginning.



5.2. ASTD:STRING REFERENCE 69

e size t size() const:

the number of characters stored in the current string object is returned. This member
is a synonym of | engt h() .

e string substr(size_type opos, size_type on) const:

a substring of the current string object of at most on characters starting at index opos
is returned.

e void swap(string &argunent):

the contents of the current string object are swapped with the contents of ar gunent .
For this member ar gunent must be a string object and cannot be a char const =*.
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Chapter 6

The 10-stream Library

Extending the standard stream (FI LE) approach, well known from the C programming language, C++
offers an input /output (I/0) library based on cl ass concepts.

All C++ I/O facilities are defined in the namespace st d. The st d: : prefix is omitted below, except for
situations where this would result in ambiguities.

Earlier (in chapter 3) we've seen several examples of the use of the C++ I/O library, in particular
showing insertion operator (<<) and the extraction operator (>>). In this chapter we’ll cover I/O in
more detail.

The discussion of input and output facilities provided by the C++ programming language heavily uses
the cl ass concept and the notion of member functions. Although class construction has not yet been
covered (for that see chapter 7) and although inheritance will not be covered formally before chapter
13, we think it is quite possible to introduce I/O facilities long before the technical background of their
construction has been covered.

Most C++ I/O classes have names starting with basi ¢_ (like basi c_i 0os). However, these basi c_
names are not regularly found in C++ programs, as most classes are also defined using t ypedef defi-
nitions like:

t ypedef basic_i os<char> i 0s;

Since C++ supports various kinds of character types (e.g., char ,wchar _t ), I/O facilities were developed
using the template mechanism allowing for easy conversions to character types other than the tradi-
tional char type. As elaborated in chapter 20, this also allows the construction of generic software,
that could thereupon be used for any particular type representing characters. So, analogously to the
above t ypedef there exists a

t ypedef basic_i os<wchar _t> Wi 0S;

This type definition can be used for the wchar _t type. Because of the existence of these type defini-
tions, the basi c_ prefix was omitted from the C++ Annotations without loss of continuity. The C++
Annotations primarily focus on the standard 8-bits char type.

It must be stressed that it is not correct anymore to declare iostream objects using standard forward
declarations, like:

cl ass std::ostream /1 now erroneous
Instead, sources that must declare iostream classes must

#i ncl ude <i osfwd> /1 correct way to declare iostreamclasses
71
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Using C++ I/O offers the additional advantage of type safety. Objects (or plain values) are inserted
into streams. Compare this to the situation commonly encountered in C where the f pri nt f function
is used to indicate by a format string what kind of value to expect where. Compared to this latter
situation C++’s iostream approach immediately uses the objects where their values should appear, as
in

cout << "There were << nMai dens << " virgins present\n";

The compiler notices the type of the nMai dens variable, inserting its proper value at the appropriate
place in the sentence inserted into the cout iostream.

Compare this to the situation encountered in C. Although C compilers are getting smarter and smarter,
and although a well-designed C compiler may warn you for a mismatch between a format specifier
and the type of a variable encountered in the corresponding position of the argument list of a pri nt f
statement, it can’t do much more than warn you. The type safety seen in C++ prevents you from making
type mismatches, as there are no types to match.

Apart from this, iostreams offer more or less the same set of possibilities as the standard FI LE-based I/O
used in C: files can be opened, closed, positioned, read, written, etc.. In C++ the basic FI LE structure,
as used in C, is still available. But C++ adds to this I/O based on classes, resulting in type safety,
extensibility, and a clean design.

In the ANSI/ISO standard the intent was to create architecture independent I/O. Previous implemen-
tations of the iostreams library did not always comply with the standard, resulting in many extensions
to the standard. The I/O sections of previously developed software may have to be partially rewritten.
This is tough for those who are now forced to modify old software, but every feature and extension
that was once available can be rebuilt easily using ANSI/ISO standard conforming I/0. Not all of these
reimplementations can be covered in this chapter, as many reimplementations relies on inheritance
and polymorphism, which will not be covered until chapters 13 and 14. Selected reimplementations
will be provided in chapter 23, and in this chapter references to particular sections in other chapters
will be given where appropriate. This chapter is organized as follows (see also Figure 6.1):

e The cl ass i os_base is the foundation upon which the iostreams I/O library was built. It defines
the core of all I/O operations and offers, among other things, facilities for inspecting the state of
I/O streams and for output formatting.

e The class i 0s was directly derived from i os_base. Every class of the I/O library doing input or
output is itself derived from this i os class, and so inherits its (and, by implication, i 0s_base’s)
capabilities. The reader is urged to keep this in mind while reading this chapter. The concept of
inheritance is not discussed here, but rather in chapter 13.

The class i 0s is important in that it implements the communication with a buffer that is used
by streams. This buffer is a st r eanbuf object which is responsible for the actual I/O to/from the
underlying device. Consequently i ost r eamobjects do not perform I/O operations themselves, but
leave these to the (stream)buffer objects with which they are associated.

e Next, basic C++ output facilities are discussed. The basic class used for output operations is
ost r eam defining the insertion operator as well as other facilities writing information to streams.
Apart from inserting information into files it is possible to insert information into memory buffers,
for which the ost ri ngstr eamclass is available. Formatting output is to a great extent possible
using the facilities defined in the i 0s class, but it is also possible to insert formatting commands
directly into streams using manipulators. This aspect of C++ output is discussed as well.

e Basic C++ input facilities are implemented by the i st r eamclass. This class defines the extraction
operator and related input facilities. Comparably to insert information into to memory buffers
(using ostri ngstream aclassi stri ngst r eamis available to extract information from memory
buffers.

e Finally, several advanced I/O-related topics are discussed. E.g., reading and writing from the
same stream and mixing C and C++ I/O using fi | ebuf ojects. Other I/O related topics are
covered elsewhere in the C++ Annotations, e.g., in chapter 23.
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Stream objects have a limited but important role: they are the interface between, on the one hand, the
objects to be input or output and, on the other hand, the st r eanbuf , which is responsible for the actual
input and output to the device accessed by a st r eanbuf object.

This approach allows us to construct a new kind of st r eanbuf for a new kind of device, and use that
streambuf in combination with the ‘good old’ i st r eam and ost r eamclass facilities. It is important to
understand the distinction between the formatting roles of iostream objects and the buffering interface
to an external device as implemented in a st reanbuf object. Interfacing to new devices (like sockets
or file descriptors) requires the construcion of a new kind of st reanbuf, rather than a new kind of
i streamor ostreamobject. A wrapper class may be constructed around the i st reamor ost ream
classes, though, to ease the access to a special device. This is how the stringstream classes were
constructed.

6.1 Special header files

Several iostream related header files are available. Depending on the situation at hand, the following
header files should be used:

e i osfwd: sources should include this header file if only a declaration of the stream classes is re-
quired. For example, if a function defines a reference parameter to an ost r eamthen the compiler
doesn not need to know exactly what an ost r eamis. When declaring such a function the ost r eam
class merely needs to be be declared. One cannot use

class std::ostream // erroneous declaration
voi d sonmeFunction(std::ostream&str);
but, instead, one should use:

#include <iosfwd> // correctly declares class ostream
voi d sonmeFunction(std::ostream&str);

e <streanbuf >: sources should include this header file when using st r eanbuf orfi | ebuf classes.
See sections 14.7 and 14.7.2.

e <i st reanp: sources should include this preprocessor directive when using the class i st r eamor
when using classes that do both input and output. See section 6.5.1.

e <ost r ean®: sources should include this header file when using the class ost r eamclass or when
using classes that do both input and output. See section 6.4.1.

e <i ostreanp: sources should include this header file when using the global stream objects (like
ci n and cout ).

e <f st reanp: sources should include this header file when using the file stream classes. See sec-
tions 6.4.2, 6.5.2, and 6.6.2.

e <sst reanp: sources should include this header file when using the string stream classes. See
sections 6.4.3 and 6.5.3.

e <i omani p>: sources should include this header file when using parameterized manipulators. See
section 6.3.2.

6.2 The foundation: the class ‘10s_base’

The class st d: : i os_base forms the foundation of all I/O operations, and defines, among other things,
facilities for inspecting the state of I/O streams and most output formatting facilities. Every stream
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class of the I/O library is, through the class i 0s, derived from this class, and inherits its capabilities.
Asi os_base is the foundation on which all C++ I/O was built, we introduce it here as the first class of
the C++ I/O library.

Note that, as in C, I/O in C++ is not part of the language (although it is part of the ANSI/ISO standard
on C++). Although it is technically possible to ignore all predefined I/O facilities, nobody does so, and
the I/O library therefore represents a de facto 1/0 standard for C++. Also note that, as mentioned
before, the iostream classes themselves are not responsible for the eventual I/0, but delegate this to an
auxiliary class: the class st r eanbuf or its derivatives.

It is neither possible nor required to construct an i 0s_base object directly. Its construction is always
a side-effect of constructing an object further down the class hierarchy, like st d: : i 0s. | 0s is the next
class down the iostream hierarchy (see figure 6.1). Since all stream classes in turn inherit from i 0s,
and thus also from i os_base, the distinction between i 0s_base and i 0s is in practice not important.
Therefore, facilities actually provided by i os_base will be discussed as facilities provided by i os. The
reader who is interested in the true class in which a particular facility is defined should consult the
relevant header files (e.g.,i os_base. h and basi c_i 0s. h).

6.3 Interfacing ‘streambuf’ objects: the class ‘ios’

The st d: : i os class is derived directly from i 0s_base, and it defines de facto the foundation for all
stream classes of the C++ I/O library.

Although it is possible to construct an i 0s object directly, this is seldom done. The purpose of the class
i 0s is to provide the facilities of the class basi c_i 0s, and to add several new facilites, all related to
the st r eanbuf object which is managed by objects of the class i os.

All other stream classes are either directly or indirectly derived from i 0s. This implies, as explained
in chapter 13, that all facilities of the classes i 0s and i 0s_base are also available to other stream
classes. Before discussing these additional stream classes, the features offered by the class i os (and
by implication: by i 0s_base) are now introduced.

In some cases it may be required to include i 0s explicitly. An example is the situations where the
formatting flags themselves (cf. section 6.3.2.2) are referred to in source code.

The class i 0s offers several member functions, most of which are related to formatting. Other fre-
quently used member functions are:
e std::streanbuf =*ios::rdbuf():

A pointer to the st reanbuf object forming the interface between the i os object and
the device with which the i 0s object communicates is returned. See section 23.1.2 for
further information about the cl ass st reanbuf.

e std::streanbuf =*ios::rdbuf(std::streanbuf *new):

The current i 0S object is associated with another st reanbuf object. A pointer to the
i 0S object’s original st reanbuf object is returned. The object to which this pointer
points is not destroyed when the st r eamobject goes out of scope, but is owned by the
caller of r dbuf .

e std::ostream=+ios::tie():

A pointer to the ost r eamobject that is currently tied to the i 0s object is returned (see
the next member). The return value 0 indicates that currently no ost r eamobject is tied
to the i 0s object. See section 6.5.5 for details.

e std::ostream=+ios::tie(std::ostream=outs):

The ostream object is tied to current i 0s object. This means that the ost r eamobject
is flushed every time before an input or output action is performed by the current i os
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object. A pointer to the i 0s object’s original ost r eamobject is returned. To break the
tie, pass the argument 0. See section 6.5.5 for an example.

6.3.1 Condition states

Operations on streams may fail for various reasons. Whenever an operation fails, further operations on
the stream are suspended. It is possible to inspect (and possibly: clear) the condition state of streams,
allowing a program to repair the problem rather than having to abort.

Conditions are represented by the following condition flags:

e i 0S:: badbit:

if this flag has been raised an illegal operation has been requested at the level of the
st r eambuf object to which the stream interfaces. See the member functions below for
some examples.

ejos::eofbit:
if this flag has been raised, the i 0s object has sensed end of file.
ejos::failbit:

if this flag has been raised, an operation performed by the stream object has failed (like
an attempt to extract an i nt when no numeric characters are available on input). In
this case the stream itself could not perform the operation that was requested of it.

e i 0s::goodbit:

this flag is raised when none of the other three condition flags were raised.

Several condition member functions are available to manipulate or determine the states of i 0s objects.
Originally they returned i nt values, but their current return type is bool :

e i 0s::bad():

the value t r ue is returned when the stream’s badbi t has been set and f al se other-
wise. If t r ue is returned it indicates that an illegal operation has been requested at the
level of the st r eanbuf object to which the stream interfaces. What does this mean? It
indicates that the st reanbuf itself is behaving unexpectedly. Consider the following
example:

std::ostreamerror(0);

Here an ost r eamobject is constructed without providing it with a working st r eanbuf
object. Since this ‘st r eanbuf’ will never operate properly, its badbi t flag is raised from
the very beginning: error. bad() returnstr ue.

e ios::eof ():

the value t r ue is returned when end of file (EOF) has been sensed (i.e., the eof bi t flag
has been set) and f al se otherwise. Assume we’re reading lines line-by-line from ci n,
but the last line is not terminated by a final \ n character. In that case st d: : getli ne
attempting to read the \ n delimiter hits end-of-file first. This raises the eof bi t flag and
ci n. eof () returnstr ue. For example, assume st d: : stri ng str and nai n executing
the statements:

getline(cin, str);
cout << cin.eof();

Then

echo "hello world" | program
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prints the value 0 (no EOF sensed). But after
echo -n "hello world" | program

the value 1 (EOF sensed) is printed.
eios::fail():

the value t r ue is returned when bad returns t r ue or when the f ai | bi t flag was set.
The value f al se is returned otherwise. In the above example, ci n. fail () returns
f al se, whether we terminate the final line with a delimiter or not (as we've read a
line). However, trying to execute a second get | i ne will set the f ai | bit flag, causing
cin::fail () toreturntrue. In general: fai | returnstrue if the requested stream
operation failed. A simple example showing this consists of an attempt to extract an
i nt when the input stream contains the text hel | o wor | d. The value not fail () is
returned by the bool interpretation of a stream object (see below).

e i 0s::good():

the value of the goodbi t flag is returned. It equals t r ue when none of the other condi-
tion flags (badbit, eofbit, fail bit)was raised. Consider the following little pro-
gram:

#i ncl ude <i ostreanr
#i ncl ude <string>

usi ng nanespace std;

void state()

{
cout << "\n"
"Bad: " << cin.bad() << " "
"Fail: " << cin.fail() <<" "
"Eof: " << cin.eof() << " "
"CGood: " << cin.good() << ’'\n’;
}
int main()
{
string |ine;
int x;
cin >> x;
state();
cin.clear();
getline(cin, line);
state();
getline(cin, line);
state();
}

When this program processes a file having two lines, containing, respectively, hel | o
and wor | d, while the second line is not terminated by a \ n character the following is
shown:

Bad: O Fail: 1 Eof: 0 Good: O
Bad: O Fail: O Eof: 0 Good: 1

Bad: O Fail: O Eof: 1 Good: O
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Thus, extracting x fails (good returning f al se). Then, the error state is cleared, and
the first line is successfully read (good returning t r ue). Finally the second line is read
(incompletely): good returning f al se, and eof returningtr ue.

e Interpreting streams as bool values:

streams may be used in expressions expecting logical values. Some examples are:

if (cin) /1 cinitself interpreted as bool
if (cin >> x) /1 cin interpreted as bool after an extraction
if (getline(cin, str)) // getline returning cin

When interpreting a stream as a logical value, it is actually ‘not fail ()’ that is inter-
preted. The above examples may therefore be rewritten as:

if (not cin.fail())
if (not (cin >> x).fail())
if (not getline(cin, str).fail())

The former incantation, however, is used almost exclusively.
The following members are available to manage error states:

eios::clear():

When an error condition has occurred, and the condition can be repaired, then cl ear
can be used to clear the error state of the file. An overloaded version exists accepting
state flags, that are set after first clearing the current set of flags: cl ear (i nt state).
Its return type is voi d

e ios::rdstate():

The current set of flags that are set for an i 0s object are returned (as an i nt ). To test
for a particular flag, use the bitwise and operator:

if (!(iosChject.rdstate() & ios::failbit))
{

}

Note that this test cannot be performed for the goodbi t flag as its value equals zero.
To test for ‘good’ use a construction like:

/1 last operation didn’t fail

if (iosObject.rdstate() == ios::goodbit)
{

}

e ios::setstate(ios::iostate state):

/] state is ‘good

A stream may be assigned a certain set of states using set st at e. Its return type is
voi d. E.g.,

cin.setstate(ios::failbit); /'l set state to ‘fail’
To set multiple flags in one set st at e() call use the bi t or operator:
cin.setstate(ios::failbit | ios::eofbit)

The member cl ear is a shortcut to clear all error flags. Of course, clearing the flags doesn’t
automatically mean the error condition has been cleared too. The strategy should be:

— An error condition is detected,

— The error is repaired
— The member cl ear is called.

C++ supports an exception mechanism to handle exceptional situations. According to the ANSI/ISO
standard, exceptions can be used with stream objects. Exceptions are covered in chapter 9. Using
exceptions with stream objects is covered in section 9.7.
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6.3.2 Formatting output and input

The way information is written to streams (or, occasionally, read from streams) is controlled by format-
ting flags.

Formatting is used when it is necessary to, e.g., set the width of an output field or input buffer and
to determine the form (e.g., the radix) in which values are displayed. Most formatting features belong
to the realm of the i os class. Formatting is controlled by flags, defined by the i os class. These flags
may be manipulated in two ways: using specialized member functions or using manipulators, which
are directly inserted into or extracted from streams. There is no special reason for using either method,;
usually both methods are possible. In the following overview the various member functions are first
introduced. Following this the flags and manipulators themselves are covered. Examples are provided
showing how the flags can be manipulated and what their effects are.

Many manipulators are parameterless and are available once a stream header file (e.g., i ost r eam has
been included. Some manipulators require arguments. To use the latter manipulators the header file
i omani p must be included.

6.3.2.1 Format modifying member functions

Several member functions are available manipulating the I/O formatting flags. Instead of using the
members listed below manipulators are often available that may directly be inserted into or extracted
from streams. The available members are listed in alphabetical order, but the most important ones in
practice are setf, unsetf and width.

e i0s & os::copyfnt(ios &obj):

all format flags of obj are copied to the current i 0s object. The current i 0s object is
returned.

eios::fill() const:
the current padding character is returned. By default, this is the blank space.
ejos::fill(char padding):

the padding character is redefined, the previous padding character is returned. Instead
of using this member function the setfi || manipulator may be inserted directly into
an ost r eam Example:

cout. fill('0); /'l use 'O’ as padding char
cout << setfill (' +"); /'l use '+ as paddi ng char

eios::fnflags ios::flags() const:

the current set of flags controlling the format state of the stream for which the member
function is called is returned. To inspect whether a particular flag was set, use the
bi t _and operator. Example:

if (cout.flags() & ios::hex)
cout << "Integral values are printed as hex numbers\n"

eios::fmflags ios::flags(ios::fmflags flagset):

the previous set of flags are returned and the new set of flags are defined by f | agset .
Multiple flags are specified using the bi t or operator. Example:
/1l change the representation to hexadeci nal
cout.flags(ios::hex | cout.flags() & ~ios::dec);
eint ios::precision() const:

the number of significant digits used when outputting floating point values is returned
(default: 6).
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eint ios::precision(int signif):

the number of significant digits to use when outputting real values is set to si gni f.
The previously used number of significant digits is returned. If the number of required
digits exceeds si gni f then the number is displayed in ‘scientific’ notation (cf. section
6.3.2.2). Manipulator: set preci si on. Example:

cout . preci sion(3); /1 3 digits precision
cout << setprecision(3); /1 same, using the manipul at or
cout << 1.23 << " " << 12.3 << " " << 123.12 << " " << 1234.3 << '\’

/] displays: 1.23 12.3 123 1.23e+03
eios::fnmflags ios::setf(ios::fntflags flags):

sets one or more formatting flags (use the bi t or operator to combine multiple flags).
Already set flags are not affected. The previous set of flags is returned. Instead of
using this member function the manipulator set i osf | ags may be used. Examples are
provided in the next section (6.3.2.2).

ejos::fnflags ios::setf(ios::fnflags flags, ios::fntflags nask):

clears all flags mentioned in mask and sets the flags specified in f | ags. The previous
set of flags is returned. Some examples are (but see the next section (6.3.2.2) for a more
thorough discussion):

/1 left-adjust information in wide fields
cout.setf(ios::left, ios::adjustfield);

/1 display integral values as hexadeci mal nunbers
cout.setf(ios::hex, ios::basefield);

/1 display floating point values in scientific notation
cout.setf(ios::scientific, ios::floatfield);

eios::fmflags ios::unsetf(fntflags flags):

the specified formatting flags are cleared (leaving the remaining flags unaltered) and re-

turns the previous set of flags. A request to unset an active default flag (e.g., cout . unset f (i os:: dec))
is ignored. Instead of this member function the manipulator r eset i osf | ags may also

be used. Example:

cout << 12.24; /1 displays 12.24

cout << setf(ios::fixed);

cout << 12.24; /1 displays 12.240000

cout . unsetf (ios::fixed); /1 undo a previous ios::fixed setting.
cout << 12.24; /1 displays 12.24

cout << resetiosflags(ios::fixed); // using manipulator rather
/1 than unsetf

eint ios::width() const:

the currently active output field width to use on the next insertion is returned. The
default value is 0, meaning ‘as many characters as needed to write the value’.

eint ios::width(int nchars):

the field width of the next insertion operation is set to nchar s, returning the previously
used field width. This setting is not persistent. It is reset to 0 after every insertion
operation. Manipulator: std: : set w(i nt) . Example:

cout.w dt h(5);
cout << 12; /1 using 5 chars field width
cout << setw(12) << "hello"; /1 using 12 chars field width
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6.3.2.2 Formatting flags

Most formatting flags are related to outputting information. Information can be written to output
streams in basically two ways: using binary output information is written directly to an output stream,
without converting it first to some human-readable format and using formatted output by which values
stored in the computer’s memory are converted to human-readable text first. Formatting flags are
used to define the way this conversion takes place. In this section all formatting flags are covered.
Formatting flags may be (un)set using member functions, but often manipulators having the same
effect may also be used. For each of the flags it is shown how they can be controlled by a member
function or -if available- a manipulator.

To display information in wide fields:

e jos::internal:

to add fill characters (blanks by default) between the minus sign of negative numbers
and the value itself. Other values and data types are right-adjusted. Manipulator:
std::internal.Example:

cout.setf(ios::internal, ios::adjustfield);
cout << internal; /| sanme, using the manipul at or
cout << '\’’’ << setw(5) << -5 << "'\n"; // displays - 5’

e jos::left:

to left-adjust values in fields that are wider than needed to display the values. Manipu-
lator: std: : | ef t . Example:

cout.setf(ios::left, ios::adjustfield);
cout << left; /| sanme, using the manipul at or
cout << '\’’’ << setw(5) << "hi" << "'\n"; [/ displays 'hi '
eios::right:
to right-adjust values in fields that are wider than needed to display the values. Manip-
ulator: st d: : ri ght. This is the default. Example:
cout.setf(ios::right, ios::adjustfield);

cout << right; /1 same, using the mani pul at or

cout << '\'’ << setw(5) << "hi" << "’\n"; [/ displays '’ hi

Using various number representations:

e i 0s::dec:
to display integral values as decimal numbers. Manipulator: st d:: dec. This is the

default. Example:

cout.setf(ios::dec, ios::basefield);
cout << dec; /'l same, using the mani pul at or
cout << 0x10; /1 displays 16

e i 0s:: hex:
to display integral values as hexadecimal numbers. Manipulator: st d: : hex. Example:

cout.setf(ios::hex, ios::basefield);
cout << hex; /] sanme, using the manipul at or
cout << 16; /1 displays 10
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e j0S::o0cCt:
to display integral values as octal numbers. Manipulator: st d: : oct . Example:

cout.setf(ios::oct, ios::basefield);
cout << oct; /1l same, using the manipul at or
cout << 16; /1 displays 20

e std::setbase(int radix):

This is a manipulator that can be used to change the number representation to decimal,
hexadecimal or octal. Example:

cout << setbase(8); /1 octal nunbers, use 10 for
/1 decimal, 16 for hexadeci nal
cout << 16; /'l displays 20

Fine-tuning displaying values:

e i 0s:: bool al pha:

logical values may be displayed as text using the text ‘t r ue’ for the t r ue logical value,
and f al se’ for the f al se logical value using bool al pha. By default this flag is not
set. Complementary flag: i 0s: : nobool al pha. Manipulators: st d: : bool al pha and
st d: : nobool al pha. Example:

cout. setf (ios::bool al pha);
cout << bool al pha; /1l same, using the mani pul at or
cout << (1 == 1); /1 displays true

e | 0s: : showbase:

to display the numeric base of integral values. With hexadecimal values the Ox prefix is
used, with octal values the prefix 0. For the (default) decimal value no particular prefix
is used. Complementary flag: i 0s: : noshowbase. Manipulators: st d: : showbase and
st d: : noshowbase. Example:

cout . setf (i os::showbase);
cout << showbase; /'l same, using the mani pul at or
cout << hex << 16; /1 displays 0x10

e i 0s::showpos:

to display the + sign with positive decimal (only) values. Complementary flag:
i 0S:: noshowpos. Manipulators: st d: : showpos and st d: : noshowpos. Example:

cout . setf (i os::showpos);

cout << showpos; /1 same, using the manipul at or
cout << 16; /1 displays +16
cout.unsetf(ios::showos); // Undo showpos
cout << 16; /1 displays 16

e i 0S:: uppercase:

to display letters in hexadecimal values using capital letters. Complementary flag:
i 0s:: noupper case. Manipulators: st d: : upper case and st d: : noupper case. By
default lower case letters are used. Example:

cout.setf(ios::uppercase);
cout << uppercase; /1 sane, using the nmanipul at or
cout << hex << showbase <<

3735928559; /1 displays OXDEADBEEF
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Displaying floating point numbers

e jo0s::fixed:

to display real values using a fixed decimal point (e.g., 12.25 rather than 1.225e+01), the
fi xed formatting flag is used. It can be used to set a fixed number of digits behind the
decimal point. Manipulator: fi xed. Example:

cout.setf(ios::fixed,
cout . preci sion(3);

ios::floatfield);
/1 3 digits behind the .

/1 Aternatively:
cout << setiosflags(ios::fixed) << setprecision(3);

cout << 3.0 << " "
<< 3.0004 << " "

<< 3.01 << " " << 3.001 << '\'n’;
<< 3.0005 << " " << 3.0006 << '\n’

/! Results
/! 3.000 3.
/! 3.000 3.

in:
010 3.001
001 3.001

The example shows that 3.0005 is rounded away from zero, becoming 3.001 (likewise
-3.0005 becomes -3.001). First setting precision and then f i xed has the same effect.

e ios::scientific:
to display real values in scientific notation (e.g., 1.24e+03). Manipulator: st d: : scientific.
Example:
cout.setf(ios::scientific, ios::floatfield);
cout << scientific; /1 sane, using the nmanipul at or
cout << 12.25; /1 displays 1.22500e+01
e i 0s::showpoint:

to display a trailing decimal point and trailing decimal zeros when real numbers are dis-
played. Complementary flag: i 0s: : noshowpoi nt. Manipulators: st d: : showpoi nt,
st d: : noshowpoi nt . Example:

cout << fixed << setprecision(3); /1 3 digits behind .
cout.setf(ios::showoint); /'l set the flag

cout << showpoi nt; /'l sane, using the nmanipul at or
cout << 16.0 << ", " << 16.1 << ", " << 16;

/1 displays: 16.0000, 16.1000, 16

Note that the final 16 is an integral rather than a floating point number, so it has no dec-
imal point. So showpoi nt has no effect. If i 0s: : showpoi nt is not active trailing zeros
are discarded. If the fraction is zero the decimal point is discarded as well. Example:

cout.unsetf(ios::fixed, ios::showpoint); /'l unset the flags
cout << 16.0 << ", "

/1 displays: 16, 16.1

<< 16.1;

Handling white space and flushing streams

e std::endl:

manipulator inserting a newline character and flushing the stream. Often flushing the
stream is not required and doing so would needlessly slow down I/O processing. Con-
sequently, using endl should be avoided (in favor of inserting ' \ n’ ) unless flusing the
stream is explicitly intended. Note that streams are automatically flushed when the
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program terminates or when a stream is ‘tied’ to another stream (cf. t i e in section 6.3).
Example:

cout << "hello" << endl; /1 prefer: << ’'\n’;
e std::ends:

manipulator inserting a 0-byte into a stream. It is usually used in combination with
memory-streams (cf. section 6.4.3).

e std::flush:

a stream may be flushed using this member. Often flushing the stream is not required
and doing so would needlessly slow down I/O processing. Consequently, using f | ush
should be avoided unless it is explicitly required to do so. Note that streams are auto-
matically flushed when the program terminates or when a stream is ‘tied’ to another
stream (cf. ti e in section 6.3). Example:

cout << "hello" << flush; /1 avoid if possible.
e i 0S::skipws:

leading white space characters (blanks, tabs, newlines, etc.) are skipped when a value
is extracted from a stream. This is the default. If the flag is not set, leading white
space characters are not skipped. Complementary flag: i 0s: : noski pws. Manipulators:
st d: : ski pws, std:: noski pws. Example:

cin.setw(ios::skipws);

cin >> skipws; /'l same, using the manipul at or
int val ue;
cin >> val ue; /'l skips initial blanks

e i 0S::unitbuf:

the stream for which this flag is set will flush its buffer after every output operation
Often flushing a stream is not required and doing so would needlessly slow down I/O
processing. Consequently, setting uni t buf should be avoided unless flusing the stream
is explicitly intended. Note that streams are automatically flushed when the program
terminates or when a stream is ‘tied’ to another stream (cf. ti e in section 6.3). Com-
plementary flag: i 0s: : nouni t buf . Manipulators: st d: : uni t buf, st d: : nouni t buf .

Example:
cout.setf(ios::unitbuf);
cout << unitbuf; /1 same, using the manipul at or
cout.wite("xyz", 3); /1 flush follows wite.

e std::ws:

manipulator removing all white space characters (blanks, tabs, newlines, etc.) at the
current file position. White space are removed if present even if the flagi os: : noski pws
has been set. Example (assume the input contains 4 blank characters followed by the
character X):

cin >> ws; /1l skip white space
cin.get(); /1 returns ' X
6.4 Output

In C++ output is primarily based on the st d: : ost r eamclass. The ost r eamclass defines the basic
operators and members inserting information into streams: the insertion operator (<<), and special
members like wr i t e writing unformatted information to streams.
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The class ostreamacts as base class for several other classes, all offering the functionality of the
ost r eamclass, but adding their own specialties. In the upcoming sections we will introduce:

e The class ost r eam offering the basic output facilities;

e The class of st r eam allowing us to write files (comparable to C’s f open(fi | ename, "w'));

e The class ost ri ngst r eam allowing us to write information to memory (comparable to C’s spri nt f
function).

6.4.1 Basic output: the class ‘ostream’

The class ost r eamdefines basic output facilities. The cout, cl og and cerr objects are all ostream
objects. All facilities related to output as defined by the i 0s class are also available in the ostream
class.

We may define ost r eamobjects using the following ostream constructor:

e std::ostream object(std::streanbuf =*sb):

this constructor creates an ost r eamobject which is a wrapper around an existing st d: : st r eanbuf
object. It isn’t possible to define a plain ostr eamobject (e.g., using st d:: ostream

out ; ) that can thereupon be used for insertions. When cout or its friends are used, we

are actually using a predefined ost r eamobject that has already been defined for us and

interfaces to the standard output stream using a (also predefined) st r eanbuf object

handling the actual interfacing.

It is, however, possible to define an ost r eamobject passing it a 0-pointer. Such an

object cannot be used for insertions (i.e., it will raise its i 0s: : bad flag when something

is inserted into it), but it may be given a st r eanbuf later. Thus it may be preliminary
constructed, suspending its use until an appropriate st r eanbuf becomes available.

To define the ost r eamclass in C++ sources, the ost r eamheader file must be included. To use the
predefined ost r eamobjects (st d: : ci n, std::cout etc.) thei ostr eamheader must be included.

6.4.1.1 Writing to ‘ostream’ objects

The class ost r eamsupports both formatted and binary output.

The insertion operator (<<) is used to insert values in a type safe way into ost r eamobjects. This is
called formatted output, as binary values which are stored in the computer’s memory are converted to
human-readable ASCII characters according to certain formatting rules.

The insertion operator points to the ost r eamobject to receive the information. The normal associativ-
ity of << remains unaltered, so when a statement like

cout << "hello " << "world";

is encountered, the leftmost two operands are evaluated first (cout << "hello "), and an ostream
& object, which is actually the same cout object, is returned. Now, the statement is reduced to

cout << "worl d";

and the second string is inserted into cout .

The << operator has a lot of (overloaded) variants, so many types of variables can be inserted into
ost r eamobjects. There is an overloaded <<-operator expecting an i nt, a doubl e, a pointer, etc. etc..
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Each operator will return the ost r eamobject into which the information so far has been inserted,
followed by the next insertion.

Streams lack facilities for formatted output like C’s pri ntf and vpri nt f functions. Although it is not
difficult to implement these facilities in the world of streams, pri nt f -like functionality is hardly ever
required in C++ programs. Furthermore, as it is potentially type-unsafe, it might be better to avoid
this functionality completely.

When binary files must be written, normally no text-formatting is used or required: an i nt value
should be written as a series of raw bytes, not as a series of ASCII numeric characters 0 to 9. The
following member functions of ost r eamobjects may be used to write ‘binary files’

e ostream& put (char c):

to write a single character to the output stream. Since a character is a byte, this member
function could also be used for writing a single character to a text-file.

e ostream& wite(char const *buffer, int length):

to write at most | engt h bytes, stored in the char const *buf f er to the ost r eamob-
ject. Bytes are written as they are stored in the buffer, no formatting is done whatsoever.
Note that the first argument is a char const =: a type cast is required to write any
other type. For example, to write an i nt as an unformatted series of byte-values use:
int x;
out.write(reinterpret_cast<char const *>(&x), sizeof(int));

The bytes written by the above wri t e call will be written in an order depending on the endian-
ness of the underlying hardware. Big-endian computers will write the most significant byte first,
little-endian computers will first write the least significant byte.

6.4.1.2 ‘ostream’ positioning

Although not every ost r eamobject supports repositioning, they usually do. This means that it is
possible to rewrite a section of the stream which was written earlier. Repositioning is frequently used
in database applications where it must be possible to access the information in the database at random.

The current position can be obtained and modified using the following members:

e i0s::pos_type tellp():

the current (absolute) position in the file where the next write-operation to the stream
will take place is returned.

e ostream &seekp(ios::off_type step, io0s::seekdir org):

modifies a stream’s actual position. The function expects an of f _t ype st ep represent-
ing the number of bytes the current stream position is moved with respect to or g. The
st ep value may be negative, zero or positive.
The origin of the step, or g is a value in the i 0s: : seekdi r enumeration. Its values are:
- i0s::beg:
the stepsize is computed relative to the beginning of the stream. This value
is used by default.
—ios::cur:
the stepsize is computed relative to the current position of the stream (as
returned by t el | p).
- io0s::end:
the stepsize is interpreted relative to the current end position of the stream.
It is OK to seek or write beyond the last file position. Writing bytes to a location beyond
EOF will pad the intermediate bytes with ASCII-Z values: null-bytes. Seeking before
i 0s:: begraises thei os::fail flag.
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6.4.1.3 ‘ostream’ flushing

Unless the i os: : uni t buf flag has been set, information written to an ost r eamobject is not imme-
diately written to the physical stream. Rather, an internal buffer is filled during the write-operations,
and when full it is flushed.

The stream’s internal buffer can be flushed under program control:

e ostream& flush():

any buffered information stored internally by the ost r eamobject is flushed to the device
to which the ost r eamobject interfaces. A stream is flushed automatically when:
— the object ceases to exist;
— the endl or f | ush manipulators (see section 6.3.2.2) are inserted into an ostr eam
object;
— astream supporting the cl ose-operation is explicitly closed (e.g.,ast d: : of st r eam
object, cf. section 6.4.2).

6.4.2 Output to files: the class ‘ofstream’

The st d:: of st reamclass is derived from the ostreamclass: it has the same capabilities as the
ost r eamclass, but can be used to access files or create files for writing.

In order to use the of st r eamclass in C++ sources, the f st r eamheader file must be included. Including
f st r eamwill not automatically make available the standard streams ci n, cout and cerr. Include
i ost r eamto declare these standard streams.

The following constructors are available for of st r eamobjects:

e of st ream obj ect :

this is the basic constructor. It defines an of st r eamobject which may be associated
with an actual file later, using its open() member (see below).

e of stream obj ect (char const *nane, io0s::opennbde node = ios::out):

this constructor defines an of st r eamobject and associates it immediately with the file
named nane using output mode node. Section 6.4.2.1 provides an overview of available
output modes. Example:

of stream out ("/tnp/scratch");

It is not possible to open an of st r eamusing a file descriptor. The reason for this is (apparently)
that file descriptors are not universally available over different operating systems. Fortunately, file
descriptors can be used (indirectly) with a st d: : st r eanbuf object (and in some implementations:
with a st d: : fil ebuf object, which is also a st r eanmbuf ). St r eanbuf objects are discussed in section
14.7,fi | ebuf objects are discussed in section 14.7.2.

Instead of directly associating an of st r eamobject with a file, the object can be constructed first, and
opened later.

e voi d open(char const *name, io0s::opennode node = ios::out):

this member function is used to associate an of st r eamobject with an actual file. If the
i os::fail flag was set before calling open and opening succeeds the flag is cleared.
Opening an already open stream fails. To reassociate a stream with another file it must
first be closed:

of stream out ("/tnp/out");
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out << "hello\n";

out. cl ose(); /1 flushes and cl oses out
out . open("/tnp/out2");

out << "world\n";

e void close():

an of st r eamobject is closed by this member function. The function sets thei os: : f ai |
flag of the closed object. Closing the file will flush any buffered information to the asso-
ciated file. A file is automatically closed when the associated of st r eamobject ceases to
exist.

e bool is_open() const:

assume a stream was properly constructed, but it has not yet been attached to a file. E.g.,
the statement of st r eam ostr was executed. When we now check its status through
good(), a non-zero (i.e., OK) value is returned. The ‘good’ status here indicates that
the stream object has been constructed properly. It doesn’t mean the file is also open.
To test whether a stream is actually open, i s_open should be called. If it returnst r ue,
the stream is open. Example:

#i ncl ude <fstreanp
#i ncl ude <i ostreane

usi ng nanespace std,;

int main()
{
of st ream of ;
cout << "of’s open state: " << bool al pha << of.is_open() << '\n’;
of . open("/dev/null"); /1 on Unix systens
cout << "of’s open state: " << of.is_open() << ’'\n’;
}
| *

CGener at ed out put:
of s open state: false
of s open state: true
*/

6.4.2.1 Modes for opening stream objects

The following file modes or file flags are available when constructing or opening of st r eam(ori st ream
see section 6.5.2) objects. The values are of type i 0s: : opennpde. Flags may be combined using the
bi t or operator.

e i 0S:: app:

reposition the stream to its end before every output command (see also i 0s: : at e be-
low). The file is created if it doesn’t yet exist. When opening a stream in this mode any
existing contents of the file are kept.

e jOS::ate:

start initially at the end of the file. Note that any existing contents are only kept if some
other flag tells the object to do so. For example of st r eam out (" gone", io0s::ate)
will rewrite the file gone, because the implied i 0s: : out will cause the rewriting. If
rewriting of an existing file should be prevented, the i 0s: : i n mode should be specified
too. However, when i 0s: : i n is specified the file must already exist. The at e mode
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only initially positions the file at the end of file position. After that information may be
written in the middle of the file using seekp. When the app mode is used information
will only to written at end of file (effectively ignoring seekp operations).

e i 0s:: binary:

open a file in binary mode (used on systems distinguishing text- and binary files, like
MS-Windows).

eios::in:

open the file for reading. The file must exist.
e i 0S::out:

open the file for writing. Create it if it doesn’t yet exist. If it exists, the file is rewritten.
e joOS::trunc:

start initially with an empty file. Any existing contents of the file are lost.

The following combinations of file flags have special meanings:

in | out: The stream may be read and witten. However, the
file nust exist.
in| out | trunc: The stream may be read and witten. It is

(re)created enpty first.

An interesting subtlety is that the open members of the i f st ream of streamand f st r eamclasses
have a second parameter of type i 0s: : opennode. In contrast to this, the bi t or operator returns an
i nt when applied to two enum-values. The question why the bi t or operator may nevertheless be used
here is answered in a later chapter (cf. section 10.11).

6.4.3 Output to memory: the class ‘ostringstream’

To write information to memory using st r eamfacilities, st d: : ost ri ngst r eamobjects should be used.
As the class ostri ngstreamis derived from the class ost r eamall ost r eanis facilities are available
to ostri ngst r eamobjects as well. To use and define ost ri ngst r eamobjects the header file sst r eam
must be included. In addition the class ost ri ngst r eamoffers the following constructors and members:

e ostringstreamostr(string const & nit, ios::opennmode node = i0sS::out):

when specifying opennode as i 0s: : at e, the ost ri ngstreamobject is initialized by
thestring init and remaining insertions are appended to the contents of the ost ri ngst r eam
object.

e ostringstream ostr(ios::opennode node = i0s::out):

this constructor can also be used as default constructor. Alternatively it allows, e.g.,
forced additions at the end of the information stored in the object so far (using i os: : app).
Example:

std::ostringstreamout;
e std::string str() const:
a copy of the string that is stored inside the ost ri ngst r eamobject is returned.
e void str(std::string const &str):

the current object is reinitialized with new initial contents.
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The following example illustrates the use of the ostri ngstreamclass: several values are inserted
into the object. Then, the text contained by the ost ri ngst r eamobject is stored in a std: : stri ng,
whose length and contents are thereupon printed. Such ost ri ngstreamobjects are most often used
for doing ‘type to string’ conversions, like converting i nt values to text. Formatting flags can be used
with ostri ngstr eans as well, as they are part of the ost r eamclass.

Here is an example showing an ost ri ngst r eamobject being used:

#i ncl ude <i ostreanr
#i ncl ude <sstreanr

usi ng nanespace std,;

int main()

{

ostringstreamostr("hello ", ios::ate);
cout << ostr.str() << ’'\n’;
ostr.setf(ios::showbase);
ostr.setf(ios::hex, ios::basefield);

ostr << 12345;

cout << ostr.str() << '\n’

OStr << " -- "
ostr.unsetf(ios::hex);
ostr << 12;

cout << ostr.str() << '\n’

ostr.str("new text");
cout << ostr.str() << '\n’

ostr.seekp(4, ios::beg);
ostr << "world";
cout << ostr.str() << '\n’

}
| *
Qut put fromthis program
hell o
hel l o 0x3039
hell o 0x3039 -- 12
new t ext
new wor | d
*/

6.5 Input

In C++ input is primarily based on the st d: :i streamclass. The i streamclass defines the basic
operators and members extracting information from streams: the extraction operator (>>), and special
members like i st ream : r ead reading unformatted information from streams.

The class i st reamacts as base class for several other classes, all offering the functionality of the
i st r eamclass, but adding their own specialties. In the upcoming sections we will introduce:

e The class i st r eam offering the basic facilities for doing input;
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e The class i f st r eam allowing us to read files (comparable to C’s f open(fil enanme, "r"));

e The class i stringstream allowing us to read information from text that is not stored on files
(streams) but in memory (comparable to C’s sscanf function).

6.5.1 Basic input: the class ‘istream’

The class i st r eamdefines basic input facilities. The ci n object, is an i st r eamobject. All facilities
related to input as defined by the i 0s class are also available in the i st r eamclass.

We may define i st r eamobjects using the following istream constructor:

e i stream obj ect (st reanmbuf =*sb):

this constructor can be used to construct a wrapper around an existing st d: : st r eanbuf
object. Similarly to ost r eamobjects, i st r eamobjects may be defined by passing it ini-
tially a O-pointer. See section 6.4.1 for a discussion, and chapter 23 for examples.

To define the i st r eamclass in C++ sources, the i st r eamheader file must be included. To use the
predefined i st r eamobject ci n, the i ost r eamheader file must be included.

6.5.1.1 Reading from ‘istream’ objects

The class i st r eamsupports both formatted and unformatted binary input. The extraction operator
(oper at or ») is used to extract values in a type safe way from i st r eamobjects. This is called formatted
input, whereby human-readable ASCII characters are converted, according to certain formatting rules,
to binary values.

The extraction operator points to the objects or variables which receive new values. The normal asso-
ciativity of >> remains unaltered, so when a statement like

cin >> x >> vy,

is encountered, the leftmost two operands are evaluated first (ci n >> x), and an i st r eam & object,
which is actually the same ci n object, is returned. Now, the statement is reduced to

cin >y

and the y variable is extracted from ci n.

The >> operator has many (overloaded) variants and thus many types of variables can be extracted
from i st r eamobjects. There is an overloaded >> available for the extraction of an i nt, of a doubl e,
of a string, of an array of characters, possibly to a pointer, etc. etc.. String or character array extraction
by default first skips all white space characters, and will then extract all consecutive non-white space
characters. Once an extraction operator has been processed the i st r eamobject from which the infor-
mation was extracted is returned and it can immediately be used for additional i st r eamoperations
that appear in the same expression.

Streams lack facilities for formatted input (as used by, e.g., C’s scanf and vscanf functions). Although
it is not difficult to add these facilities to the world of streams, scanf -like functionality is hardly ever
required in C++ programs. Furthermore, as it is potentially type-unsafe, it might be better to avoid
formatted input completely.

When binary files must be read, the information should normally not be formatted: an i nt value should
be read as a series of unaltered bytes, not as a series of ASCII numeric characters 0 to 9. The following
member functions for reading information from i st r eamobjects are available:
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nt gcount () const:

the number of characters read from the input stream by the last unformatted input
operation is returned.

nt get():

the next available single character is returned as an unsigned char value using an i nt
return type. EOF is returned if no more character are available.

stream &get (char &ch):

the next single character read from the input stream is stored in ch. The member func-
tion returns the stream itself which may be inspected to determine whether a character
was obtained or not.

stream& get(char *buffer, int len, char delim="\n"):

At most | en - 1 characters are read from the input stream into the array starting at
buf f er, which should be at least | en bytes long. Reading also stops when the delim-
iter del i mis encountered. However, the delimiter itself is not removed from the input
stream.

Having stored the characters into buf f er , an ASCl | - Z character is written beyond the
last character stored into the buf f er. The functions eof and f ai | (see section 6.3.1)
return 0 (f al se) if the delimiter was encountered before reading | en - 1 characters
or if the delimiter was not encountered after reading | en - 1 characters. It is OK to
specifiy an ASCI | - Z delimiter: this way strings terminating in ASCl | - Z characters may
be read from a (binary) file.

stream& getline(char =buffer, int len, char delim="\n"):

this member function operates analogously to the get member function, but getli ne
removes del i mfrom the stream if it is actually encountered. The delimiter itself, if
encountered, is not stored in the buf f er. If del i mwas not found (before reading | en
- 1 characters) the f ai | member function, and possibly also eof returns true. Realize
that the st d:: string class also offers a function st d: : getli ne which is generally
preferred over this get | i ne member function that is described here (see section 5.2.4).

stream& i gnore():

one character is skipped from the input stream.
stream& i gnore(int n):

n characters are skipped from the input stream.
stream& i gnore(int n, int delim:

at most n characters are skipped but skipping characters stops after having removed
del i mfrom the input stream.

nt peek():

this function returns the next available input character, but does not actually remove
the character from the input stream. EOF is returned if no more characters are available.

stream& put back(char ch):

The character ch is ‘pushed back’ into the input stream, to be read again as the next
available character. EOF is returned if this is not allowed. Normally, it is OK to put back
one character. Example:

string val ue;
cin >> val ue;
ci n. put back(’ X' );
/1 displays: X
cout << static_cast<char>(cin.get());
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e i stream & ead(char xbuffer, int len):

At most | en bytes are read from the input stream into the buffer. If EOF is encountered
first, fewer bytes are read, with the member function eof returning true. This func-
tion is commonly used when reading binary files. Section 6.5.2 contains an example in
which this member function is used. The member function gcount () may be used to
determine the number of characters that were retrieved by r ead.

e i stream& readsone(char *buffer, int len):

at most | en bytes are read from the input stream into the buffer. All available charac-
ters are read into the buffer, but if EOF is encountered, fewer bytes are read, without
setting the i os: : eof bit orios::failbit.

e i stream &unget ():

the last character that was read from the stream is put back.

6.5.1.2 ‘istream’ positioning

Although not every i st r eamobject supports repositioning, some do. This means that it is possible to
read the same section of a stream repeatedly. Repositioning is frequently used in database applications
where it must be possible to access the information in the database randomly.

The current position can be obtained and modified using the following members:

e ios::i(pos_type) tellg():

the current (absolute) position in the file where the next read-operation to the stream
will take place is returned.

e i stream &seekg(ios::off_type step, io0s::seekdir org):

modifies a stream’s actual position. The function expects an of f _t ype st ep represent-
ing the number of bytes the current stream position is moved with respect to or g. The
st ep value may be negative, zero or positive.

The origin of the step, or g is a value in the i 0s: : seekdi r enumeration.
The origin of the step, or g is a value in the i 0s: : seekdi r enumeration. Its values are:
- i 0s::beg:
the stepsize is computed relative to the beginning of the stream. This value
is used by default.
—ios::cur:
the stepsize is computed relative to the current position of the stream (as
returned by t el | p).
itttq(end)(ios::end) (the stepsize is interpreted relative to the current end position of
the the stream.)

It is OK to seek beyond the last file position. Seeking before i 0s: : beg raises the
ios::fail flag.

6.5.2 Input from files: the class ‘ifstream’

The std::ifstreamclass is derived from the i streamclass: it has the same capabilities as the
i st reamclass, but can be used to access files for reading.

In order to use the i f st r eamclass in C++ sources, the f st r eamheader file must be included. Including
f st r eamwill not automatically make available the standard streams ci n, cout and cerr. Include
i ost r eamto declare these standard streams.
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The following constructors are available for i f st r eamobjects:

e i fstream obj ect:

this is the basic constructor. It defines an i f st r eamobject which may be associated
with an actual file later, using its open() member (see below).

e i fstream obj ect (char const *nane, io0s::opennode node = i0s::in):

this constructor can be used to define an i f st r eamobject and associate it immediately
with the file named name using input mode node. Section 6.4.2.1 provides an overview
of available input modes. Example:

ifstreamin("/tnp/input");

Instead of directly associating an i f st r eamobject with a file, the object can be constructed first, and
opened later.

e voi d open(char const *nane, io0s::opennode nbde = i0S::in):

this member function is used to associate an i f st r eamobject with an actual file. If the
i os::fail flag was set before calling open and opening succeeds the flag is cleared.
Opening an already open stream fails. To reassociate a stream with another file it must
first be closed:

ifstreamin("/tnp/in");

in >> variabl e;

in.close(); /1 closes in
i n.open("/tnp/in2");

in >> anot her Vari abl e;

e void close():

ani f st r eamobject is closed by this member function. The function sets thei os: : f ai |
flag of the closed object. Closing the file will flush any buffered information to the asso-
ciated file. A file is automatically closed when the associated i f st r eamobject ceases to
exist.

e bool is_open() const:

assume a stream was properly constructed, but it has not yet been attached to a file. E.g.,
the statement i f st r eam ostr was executed. When we now check its status through
good(), a non-zero (i.e., OK) value is returned. The ‘good’ status here indicates that
the stream object has been constructed properly. It doesn’t mean the file is also open. To
test whether a stream is actually open, i s_open should be called. If it returnst r ue, the
stream is open. Also see the example in section 6.4.2. The following example illustrates
reading from a binary file (see also section 6.5.1.1):

#i ncl ude <fstreanp
usi ng nanespace std;

int main(int argc, char x*argv)
{

ifstreamin(argv[1]);

doubl e val ue;

/1 reads double in raw, binary formfromfile.
in.read(reinterpret_cast<char *>(&val ue), sizeof(double));
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6.5.3 Input from memory: the class ‘istringstream’

To read information from memory using st r eamfacilities, st d: : i st ri ngstr eamobjects should be
used. As the class i stringstreamis derived from the class i streamall i streanis facilities are
available to i st ri ngst r eamobjects as well. To use and define i st ri ngst r eamobjects the header file
sst r eammust be included. In addition the class i st ri ngst r eamoffers the following constructors and
members:

e istringstreamistr(string const & nit, ios::opennmode node = i0s::in):

the object is initialized with i ni t ’s contents

e istringstreamistr(ios::opennmode node = io0s::in) (this constructor is usually used
as the default constructor. Example:

std::istringstreamin;

)
e void str(std::string const &str):

the current object is reinitialized with new initial contents.

The following example illustrates the use of the i st ri ngstreamclass: several values are extracted
from the object. Such i stringstreamobjects are most often used for doing ‘string to type’ conver-
sions, like converting text to i nt values (cf. C’s at oi function). Formatting flags can be used with
i stringstreans as well, as they are part of the i st r eamclass. In the example note especially the
use of the member seekg:

#i ncl ude <i ostreanr
#i ncl ude <sstreanp
usi ng nanespace std,;

int main()

{
istringstreamistr("123 345"); // store sone text.
int Xx;
i str.seekg(2); [l skip "12"
istr >> x; /'l extract int
cout << x << '\n’; [l wite it out
i str.seekg(0); /'l retry fromthe begi nning
istr >> x; /]l extract int
cout << x << '\n’; [l wite it out
istr.str("666"); /'l store another text
istr >> x; /'l extract it
cout << x << '\n’; [l wite it out

}

| *
out put of this program

3

123

666

*/

6.5.4 Copying streams

Usually, files are copied either by reading a source file character by character or line by line. The basic
mold to process streams is as follows:
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e Continuous loop:

1. read from the stream
2. if reading did not succeed (i.e., f ai | returnstrue), br eak from the loop

3. process the information that was read

Note that reading must precede testing, as it is only possible to know after actually attempting to read
from a file whether the reading succeeded or not. Of course, variations are possible: get | i ne(i stream
& string &) (see section 6.5.1.1) returns an i stream &, so here reading and testing may be con-
tracted using one expression. Nevertheless, the above mold represents the general case. So, the follow-
ing program may be used to copy ci n to cout :

#i ncl ude <i ostreanr
usi ng nanespace: : std;

int main()

while (true)

{
char c;
cin.get(c);
if (cin.fail())

br eak;

cout << c;

}

Contraction is possible here by combining get with the i f -statement, resulting in:

if (!cin.get(c))
br eak;

Even so, this would still follow the basic rule: ‘read first, test later’.

Simply copying a file isn’t required very often. More often a situation is encountered where a file is
processed up to a certain point, followed by plain copying the file’s remaining information. The next
program illustrates this. Using i gnor e to skip the first line (for the sake of the example it is assumed
that the first line is at most 80 characters long), the second statement uses yet another overloaded
version of the <<-operator, in which a st reanbuf pointer is inserted into a stream. As the member
r dbuf returns a stream’s st r eanbuf =, we have a simple means of inserting a stream’s contents into
an ost ream

#i ncl ude <i ostreane
usi ng nanespace std,;

int main()
{

cin.ignore(80, '\n’); /1 skip the first line and...

cout << cin.rdbuf(); /1 copy the rest through the streanbuf =
}

This way of copying streams only assumes the existence of a st r eanmbuf object. Consequently it can be
used with all specializations of the st r eanbuf class.
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6.5.5 Coupling streams

Ostream objects can be coupled to i 0s objects using the t i € member function. Tying results in flushing
the ost r eanis buffer whenever an input or output operation is performed on the i 0s object to which
the ost r eamobject is tied. By default cout is tied to ci n (usingci n. ti e(cout) ). This tie means that
whenever an operation on ci n is requested, cout is flushed first. To break the tie, i 0s::ti e(0) can
be called. In the example: ci n. ti e(0).

Another useful coupling of streams is shown by the tie between cerr and cout. Because of the tie
standard output and error messages written to the screen are shown in sync with the time at which
they were generated:

#i ncl ude <i ostrean
usi ng nanespace std;

int main()

{
cerr.tie(0); /1 untie
cout << "first (buffered) line to cout ";
cerr << "first (unbuffered) line to cerr\n";
cout << "\n";

cerr.tie(&cout); /1 tie cout to cerr
cout << "second (buffered) line to cout ";
cerr << "second (unbuffered) line to cerr\n";
cout << "\n";

}
| *

CGener at ed out put :

first (unbuffered) line to cerr

first (buffered) line to cout

second (buffered) Iine to cout second (unbuffered) line to cerr
*/

An alternative way to couple streams is to make streams use a common st r eanbuf object. This can
be implemented using the i os: : r dbuf (st reanbuf *) member function. This way two streams can
use, e.g. their own formatting, one stream can be used for input, the other for output, and redirection
using the stream library rather than operating system calls can be implemented. See the next sections
for examples.

6.6 Advanced topics

6.6.1 Redirecting streams

Using i os: : rdbuf streams can be forced to share their st r eambuf objects. Thus information written
to one stream is actually written to another stream; a phenomenon normally called redirection. Redi-
rection is commonly implemented at the operating system level, and sometimes that is still necessary
(see section 23.3.1).

A common situation where redirection is useful is when error messages should be written to file rather
than to the standard error stream, usually indicated by its file descriptor number 2. In the Unix
operating system using the bash shell, this can be realized as follows:

program 2>/ tnp/error.| og
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Following this command any error messages written by pr ogr amare saved on the file/ t np/ err or . | og,
instead of appearing on the screen.

Here is an example showing how this can be implemented using st r eanbuf objects. Assume pr ogr am
expects an argument defining the name of the file to write the error messages to. It could be called as
follows:

program/tnp/error.|og
The program looks like this, an explanation is provided below the program’s source text:
#i ncl ude <i ostreane

#i ncl ude <fstreanr
usi ng nanespace std;

int main(int argc, char *xargv)

{
of stream errl og; /111
st reambuf =*cerr_buffer = O; Il 2
if (argc == 2)
{
errl og. open(argv[1]); /1 3
cerr_buffer = cerr.rdbuf(errlog.rdbuf()); Il 4
}
el se
{
cerr << "M ssing log fil enane\n";
return 1,
}
cerr << "Several nessages to stderr, nsg 1\n";
cerr << "Several nessages to stderr, nmsg 2\n";
cout << "Now i nspect the contents of " <<
argv[1l] << "... [Enter] ";
cin.get(); Il5
cerr << "Several nessages to stderr, nsg 3\n";
cerr.rdbuf (cerr_buffer);
cerr << "Done\n";
}
| *

CGenerated output on file argv[1]
at cin.get():

Several messages to stderr, nmsg 1
Several messages to stderr, nmsg 2

at the end of the program

Several messages to stderr, nmsg 1
Several messages to stderr, mnsg
Several messages to stderr, nmsg 3
*/

N

e At lines 1-2 local variables are defined: er r | og is the of st r eamto write the error messages too,
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and cerr _buf f er is a pointer to a st r eanbuf , to point to the original cer r buffer.
e At line 3 the alternate error stream is opened.

e At line 4 redirection takes place: cerr will write to the st reanbuf defined by errl og. It is
important that the original buffer used by cer r is saved, as explained below.

e At line 5 we pause. At this point, two lines were written to the alternate error file. We get a
chance to take a look at its contents: there were indeed two lines written to the file.

e At line 6 the redirection is terminated. This is very important, as the er r | og object is destroyed
at the end of mai n. If cer r’s buffer would not have been restored, then at that point cerr would
refer to a non-existing st r eanbuf object, which might produce unexpected results. It is the
responsibility of the programmer to make sure that an original st r eanbuf is saved before redi-
rection, and is restored when the redirection ends.

¢ Finally, at line 7, Done is again written to the screen, as the redirection has been terminated.

6.6.2 Reading AND Writing streams

In order to both read and write to a stream an std: : fstreamobject must be created. As with
i fstreamand of st r eamobjects, its constructor receives the name of the file to be opened:

fstreaminout("iofile", ios::in | ios::out);

Note the use of the constants i 0s::in and i 0s:: out, indicating that the file must be opened for
both reading and writing. Multiple mode indicators may be used, concatenated by the bi t or operator.
Alternatively, instead of i 0s: : out, i 0s:: app could have been used and mere writing would become
appending (at the end of the file).

Reading and writing to the same file is always a bit awkward: what to do when the file may not yet
exist, but if it already exists it should not be rewritten? Having fought with this problem for some time
I now use the following approach:

#i ncl ude <fstreanr
#i ncl ude <i ostreanr
#i ncl ude <string>

usi ng nanespace std;

int main()
{
fstreamrw("fname", ios::out | ios::in);
if ('rw) /1 file didn't exist yet
{
rw. clear(); /1 try again, creating it using ios::trunc
rw. open("fname", ios::out | ios::trunc | ios::in);
}
if ('rw) /1 can’t even create it: bail out
{
cerr << "QOpening ‘fname’ failed miserably" << '\n’;
return 1;
}
cerr << "W're at: " << rwtellp() << ’'\n’;

/1 wite sonething
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rw << "Hello world" << "\n’;
rw. seekg(0); /1 go back and read what’s witten

string s;
getline(rw, s);

cout << "Read: << 5 << '\'n;

Under this approach if the first construction attempt fails f nane doesn’t exist yet. But then open
can be attempted using the i os: : t r unc flag. If the file already existed, the construction would have
succeeded. By specifying i 0s: : at e when defining r w, the initial read/write action would by default
have taken place at ECF.

Under DOS-like operating systems that use the multiple character sequence \ r\ n to separate lines in
text files the flagi 0s: : bi nary is required to process binary files ensuring that \ r\ n combinations are
processed as two characters. In general, i 0s: : bi nary should be specified when binary (non-text) files
are to be processed. By default files are opened as text files. Unix operating systems do not distinguish
text files from binary files.

With f st ream objects, combinations of file flags are used to make sure that a stream is or is not
(re)created empty when opened. See section 6.4.2.1 for details.

Once a file has been opened in read and write mode, the << operator can be used to insert information
into the file, while the >> operator may be used to extract information from the file. These operations
may be performed in any order, but a seekg or seekp operation is required when switching between
insertions and extractions. The seek operation is used to activate the stream’s data used for reading
or those used for writing (and vice versa). The i st r eamand ost r eamparts of f st r eamobjects share
the stream’s data buffer and by performing the seek operation the stream either activates its i st r eam
or its ost r eampart. If the seek is omitted, reading after writing and writing after reading simply
fails. The example shows a white space delimited word being read from a file, writing another string to
the file, just beyond the point where the just read word terminated. Finally yet another string is read
which is found just beyond the location where the just written strings ended:

fstreamf("filenane", io0s::in | io0s::out);
string str;

f >> str; /1l read the first word

/1 wite a well known text
f.seekg(0, ios::cur);
f << "hello world";

f.seekp(0, ios::cur);
f >> str; /1 and read again

Since a seek or clear operation is required when alternating between read and write (extraction and
insertion) operations on the same file it is not possible to execute a series of << and >> operations in
one expression statement.

Of course, random insertions and extractions are hardly ever used. Generally, insertions and extrac-
tions occur at well-known locations in a file. In those cases, the position where insertions or extractions
are required can be controlled and monitored by the seekg, seekp, tellgandtell p members (see
sections 6.4.1.2 and 6.5.1.2).

Error conditions (see section 6.3.1) occurring due to, e.g., reading beyond end of file, reaching end of
file, or positioning before begin of file, can be cleared by the cl ear member function. Following cl ear
processing may continue. E.g.,
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fstreamf("filenane", ios::in | io0s::out);
string str;

f.seekg(-10); /1 this fails, but..
f.clear(); /] processing f continues

f >> str; /!l read the first word
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A situation where files are both read and written is seen in database applications, using files consisting
of records having fixed sizes, and where locations and sizes of pieces of information are known. For
example, the following program adds text lines to a (possibly existing) file. It can also be used to
retrieve a particular line, given its order-number in the file. A binary file i ndex allows for the quick

retrieval of the location of lines.

#i ncl ude <i ostreane
#i ncl ude <fstrean
#i ncl ude <string>
usi ng nanespace std;

void err(char const *mnsQ)

{
cout << nBg << '\n’;
}
void err(char const *msg, |ong val ue)
{
cout << mBg << value << '\n’;
}
void read(fstream & ndex, fstream &strings)
{
int idx;
if (!(cin >>idx)) /1 read index

return err("line nunber expected");

i ndex. seekg(idx * sizeof(long)); /1 go to index-offset
| ong of fset;
i f
(
l'i ndex. read /'l read the |ine-offset
(
reinterpret_cast<char *>(&offset),
si zeof (1 ong)
)
)
return err("no offset for line", idx);
if (!strings.seekg(offset)) /1 go to the line' s offset
return err("can’t get string offset ", offset);

string |ine;

if (!getline(strings, line)) /1 read the line
return err("no line at ", offset);

cout << "Got |ine: << |line << '\'n; /] show the |ine
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}
void wite(fstream & ndex, fstream &strings)
{
string |ine;
if (!getline(cin, line)) /1 read the line
return err("line mssing");
strings. seekp(0, ios::end); /1 to strings
i ndex. seekp(0, ios::end); /1 to index
long offset = strings.tellp();
i f
(
lindex.wite /1 wite the offset to index
(
reinterpret_cast<char *>(&offset),
si zeof (1 ong)
)
)
return err("Witing failed to index: ", offset);
if (!(strings << line << ’'\n")) /1 wite the line itself
return err("Witing to ‘strings’ failed");
/1 confirmwiting the line
cout << "Wite at offset " << offset << " line: " << line << ’'\n’
}
int main()
{
fstreamindex("index", ios::trunc | ios::in | ios::out);
fstreamstrings("strings", ios::trunc | ios::in | io0s::out);
cout << "enter ‘r <nunber>" to read |line <nunber> or "
"w<line> to wite a line\n"
"or enter ‘q to quit.\n";
while (true)
{
cout << "r <nr>, w<line> q?"; /1 show pronpt

i ndex. cl ear();
strings.clear();

string cnd;
cin >> cnd;
if (cmd == "q")
return O;

if (cmd == "r"
read(index, strings);
else if (cmd == "w")
write(index, strings);
el se
cout << "Unknown conmand:

/1l read cnd

/1 process the cnd.

" << cnmd << '\'n’
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}

Another example showing reading and writing of files is provided by the next program. It also illus-
trates the processing of ASCII-Z delimited strings:

#i ncl ude <i ostrean»
#i ncl ude <fstreanr
usi ng nanespace std;

int main()

{ Il riwthe file
fstreamf("hello", io0s::in ios::out | ios::trunc);
f.wite("hello", 6); /[l wite 2 ascii-z strings

f.wite("hello", 6);

f.seekg(0, ios::beg); /'l reset to begin of file
char buffer[100]; [l or: char =buffer = new char[ 100]
char c;

/'l read the first ‘hello’
cout << f.get(buffer, sizeof(buffer), 0).tellg() << ’'\n’;
f >> c; |/l read the ascii-z delim

/1 and read the second ‘hello’
cout << f.get(buffer + 6, sizeof(buffer) - 6, 0).tellg() << ’'\n’

buffer[5] =" "; /'l change asciiz to '’
cout << buffer << ’\n’; /1 show 2 tinmes ‘hello’
}
| *
CGener at ed out put :
5
11
hello hello
*/

A completely different way to read and write streams may be implemented using st r eanbuf members.
All considerations mentioned so far remain valid (e.g., before a read operation following a write opera-
tion seekg must be used). When st r eanbuf objects are used, either an i st r eamis associated with the
st r eambuf object of another ost r eamobject, or an ost r eamobject is associated with the st r eanbuf
object of another i st r eamobject. Here is the previous program again, now using associated streams:

#i ncl ude <i ostrean»
#i ncl ude <fstreanr
#i ncl ude <string>
usi ng nanespace std;

void err(char const *msQ); /'l see earlier example
void err(char const *msg, |ong val ue);

void read(istream & ndex, istream &strings)

{

i ndex. cl ear();
strings.clear();

/1 insert the body of the read() function of the earlier exanple
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void wite(ostream & ndex, ostream &strings)

{
i ndex. cl ear();
strings.clear();
/1 insert the body of the wite() function of the earlier exanple
}
int main()
{
ifstreamindex_in("index", ios::trunc | ios::in | io0s::out);
ifstreamstrings_in("strings", ios::trunc | ios::in | ios::out);
ostream index_out(index_in.rdbuf());
ostream strings_out(strings_in.rdbuf());
cout << "enter ‘r <nunber>' to read |line <nunber> or "
"w<line> to wite a line\n"
"or enter ‘q’ to quit.\n";
while (true)
{
cout << "r <nr>, w<line> q ?"; /1 show pronpt
string cnd;
cin >> cnd, /1 read cnd
if (cmd == "q") /1 process the cnd.
return O;
if (cmd == "r"
read(i ndex_in, strings_in);
else if (cmd == "wW")
write(index out, strings_ out);
el se
cout << "Unknown conmand: " << cnd << '\n’;
}
}

In this example

e the streams associated with the st reanbuf objects of existing streams are not i f st reamor
of st r eamobjects but basic i st r eamand ost r eamobjects.

e The streanbuf object is not defined by an i f st r eamor of st r eamobject. Instead it is defined
outside of the streams, using a fi | ebuf (cf. section 14.7.2) and constructions like:

filebuf fb("index", ios::in | ios::out | ios::trunc);
i streamindex_in(&fb);
ostream i ndex_out ( & b) ;

e An i f st reamobject can be constructed using stream modes normally used with of st r eamob-
jects. Conversely, an of st r eamobjects can be constructed using stream modes normally used
with i f st r eamobjects.

e Ifi streamand ost r eans share a st r eanbuf , then their read and write pointers (should) point
to the shared buffer: they are tightly coupled.
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e The advantage of using an external (separate) st r eanbuf over a predefined f st r eamobject is
(of course) that it opens the possibility of using st r eamobjects with specialized st r eanbuf ob-
jects. These st r eanbuf objects may specifically be constructed to control and interface particular
devices. Elaborating this (see also section 14.7) is left as an exercise to the reader.
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Chapter 7

Classes

In this chapter classes are introduced. Two special member functions, the constructor and the destruc-
tor, are presented.

In steps we will construct a class Per son, which could be used in a database application to store a
person’s name, address and phone number.

Let’s start by creating a cl ass Person right away. From the onset, it is important to make the
distinction between the class interface and its implementation. A class may loosely be defined as ‘a set
of data and all the functions operating on those data’. This definition will be refined later but for now
it is sufficient to get us started.

A class interface is a definition, defining the organization of objects of that class. Normally a definition
results in memory reservation. E.g., when defining i nt vari abl e the compiler will make sure that
some memory will be reserved in the final program storing vari abl e’s values. Although it is a def-
inition no memory is set aside by the compiler once it has processed the class definition. But a class
definition follows the one definition rule: in C++ entities may be defined only once. As a class definition
does not imply that memory is being reserved the term class interface is preferred instead.

Class interfaces are normally contained in a class header file, e.g., per son. h. We’ll start our cl ass
Per son interface here:

#i ncl ude <string>

cl ass Person

{
std::string d_name; /'l name of person
std::string d_address; /1 address field
std::string d_phone; /'l tel ephone nunber
size_t d_nass; /1 the mass in kg.

publi c: /1 menmber functions
void set Nanme(std::string const &nane);
voi d set Address(std::string const &address);
voi d set Phone(std::string const &phone);
voi d set Mass(size_t nmss);

std::string const &nane() const;
std::string const &address() const;
std::string const &phone() const ;
size t nmass() const ;

s

The member functions that are declared in the interface must still be implemented. The implementa-
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tion of these members is properly called their definition.

In addition to the member function a class defines the data manipulated by the member functions.
These data are called the data members. In Per son they are d_nane, d_address, d_phone and
d_mass. Data members should be given private access rights. Since the class uses private access
rights by default they may simply be listed at the top of the interface.

All communication between the outer world and the class data is routed through the class’s member
functions. Data members may receive new values (e.g., using set Nane) or they may be retrieved for
inspection (e.g., using nane). Functions merely returning values stored inside the object, not allowing
the caller to modify these internally stored values, are called accessors.

Syntactically there is only a marginal difference between a class and a struct. Classes by default define
private members, structs define public members. Conceptually, though, there are differences. In C++
structs are used in the way they are used in C: to aggregate data, which are all freely accessible.
Classes, on the other hand, hide their data from access by the outside world (which is aptly called
data hiding) and offer member functions to define the communication between the outer world and the
class’s data members.

Following Lakos (Lakos, J., 2001) Large-Scale C++ Software Design (Addison-Wesley) I suggest the
following setup of class interfaces:

e All data members have private access rights, and are placed at the top of the interface.

e All data members start with d_, followed by a name suggesting their meaning (in chapter 11 we’ll
also encounter data members starting with s_).

e Non-private data members do exist, but one should be hesitant to define non-private access rights
for data members (see also chapter 13).

e Two broad categories of member functions are manipulators and accessors. Manipulators allow
the users of objects to modify the internal data of the objects. By convention, manipulators start
with set . E.g., set Nane.

e With accessors, a get -prefix is still frequently encountered, e.g., get Narme. However, following the
conventions promoted by the Qt (see http://www. trol | t ech. com Graphical User Interface
Toolkit, the get -prefix is now deprecated. So, rather than defining the member get Addr ess, it
should simply be named addr ess.

e Normally (exceptions exist) the public member functions of a class are listed first, immediately
following the class’s data members. They are the important elements of the interface as they
define the features the class is offering to its users. It’s a matter of convention to list them high
up in the interface. The keyword pri vat e is needed beyond the public members to switch back
from public members to private access rights which nicely separates the members that may be
used ‘by the general public’ from the class’s own support members.

Style conventions usually take a long time to develop. There is nothing obligatory about them, though.
I suggest that readers who have compelling reasons not to follow the above style conventions use their
own. All others are strongly advised to adopt the above style conventions.

7.1 The constructor

C++ classes may contain two special categories of member functions which are essential to the proper
working of the class. These categories are the constructors and the destructor. The destructor’s primary
task is to return memory allocated by an object to the common pool when an object goes ‘out of scope’.
Allocation of memory is discussed in chapter 8, and destructors will therefore be discussed in depth in
that chapter. In this chapter the emphasis will be on the class’s organization and its constructors.

Constructor are recognized by their names which is equal to the class name. Constructors do not specify
return values, not even voi d. E.g., the class Per son may define a constructor Per son: : Per son() .
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The C++ run-time system ensures that the constructor of a class is called when a variable of the class
is defined. It is possible to define a class lacking any constructor. In that case the compiler will define a
default constructor that is called when an object of that class is defined. What actually happens in that
case depends on the data members that are defined by that class (cf. section 7.2.1).

Objects may be defined locally or globally. However, in C++ most objects are defined locally. Globally
defined objects are hardly ever required and are somewhat deprecated.

When a local object is defined its constructor is called every time the function is called. The object’s
constructor is activated at the point where the object is defined (a subtlety is that an object may be
defined implicitly as, e.g., a temporary variable in an expression).

When an object is defined as a static object is called when the program starts. In this case the con-
structor is called even before the function nai n starts. Example:

#i ncl ude <i ostrean
usi ng nanespace std;

cl ass Denp

{
public:
Deno() ;
b
Deno: : Deno()
{
cout << "Denp constructor called\n"
}
Denp d;
int main()
{}
[ *

Gener at ed out put :
Deno constructor call ed
x [

The program contains one global object of the class Denp with mai n having an empty body. Nonetheless,
the program produces some output generated by the constructor of the globally defined Denb object.

Constructors have a very important and well-defined role. They must ensure that all the class’s data
members have sensible or at least well-defined values once the object has been constructed. We'll get
back to this important task shortly. The default constructor has no argument. It is defined by the
compiler unless another constructor is defined and unless its definition is suppressed (cf. section 7.4).
If a default constructor is required in addition to another constructor then the default constructor must
explicitly be defined as well. The C++0x standard provides special syntax to do that as well, which is
also covered by section 7.4.

7.1.1 A first application

Our example class Per son has three string data members and asi ze_t d_nass data member. Access
to these data members is controlled by interface functions.

Whenever an object is defined the class’s constructor(s) ensure that its data members are given ‘sen-
sible’ values. Thus, objects never suffer from uninitialized values. Data members may be given new
values, but that should never be directly allowed. It is a core principle (called data hiding) of good
class design that its data members are private. The modification of data members is therefore fully
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controlled by member functions and thus, indirectly, by the class-designer. The class encapsulates all
actions performed on its data members and due to this encapsulation the class object may assume

the ‘responsibility’ for its own data-integrity. Here is a minimal definition of Per son’s manipulating
members:

#i ncl ude "person. h" /1 given earlier

voi d Person::setNanme(string const &nane)

{ d_name = nane;

ioid Per son: : set Address(string const &address)
{ d_address = address;

ioid Per son: : set Phone(string const &phone)

{ d_phone = phone;

zloi d Person::set Mass(size_t mass)

{ d_nmass = nass

}

It’s a minimal definition in that no checks are performed. But it should be clear that checks are easy to
implement. E.g., to ensure that a phone number only contains digits one could define:

voi d Person::set Phone(string const &phone)

{
i f (phone.find_first_not_of ("0123456789") == string::npos)
d_phone = phone;
el se
cout << "A phone nunmber may only contain digits\n";
}

Similarly, access to the data members is controlled by encapsulating accessor members. Accessors en-
sure that data members cannot suffer from uncontrolled modifications. Since accessors conceptually do
not modify the object’s data (but only retrieve the data) these member functions are given the predicate
const. They are called const member functions, which, as they are guaranteed not to modify their
object’s data, are available to both modifiable and constant objects (cf. section 7.5).

To prevent backdoors we must also make sure that the data member is not modifiable through an
accessor’s return value. For values of built-in primitive types that’s easy, as they are usually returned
by value, which are copies of the values found in variables. But since objects may be fairly large making
copies are usually prevented by returning objects by reference. A backdoor is created by returning a
data member by reference, as in the following example, showing the allowed abuse below the function
definition:

string &Person::nanme() const

{
}

return d_nane;

Per son sonebody;
sonebody. set Nane(" Neno") ;

sonmebody. nane() = "Eve"; /1 Oops, backdoor changi ng the nane



7.1. THE CONSTRUCTOR

To prevent the backdoor objects are returned as const references from accessors
mentations of Per son’s accessors:

#i ncl ude "person. h"

string const &Person:

{
}

string const &Person:

{

return d_nane;

return d_address;

/1 given earlier

name() const

:address() const

}
string const &Person::
{
return d_phone;
}

size_ t Person::nass()

{
}

return d_nass;

phone() const

const

111

. Here are the imple-

The Per son class interface remains the starting point for the class design: its member functions define
what can be asked of a Per son object. In the end the implementation of its members merely is a
technicality allowing Per son objects to do their jobs.

The next example shows how the class Per son may be used. An object is initialized and passed to a
function pri nt per son( ), printing the person’s data. Note the reference operator in the parameter list
of the function pri nt per son. Only a reference to an existing Per son object is passed to the function,
rather than a complete object. The fact that pri nt per son does not modify its argument is evident
from the fact that the parameter is declared const .

#i ncl ude <i ostrean
#i ncl ude "person. h"

/1 given earlier

voi d printperson(Person const &p)

" << p.name() << "\n"
" << p.address() << "\n"
" << p.phone() << "\n"
<< p. nmass() << '\n’;

.set Address("E-mai | : Torval ds@s. hel sinki.fi");

Il Kg.

{
cout << "Name
" Addr ess :
" Phone
"Mass "
}
int main()
{
Person p;
p. set Nanme("Li nus Torval ds");
p
p. set Phone(" - not sure - ");
p. set Mass(75);
print person(p);
}

| *
Produced out put:

Nane . Linus Torval ds

Address : E-mail: Torval ds@s. hel sinki . f
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Phone . - not sure -
Mass : 75

*/

7.1.2 Constructors: with and without arguments

The class Per son’s constructor so far has no parameters. C++ allows constructors to be defined with
or without parameter lists. The arguments are supplied when an object is defined.

For the class Per son a constructor expecting three strings and a si ze_t might be useful. Represent-

ing, respectively, the person’s name, address, phone number and mass. This constructor is:

Per son: : Person(string const &nane, string const &address,
string const &phone, size t nass)

{
d_name = nane;
d_address = address;
d_phone = phone;
d_nmass = nass

}

It must of course also be declared in the class interface:

cl ass Person

{
/1 data nenbers (not altered)
publi c:
Person(std::string const &name, std::string const &address,
std::string const &phone, size_t nass);
/'l rest of the class interface (not altered)
H

Now that this constructor has been declared, the default constructor must explicitly be declared as
well if we still want to be able to construct a plain Per son object without any specific initial values for
its data members. The class Per son would thus support two constructors, and the part declaring the
constructors now becomes:

cl ass Person

{
/1 data nenbers
publi c:
Person();
Person(std::string const &nane, std::string const &address,
std::string const &phone, size t nmss);
/1 additional nenbers
b

In this case, the default constructor doesn’t have to do very much, as it doesn’t have to initialize the
stri ng data members of the Per son object. As these data members are objects themselves, they are
initialized to empty strings by their own default constructor. However, there is also a si ze_t data
member. That member is a variable of a built-in type and such variabes do not have constructors and
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so are not initialized automatically. Therefore, unless the value of the d_mass data member is explicitly
initialized it will be

e arandom value for local Per son objects;

e 0 for global and static Per son objects.

The 0-value might not be too bad, but normally we don’t want a random value for our data members.
So, even the default constructor has a job to do: initializing the data members which are not initialized
to sensible values automatically. Its implementation can be:

Per son: : Person()

{
}

d _mass = 0;

Using constructors with and without arguments is illustrated next. The object kar el is initialized
by the constructor defining a non-empty parameter list while the default constructor is used with the
anon object:

int main()

{
Person karel ("Karel", "Rietveldlaan 37", "542 6044", 70);
Per son anon;

}

The two Per son objects are defined when nai n starts as they are local objects, living only for as long
as mai n is active.

If Per son objects must be definable using other arguments, corresponding constructors must be added
to Per son’s interface. Apart from overloading class constructors it is also possible to provide construc-
tors with default argument values. These default arguments must be specified with the constructor
declarations in the class interface, like so:

cl ass Person

{
publi c:
Person(std::string const &nane,
std::string const &address = "--unknown--",
std::string const &phone = "--unknown--",
size t mass = 0);
b

Often, constructors use highly similar implementions. This results from the fact that the construc-
tor’s parameters are often defined for convenience: a constructor not requiring a phone number but
requiring a nass cannot be defined using default arguments, since phone is not the constructor’s last
parameter. Consequently a special constructor is required not having phone in its parameter list.

In pre C++0x C++ this situation is commonly tackled as follows: all constructors must initialize their
reference and const data members, or the compiler will (rightfully) complain. To initialize the remain-
ing members (non-const and non-reference members) we have two options:

e If the body of the construction process is sizeable but (parameterizable) identical to other con-
structors bodies then factorize. Define a private member i ni t which is called by the constructors
to provide the object’s data members with their appropriate values.

e If the constructors act fundamentally differently, then there’s nothing to factorize and each con-
structor must be implemented by itself.
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C++0x allows constructors to call each other. This is illustrated in section 7.2.3 below.

7.1.2.1 The order of construction

The possibility to pass arguments to constructors allows us to monitor the construction order of objects
during program execution. This is illustrated by the next program using a class Test. The program
defines a global Test object and two local Test objects. The order of construction is as expected: first
global, then main’s first local object, then f unc’s local object, and then, finally, nai n’s second local
object:

#i ncl ude <i ostreanp
#i ncl ude <string>
usi ng nanespace std,;

cl ass Test
{
public:
Test (string const &nane); /1 constructor with an argunent
b
Test:: Test(string const &nane)
{

cout << "Test object << nane << created" << '\n’;

}

Test gl obal test("gl obal");

voi d func()

{
Test functest("func");
}
int main()
{
Test first("main first");
func();
Test second("nmi n second");
}

| *

Gener at ed out put:
Test object gl obal created
Test object main first created
Test object func created
Test object main second created
* |

7.2 Objects inside objects: composition

In the class Per son objects are used as data members. This construction technique is called composi-
tion.

Composition is neither extraordinary nor C++ specific: in C a st ruct or uni on field is commonly used
in other compound types. In C++ it requires some special thought as their initialization sometimes is
subject to restrictions, as discussed in the next few sections.
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7.2.1 Composition and const objects: const member initializers

Unless specified otherwise object data members of classes are initialized by their default constructors.
Using the default constructor might not always be the optimal way to intialize an object and it might
not even be possible: a class might simply not define a default constructor.

Earlier we’ve encountered the following constructor of the Per son:

Per son:: Person(string const &nane, string const &address,
string const &phone, size t mass)

{
d_name = nane;
d_address = address;
d_phone = phone;
d_mass = nmss;

}

Think briefly about what is going on in this constructor. In the constructor’s body we encounter as-
signments to string objects. Since assignments are used in the constructor’s body their left-hand side
objects must exist. But when objects are coming into existence constructors must have been called. The
initialization of those objects is thereupon immediately undone by the body of Per son’s constructor.
That is not only inefficient but sometimes downright impossible. Assume that the class interface men-
tionsastring const data member: a data member whose value is not supposed to change at all (like
a birthday, which usually doesn’t change very much and is therefore a good candidate for a stri ng
const data member). Constructing a birthday object and providing it with an initial value is OK, but
changing the initial value isn’t.

The body of a constructor allows assignments to data members. The initialization of data members
happens before that. C++ defines the member initializer syntax allowing us to specify the way data
members are initialized at construction time. Member initializers are specified as a list of constructor
specifications between a colon following a constructor’s parameter list and the opening curly brace of a
constructor’s body, as follows:

Person: : Person(string const &nane, string const &address,
string const &phone, size_t mass)

d_nane(nane),
d_addr ess(address),
d_phone(phone),
d_mass(nass)

{}

Member initialization always occurs when objects are composed in classes: if no constructors are men-
tioned in the member initializer list the default constructors of the objects are called. Note that this
only holds true for objects. Data members of primitive data types are not initialized automatically.

Member initialization can, however, also be used for primitive data members, like i nt and doubl e. The
above example shows the initialization of the data member d_nass from the parameter mass. When
member initializers are used the data member could even have the same name as the constructor’s
parameter (although this is deprecated) as there is no ambiguity and the first (left) identifier used
in a member initializer is always a data member that is initialized whereas the identifier between
parentheses is interpreted as the parameter.

The order in which class type data members are initialized is defined by the order in which those
members are defined in the composing class interface. If the order of the initialization in the constructor
differs from the order in the class interface, the compiler complains, and reorders the initialization so
as to match the order of the class interface.

Member initializers should be used as often as possible. As shown it may be required to use them (e.g.,
to initialize const data members, or to initialize objects of classes lacking default constructors) but not
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using member initializers also results in inefficient code as the default constructor of a data member
is always automatically called unless an explicit member initializer is specified. Reassignment in the
constructor’s body following default construction is then clearly inefficient. Of course, sometimes it is
fine to use the default constructor, but in those cases the explicit member initializer can be omitted.

As a rule of thumb: if a value is assigned to a data member in the constructor’s body then try to avoid
that assignment in favor of using a member initializer.

7.2.2 Composition and reference objects: reference member initializers

Apart from using member initializers to initialize composed objects (be they const objects or not), there
is another situation where member initializers must be used. Consider the following situation.

A program uses an object of the class Confi gfil e, defined in mai n to access the information in a
configuration file. The configuration file contains parameters of the program which may be set by
changing the values in the configuration file, rather than by supplying command line arguments.

Assume another object used in mai n is an object of the class Pr ocess, doing ‘all the work’. What
possibilities do we have to tell the object of the class Pr ocess that an object of the class Confi gfile
exists?

e The objects could have been declared as global objects. This is a possibility, but not a very good
one, since all the advantages of local objects are lost.

e The Confi gfi | e object may be passed to the Pr ocess object at construction time. Bluntly pass-
ing an object (i.e., by value) might not be a very good idea, since the object must be copied into
the Confi gf i | e parameter, and then a data member of the Pr ocess class can be used to make
the Confi gf i | e object accessible throughout the Pr ocess class. This might involve yet another
object-copying task, as in the following situation:

Process: : Process(Configfile conf) /1 a copy fromthe caller

{
}

d_conf = conf; /1 copying to d_conf menber

e The copy-instructions can be avoided if pointers to the Conf i gf i | e objects are used, as in:

Process: : Process(Configfile xconf) // pointer to external object

{
}

d_conf = conf; /1 d_conf is a Configfile =

This construction as such is OK, but forces us to use the ‘- >’ field selector operator, rather than the
‘. ” operator, which is (disputably) awkward. Conceptually one tends to think of the Confi gfile
object as an object, and not as a pointer to an object. In C this would probably have been the
preferred method, but in C++ we can do better.

e Rather than using value or pointer parameters, the Conf i gf i | e parameter could be defined as a

reference parameter of Pr ocess’s constructor. Next, use a Conf i g reference data member in the
cl ass Process.

But a reference variable cannot be initialized using an assignment, and so the following is incorrect:

Process: : Process(Configfile &conf)

{
}

d_conf = conf; /1 wrong: no assignment
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The statement d_conf = conf fails, because it is not an initialization, but an assignment of one
Confi gfi | e object (i.e., conf ), to another (d_conf ). An assignment to a reference variable is actually
an assignment to the variable the reference variable refers to. But which variable does d_conf refer to?
To no variable at all, since we haven’t initialized d_conf . After all, the whole purpose of the statement
d_conf = conf was to initialize d_conf ....

How to initialize d_conf ? We once again use the member initializer syntax. Here is the correct way to
initialize d_conf :

Process: : Process(Configfile &conf)

d_conf (conf) /1 initializing reference nenber

{}

The above syntax must be used in all cases where reference data members are used. E.g., if d_i r would
have been an i nt reference data member, a construction like

Process: : Process(int &r)

d_ir(ir)
{}

would have been required.

7.2.3 Constructors calling constructors (C++0x, ?)

Often constructors are specializations of each other, allowing objects to be constructed using subsets
of arguments for its data members, and/or using default argument values for other data members. In
many cases classes define initialization members that are called by the various constructors. Here is an
example. A class St at is designed as a wrapper class around C’s st at function. It might define three
constructors: one expecting no arguments and initializing all data members to appropriate values; a
second one doing the same, but it calls st at with the filename provided to the constructor and a third
one expecting a filename and a search path for the provided file name. Rather than repeating the
initialization code in each constructor, the common code can be factorized into a memberi ni t () which
is thereupon called by the constructors.

The C++0x standard offers an alternative to this design by allowing constructors to call each other. The
C++0x standard allows constructors to call each other as shown in the following example:

class Stat
{
public:
Stat ()
/1l default initialization of nmenbers
{}
Stat(std::string const &f il eNane)
Stat ()
{
set (fil eNane);
}

Stat (std::string const &fileNane, std::string const &searchPath)
Stat ()

set (fil eNanme, searchPath);
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b

There is one caveat: C++ considers the object as fully constructed once a constructor has normally
finished. Once a constructor has finished the class’s destructor is guaranteed to be called (cf. chapter 8)
and so remaining code must make sure that, e.g., all the class’s pointer data members remain in a valid
state. Also, as a prelude to chapter 9, realize that a destructor will be called if a constructor throws an
exception after having completed the call to another constructor.

C++ allows static const integral data members to be initialized within the class interfaces (cf. chapter
11). The C++0x standard adds to this the facility to provide all data members (const or non-const,
integral or non-integral) with a default initialization that is specified by the class interface.

These default initializations may be overruled by constructors. E.g., if the class St at uses a data
member bool d_hasPat h which is f al se by default but the third constructor (see above) should
initialize it to t r ue then the following approach is possible:

class Stat
{
bool d _hasPath = fal se;
publi c:
Stat(std::string const &fileNanme, std::string const &searchPath)
d_hasPat h(true) /'l overrule the interface-specified
/1 val ue

{}
b

Here d_hasPat h receives its value only once: it’s always initialized to f al se except when the shown
constructor is used in which case it is initialized to t r ue.

7.3 Uniform initialization (C++0x, 4.4)

When defining variables and objects they may immediately be given initial values. Class type objects
are always initialized using one of their available constructors. C already supports the array and
struct initializer list consisting of a list of constant expressions surrounded by a pair of curly braces. A
comparable initialization, called uniform initialization is added to C++ by the C++0x standard. It uses
the following syntax:

Type object {value list};

When defining objects using a list of objects each individual object may use its own uniform initializa-
tion.

The advantage of uniform initialization over using constructors is that using constructor arguments
may sometimes result in an ambiguity as constructing an object may sometimes be confused with
using the object’s overloaded function call operator (cf. section 10.10). As initializer lists can only be
used with plain old data (POD) types (cf. section 8.8) and with classes that are ‘initializer list aware’
(like st d: : vect or ) the ambiguity does not arise when initializer lists are used.

Uniform initialization can be used to initialize an object or variable, but also to initialize data members
in a constructor or implicitly in the return statement of functions. Examples:

cl ass Person
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{

/1 data nenbers
publi c:
Person(std::string const &iame, size t nass)

d_nane {nane},
d_mass {mass}

{}
Person copy() const
{
return {d_nanme, d_nass};
}

H

Although the uniform intialization syntax is slightly different from the syntax of an initializer list (the
latter using the assignment operator) the compiler nevertheless uses the initializer list if a constructor
supporting an initializer list is available. As an example consider:

cl ass Vector

{
public:
Vector (size_t size);
Vector(std::initializer_list<int> const &val ues);
b

Vector vi = {4};

When defining vi the constructor expecting the initializer list is called rather than the constructor
expecting a si ze_t argument. If the latter constructor is required the definition using the standard
constructor syntax must be used. Le., Vector vi (4).

Initializer lists are themselves objects that may be constructed using another initializer list. However,
values stored in an initializer list are immutable. Once the initializer list has been defined their values
remain as-is. Initializer lists support a basic set of member functions and constructors:

einitializer |ist<Type> object:
defines obj ect as an empty initializer list
einitializer_list<Type> object { list of Type values }:
defines obj ect as an initializer list containing Type values

initializer_list<Type> object(other):

initializes obj ect using the values stored in ot her

size_t size() const:
returns the number of elements in the initializer list
e Type const *begin() const:
returns a pointer to the first element of the initializer list
e Type const *end() const:

returns a pointer just beyond the location of the last element of the initializer list
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7.4 Defaulted and deleted class members (C++0x, 4.4)

In everyday class design two situation are frequently encountered:

e A class offering constructors explicitly has to define a default constructor;

e A class (e.g., a class implementing a stream) cannot initialize objects by copying the values from
an existing object of that class (called copy construction) and cannot assign objects to each other.

Once a class defines at least one constructor its default constructor is not automatically defined by the
compiler. The C++0x standard relaxes that restriction somewhat by offering the ‘= def aul t’syntax. A
class specifying ‘= def aul t’ with its default constructor declaration indicates that the trivial default
constructor should be provided by the compiler. A trivial default constructor performs the following
actions:

e Its data members of built-in or primitive types are not initialized,;
e Its composed (class type) data members are initialized by their default constructors.
e If the class is derived from a base class (cf. chapter 13) the base class is initialized by its default

constructor.

Trivial implementations can also be provided for the copy constructor, the overloaded assignment oper-
ator, and the destructor. Those members are introduced in chapter 8.

Conversely, situations exist where some (otherwise automatically provided) members should not be
made available. This is realized by specifying ‘= del et e’. Using = default and = del et e is il-
lustrated by the following example. The default constructor receives its trivial implementation, copy-
construction is prevented:

class Strings

{
public:
Strings() = default;
Strings(std::string const *sp, size_ t size);
Strings(Strings const &other) = delete;
b

7.5 Const member functions and const objects

The keyword const is often used behind the parameter list of member functions. This keyword indi-
cates that a member function does not alter the data members of its object. Such member functions are
called const member functions. In the class Per son, we see that the accessor functions were declared
const :

cl ass Person
{
public:
std::string const &name() const ;
std::string const &address() const;
std::string const &phone() const;
size t nmass() const ;
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The rule of thumb given in section 3.1.3 applies here too: whichever appears to the left of the keyword
const , is not altered. With member functions this should be interpreted as ‘doesn’t alter its own data’.

When implementing a const member function the const attribute must be repeated:

string const &Person::nanme() const

{
}

return d_nane;

The compiler will prevent the data members of a class from being modified by one of its const member
functions. Therefore a statement like

d_nane[ 0] = toupper(static_cast<unsigned char>(d_nane[0]));

results in a compiler error when added to the above function’s definition.

Const member functions are used to prevent inadvertent data modification. Except for constructors
and the destructor (cf. chapter 8) only const member functions can be used with (plain, references or
pointers to) const objects.

Const objects are frequently encounterd as const & parameters of functions. Inside such functions
only the object’s const members may be used. Here is an example:

voi d di spl ayMass(ostream &ut, Person const &person)

{
}

out << person.name() << " weighs << person. mass() << kg.\n";

Since per son is defined as a Per son const & the function di spl ayMass cannot call, e.g.,
per son. set Mass(75).

The const member function attribute can be used to overload member functions. When functions are
overloaded by their const attribute the compiler will use the member function matching most closely
the const-qualification of the object:

e When the object is a const object, only const member functions can be used.

e When the object is not a const object, non-const member functions will be used, unless only a
const member function is available. In that case, the const member function will be used.

The next example illustrates how (non) const member functions are selected:

#i ncl ude <i ostreane
usi ng nanespace std,;

cl ass Menbers

{
publi c:

Menbers();

voi d nmemnber () ;

voi d nenber () const;
H
Menber s: : Menber s()
{}

voi d Menmbers: : nenber ()
{
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cout << "non const nenber\n";

}

voi d Menmbers: : nenber () const

{
cout << "const nenber\n";

}

int main()

{
Menbers const const Obj ect ;
Menber s nonConst Obj ect ;
const Qbj ect . nenber () ;
nonConst Obj ect . nenber () ;

}

| *

Gener at ed out put:

const menber
non const menber

*/

As a general principle of design: member functions should always be given the const attribute, unless
they actually modify the object’s data.

7.5.1 Anonymous objects

Sometimes objects are used because they offer a certain functionality. The objects only exist because of
their functionality, and nothing in the objects themselves is ever changed. The following class Pri nt
offers a facility to print a string, using a configurable prefix and suffix. A partial class interface could
be:

class Print

{
publi c:
Print (ostream &out);
print(std::string const &prefix, std::string const &text,
std::string const &suffix) const;
b

An interface like this would allow us to do things like:

Print print(cout);
for (int idx = 0; idx < argc; ++idx)

print.print("arg: ", argv[idx], "\n");

This works fine, but it could greatly be improved if we could pass pri nt’s invariant arguments to
Print’s constructor. This would simplify pri nt’s prototype (only one argument would need to be
passed rather than three) and we could wrap the above code in a function expecting a Pri nt object:

void all Args(Print const &print, int argc, char xargv[])

{
for (int idx = 0; idx < argc; ++idx)
print.print(argv[idx]);
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The above is a fairly generic piece of code, at least it is with respect to Pri nt. Since prefi x and
suf fi x don’t change they can be passed to the constructor which could be given the prototype:

Print(ostream &ut, string const &prefix = , string const &suffix ="");

Now al | Ar gs may be used as follows:

Print pl(cout, "arg: ", "\n"); /1 prints to cout
Print p2(cerr, "err: --", "--\n"); [/ prints to cerr
al | Args(pl, argc, argv); /1 prints to cout
al | Args(p2, argc, argv); /1 prints to cerr

But now we note that pl and p2 are only used inside the al | Ar gs function. Furthermore, as we can
see from pri nt’s prototype, pri nt doesn’t modify the internal data of the Pri nt object it is using.

In such situations it is actually not necessary to define objects before they are used. Instead anonymous
objects may be used. Anonymous objects can be used:

e to initialize a function parameter which is a const reference to an object;

e if the object is only used inside the function call.

These anonymous objects are considered constant as they merely exist for passing the information of
(class type) objects to functions. They are not considered ’variables’. Of course, a const _cast could
be used to cast away the const reference’s constness, but any change will be lost when the function
returns. These anonymous objects used to initialize const references should not be confused with rvalue
references (section 3.3.2) which have a completely different purpose in life. Rvalue references primarily
exist to be ‘swallowed’ by functions receiving them. Thus, the information made available by rvalue
references outlives the rvalue reference objects which are also anonymous.

Anonymous objects are defined when a constructor is used without providing a name for the constructed
object. Here is the corresponding example:

all Args(Print(cout, "arg: ", "\n"), argc, argv); /1 prints to cout

all Args(Print(cerr, "err: --", "--\n"), argc, argv);// prints to cerr

In this situation the Pri nt objects are constructed and immediately passed as first arguments to the
al | Ar gs functions, where they are accessible as the function’s pri nt parameter. While the al | Ar gs
function is executing they can be used, but once the function has completed, the anonymous Pri nt
objects are no longer accessible.

7.5.1.1 Subtleties with anonymous objects

Anonymous objects can be used to initialize function parameters that are const references to objects.
These objects are created just before such a function is called, and are destroyed once the function has
terminated. C++’s grammar allows us to use anonymous objects in other situations as well. Consider
the following snippet of code:

int main()

{
// initial statements
Print("hello", "world");
/1l later statenents
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In this example an anonymous Pr i nt object is constructed, and it is immediately destroyed thereafter.
So, following the ‘initial statements’ our Pri nt object is constructed. Then it is destroyed again followed
by the execution of the ‘later statements’.

The example illustrates that the standard lifetime rules do not apply to anonymous objects. Their
lifetimes are limited to the statements, rather than to the end of the block in which they are defined.

Plain anonymous object are at least useful in one situation. Assume we want to put markers in our code
producing some output when the program’s execution reaches a certain point. An object’s constructor
could be implemented so as to provide that marker-functionality allowing us to put markers in our code
by defining anonymous, rather than named objects.

C++’s grammar contains another remarkable characteristic illustrated by the next example:

int main(int argc, char *xargv)

{
Print p(cout, "", ""); /11
all Args(Print(p), argc, argv); /Il 2

}

In this example a non-anonymous object p is constructed in statement 1, which is then used in state-
ment 2 to initialize an anonymous object. The anonymous object, in turn, is then used to initialize
al | Ar gs’s const reference parameter. This use of an existing object to initialize another object is com-
mon practice, and is based on the existence of a so-called copy constructor. A copy constructor creates
an object (as it is a constructor) using an existing object’s characteristics to initialize the data of the
object that’s created. Copy constructors are discussed in depth in chapter 8, but presently only the
concept of a copy constructor is used.

In the above example a copy constructor is used to initialize an anonymous object. The anonymous
object was then used to initialize a parameter of a function. However, when we try to apply the same
trick (i.e., using an existing object to initialize an anonymous object) to a plain statement, the compiler
generates an error: the object p can’t be redefined (in statement 3, below):

int main(int argc, char xargv[])

{
Print p("", ""); 111
all Args(Print(p), argc, argv); /Il 2
Print(p); /1l 3 error!
}

Does this mean that using an existing object to initialize an anonymous object that is used as function
argument is OK, while an existing object can’t be used to initialize an anonymous object in a plain
statement?

The compiler actually provides us with the answer to this apparent contradiction. About statement 3
the compiler reports something like:

error: redeclaration of "Print p’

which solves the problem when realizing that within a compound statement objects and variables may
be defined. Inside a compound statement, a type name followed by a vari abl e nane is the gram-
matical form of a variable definition. Parentheses can be used to break priorities, but if there are no
priorities to break, they have no effect, and are simply ignored by the compiler. In statement 3 the
parentheses allowed us to get rid of the blank that’s required between a type name and the variable
name, but to the compiler we wrote

Print (p);

which is, since the parentheses are superfluous, equal to
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Print p;

thus producing p’s redeclaration.

As a further example: when we define a variable using a built-in type (e.g., doubl e) using superfluous
parentheses the compiler will quietly remove these parentheses for us:

double ((((a)))); /1 weird, but OK
To summarize our findings about anonymous variables:

e Anonymous objects are great for initializing const reference parameters.

e The same syntaxis, however, can also be used in stand-alone statements, in which they are inter-
preted as variable definitions if our intention actually was to initialize an anonymous object using
an existing object.

e Since this may cause confusion, it’s probably best to restrict the use of anonymous objects to the
first (and main) form: initializing function parameters.

7.6 The keyword ‘inline’

Let us take another look at the implementation of the function Per son: : nane() :

std::string const &Person::nanme() const

{
}

return d_nane;

This function is used to retrieve the name field of an object of the class Per son. Example:

voi d showNane( Person const &person)

{
}

cout << person. nane();

To insert per son’s name the following actions are performed:

e The function Per son: : nane() is called.
e This function returns per son’s d_nane as a reference.

o The referenced name is inserted into cout .

Especially the first part of these actions causes some time loss, since an extra function call is necessary
to retrieve the value of the nane field. Sometimes a faster procedure immediately making the d_nane
data member available is preferred without ever actually calling a function nane. This can be realized
using i nl i ne functions. An inline function is a request to the compiler to insert the function’s code
at the location of the function’s call. This may speed up execution by avoiding a function call, which
typically comes with some (stack handling and parameter passing) overhead. Note that i nl i ne is a
request to the compiler: the compiler may decide to ignore it, and will probably ignore it when the
function’s body contains much code. Good programming discipline suggests to be aware of this, and to
avoid i nl i ne unless the function’s body is fairly small. More on this in section 7.6.2.
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7.6.1 Defining members inline

Inline functions may be implemented in the class interface itself. For the class Per son this results in
the following implementation of nane:

cl ass Person

{
public:
std::string const &nanme() const
{
return d_nane;
}
b

Note that the inline code of the function nane now literally occurs inline in the interface of the class
Per son. The keyword const is again added to the function’s header.

Although members can be defined in-class (i.e., inside the class interface itself), it is considered bad
practice for the following reasons:

e Defining members inside the interface contaminates the interface with implementations. The in-

terface’s purpose is to document what functionality the class offers. Mixing member declarations
and implementation details complicates understanding the interface. Readers need to skip im-
plementation details which takes time and makes it hard to grab the ‘broad picture’, and thus to
understand at a glance what functionality the class’s objects are offering.

In-class implementations of private member functions may usually be avoided altogether (as they
are private members). They should be moved to the internal header file (unless inline public
members use such inline private members).

Although members that are eligible for inline-coding should remain inline, situations do exist
where such inline members migrate from an inline to a non-inline definition. In-class inline
definitions still need editing (sometimes considerable editing) before they can be compiled. This
additional editing is undesirable.

Because of the above considerations inline members should not be defined in-class. Rather, they should
be defined following the class interface. The Per son: : nane member is therefore preferably defined as
follows:

cl ass Person

{

public:

std::string const &nanme() const;

b
inline std::string const &Person::nanme() const
{

return d_nane;
}

If it is ever necessary to cancel Per son: : nane’s inline implementation, then this becomes its non-
inline implementation:

#i ncl ude "person.ih"

std::string const &Person::nanme() const

{
}

return d_nane;
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Only the i nl i ne keyword needs to be removed to obtain the correct non-inline implementation.

Defining members inline has the following effect: whenever an inline-defined function is called, the
compiler may insert the function’s body at the location of the function call. It may be that the function
itself is never actually called.

This construction, where the function code itself is inserted rather than a call to the function, is called
an inline function. Note that using inline functions may result in multiple occurrences of the code of
those functions in a program: one copy for each invocation of the inline function. This is probably OK if
the function is a small one, and needs to be executed fast. It’s not so desirable if the code of the function
is extensive. The compiler knows this too, and handles the use of inline functions as a request rather
than a command. If the compiler considers the function too long, it will not grant the request. Instead
it will treat the function as a normal function.

7.6.2 When to use inline functions

When should inline functions be used, and when not? There are some rules of thumb which may be
followed:

e In general inline functions should not be used. Voila; that’s simple, isn’t it?

e Consider defining a function inline once a fully developed and tested program runs too slowly
and shows ‘bottlenecks’ in certain functions, and the bottleneck is removed by defining inline
members. A profiler, which runs a program and determines where most of the time is spent, is
necessary to perform such optimizations.

e Defining inline functions may be considered when they consist of one very simple statement (such
as the return statement in the function Per son: : nane).

e When a function is defined inline, its implementation is inserted in the code wherever the function
is used. As a consequence, when the implementation of the inline function changes, all sources
using the inline function must be recompiled. In practice that means that all functions must
be recompiled that include (either directly or indirectly) the header file of the class in which the
inline function is defined. Not a very attractive prospect.

e It is only useful to implement an inline function when the time spent during a function call is long
compared to the time spent by the function’s body. An example of an inline function which will
hardly have any effect on the program’s speed is:

inline void Person::printnanme() const

{
}

cout << d_nanme << ’'\n’;

This function contains only one statement. However, the statement takes a relatively long time to
execute. In general, functions which perform input and output take lots of time. The effect of the
conversion of this function pri nt nane() to inline would therefore lead to an insignificant gain
in execution time.

All inline functions have one disadvantage: the actual code is inserted by the compiler and must there-
fore be known compile-time. Therefore, as mentioned earlier, an inline function can never be located in
a run-time library. Practically this means that an inline function is found near the interface of a class,
usually in the same header file. The result is a header file which not only shows the declaration of a
class, but also part of its implementation, thus always blurring the distinction between interface and
implementation.
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7.7 Local classes: classes inside functions

Classes are usually defined at the global or namespace level. However, it is entirely possible to define
a local class, i.e., inside a function. Such classes are called local classes.

Local classes can be very useful in advanced applications involving inheritance or templates (cf. section
13.8). At this point in the C++ Annotations they have limited use, although their main features can be
described. At the end of this section an example is provided.

e Local classes may use almost all characteristics of normal classes. They may have constructors,
destructors, data members, and member functions;

e Local classes cannot define static data members. Static member functions, however, can be de-
fined.

e Since a local class may define static member functions, it is possible to define nested functions in
C++ somewhat comparable to the way programming languages like Pascal allow nested functions
to be defined.

e If alocal class needs access to a constant integral value, a local enum can be used. The enummay
be anonymous, exposing only the enumvalues.

e Local classes cannot directly access the non-static variables of their surrounding context. For
example, in the example shown below the class Local cannot directly access mai n’s ar gc param-
eter.

e Local classes may directly access global data and static variables defined by their surrounding
function. This includes variables defined in the anonymous namespace of the source file contain-
ing the local class.

e Local class objects can be defined inside the function body, but they cannot leave the function as
objects of their own type. I.e., a local class name cannot be used for either the return type or for
the parameter types of its surrounding function.

e As a prelude to inheritance (chapter 13): a local class may be derived from an existing class allow-
ing the surrounding function to return a dynamically allocated locally constructed class object,
pointer or reference could be returned via a base class pointer or reference.

#i ncl ude <i ostreanp
#i ncl ude <string>

usi ng nanespace std;
int main(int argc, char xargv[])
{

static size_ t staticValue = 0O;

cl ass Local

{ int d_argc; /1 non-static data nenbers OK
publi c:
enum /1 enums OK
{ VALUE = 5
I}_;)cal (int argc) /1 constructors and nenmber functions OK

/1 in-class inplenentation required
d_argc(argc)
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/1 gl obal data: accessible
cout << "Local constructor\n";

/'l static function variables: accessible
staticVal ue += 5;

}
static void hello() // static nmenber functions: OK
{
cout << "hello world\n";
}
b
Local :: hell o(); /1 call Local static nmenber
Local loc(argc); /1 define object of a |local class.

7.8 The keyword ‘mutable’

Earlier, in section 7.5, the concepts of const member functions and const objects were introduced.

C++ also allows the declaration of data members which may be modified, even by const member func-
tion. The declaration of such data members in the class interface start with the keyword nut abl e.

Mutable should be used for those data members that may be modified without logically changing the
object, which might therefore still be considered a constant object.

An example of a situation where nut abl e is appropriately used is found in the implementation of a
string class. Consider the std::string’sc_str and dat a members. The actual data returned by
the two members are identical, but c_str must ensure that the returned string is terminated by an
ASCII-Z byte. As a string object has both a length and a capacity an easy way to implement c_str is
to ensure that the string’s capacity exceeds its length by at least one character. This invariant allows
c_str to be implemented as follows:

char const =*string::c_str() const

d data[d | ength] = O;
return d_data;

This implementation logically does not modify the object’s data as the bytes beyond the object’s initial
(length) characters have undefined values. But in order to use this implementation d_dat a must be
declared nut abl e:

nmut abl e char *d_dat a;

The keyword rmut abl e is also useful in classes implementing, e.g., reference counting. Consider a class
implementing reference counting for textstrings. The object doing the reference counting might be a
const object, but the class may define a copy constructor. Since const objects can’t be modified, how
would the copy constructor be able to increment the reference count? Here the mut abl e keyword may
profitably be used, as it can be incremented and decremented, even though its object is a const object.

The keyword nut abl e should sparingly be used. Data modified by const member functions should
never logically modify the object, and it should be easy to demonstrate this. As a rule of thumb: do not
use nut abl e unless there is a very clear reason (the object is logically not altered) for violating this
rule.
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7.9 Header file organization

In section 2.5.10 the requirements for header files when a C++ program also uses C functions were
discussed. Header files containing class interfaces have additional requirements.

First, source files. With the exception of the occasional classless function, source files contain the code
of member functions of classes. here there are basically two approaches:

e All required header files for a member function are included in each individual source file.

e All required header files (for all member functions of a class) are included in a header file that is
included by each of the source files defining class members.

The first alternative has the advantage of economy for the compiler: it only needs to read the header
files that are necessary for a particular source file. It has the disadvantage that the program devel-
oper must include multiple header files again and again in sourcefiles: it both takes time to type the
i ncl ude-directives and to think about the header files which are needed in a particular source file.

The second alternative has the advantage of economy for the program developer: the header file of
the class accumulates header files, so it tends to become more and more generally useful. It has the
disadvantage that the compiler frequently has to process many header files which aren’t actually used
by the function to compile.

With computers running faster and faster (and compilers getting smarter and smarter) I think the
second alternative is to be preferred over the first alternative. So, as a starting point source files of a
particular class MyCl ass could be organized according to the following example:

#i ncl ude <nycl ass. h>

int Myd ass::aMenber Functi on()
{}

There is only one i ncl ude-directive. Note that the directive refers to a header file in a directory men-
tioned in the | NCLUDE-file environment variable. Local header files (using #i ncl ude "nycl ass. h")
could be used too, but that tends to complicate the organization of the class header file itself somewhat.

The organization of the header file itself requires some attention. Consider the following example, in
which two classes Fi | e and St ri ng are used.

Assume the Fi | e class has a member get s(String &desti nati on), while the class Stri ng has a
member function get Li ne(Fi |l e & i | e). The (partial) header file for the cl ass Stri ng is then:

#i f ndef STRING H_
#define STRING H_

#i nclude <project/file.h> // to know about a File

class String

{
publi c:
void getLine(File &file);
b
#endi f

Unfortunately a similar setup is required for the class Fi | e:

#i fndef FILE_H_
#define FILE_H_
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#i ncl ude <project/string.h> // to know about a String

class File

{
public:
void gets(String &string);
b
#endi f

Now we have created a problem. The compiler, trying to compile the source file of the function Fi | e: : get s
proceeds as follows:

e The header file proj ect/fil e. his opened to be read;

e FI LE_H_is defined

e The header file proj ect/ stri ng. h is opened to be read

e STRI NG H is defined

e The header file proj ect/fil e. his (again) opened to be read

e Apparently, FI LE_H_is already defined, so the remainder of pr oj ect/fi | e. h is skipped.

e The interface of the class St ri ng is now parsed.

e In the class interface a reference to a Fi | e object is encountered.

e As the cl ass Fil e hasn’t been parsed yet, a Fi | e is still an undefined type, and the compiler

quits with an error.

The solution to this problem is to use a forward class reference before the class interface, and to include
the corresponding class header file beyond the class interface. So we get:

#i f ndef STRING H_
#define STRING H_

class File; /1 forward reference
class String
{
public:
void getLine(File &ile);
s

#i nclude <project/file.h> // to know about a File

#endi f
A similar setup is required for the class Fi | e:

#i f ndef FILE_H_
#define FILE_H_

class String; /1 forward reference
class File

{
public:
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voi d gets(String &string);
b

#i ncl ude <project/string.h> // to know about a String

#endi f

This works well in all situations where either references or pointers to other classes are involved and
with (non-inline) member functions having class-type return values or parameters.

This setup doesn’t work with composition, nor with in-class inline member functions. Assume the class
Fi | e has a composed data member of the class Stri ng. In that case, the class interface of the class
Fi | e must include the header file of the class St r i ng before the class interface itself, because otherwise
the compiler can’t tell how big a Fi | e object will be, as it doesn’t know the size of a St r i ng object once
the interface of the Fi | e class is completed.

In cases where classes contain composed objects (or are derived from other classes, see chapter 13) the
header files of the classes of the composed objects must have been read before the class interface itself.
In such a case the cl ass Fi | e might be defined as follows:

#i fndef FILE H_
#define FILE H_

#i ncl ude <project/string. h> /1 to know about a String

class File

{
String d_line; /'l conposition !
public:
voi d gets(String &string);
b
#endi f

The class St ri ng can’t declare a Fi | e object as a composed member: such a situation would again
result in an undefined class while compiling the sources of these classes.

All remaining header files (appearing below the class interface itself) are required only because they
are used by the class’s source files.

This approach allows us to introduce yet another refinement:

e Header files defining a class interface should declare what can be declared before defining the
class interface itself. So, classes that are mentioned in a class interface should be specified using
forward declarations unless

— They are a base class of the current class (see chapter 13);
— They are the class types of composed data members;

— They are used in inline member functions.
In particular: additional actual header files are not required for:

- class-type return values of functions;

- class-type value parameters of functions.

Class header files of objects that are either composed or inherited or that are used in inline func-
tions, must be known to the compiler before the interface of the current class starts. The informa-
tion in the header file itself is protected by the #i f ndef ... #endif construction introduced
in section 2.5.10.
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e Program sources in which the class is used only need to include this header file. Lakos, (2001)
refines this process even further. See his book Large-Scale C++ Software Design for further
details. This header file should be made available in a well-known location, such as a directory or
subdirectory of the standard | NCLUDE path.

e To implement member functions the class’s header file is required and usually additional header
files (like the st ri ng header file) as well. The class header file itself as well as these additional
header files should be included in a separate internal header file (for which the extension . i h
(‘internal header’) is suggested).

The . i h file should be defined in the same directory as the source files of the class. It has the
following characteristics:
— There is no need for a protective #i f ndef .. #endif shield, as the header file is never
included by other header files.
— The standard . h header file defining the class interface is included.

— The header files of all classes used as forward references in the standard . h header file are
included.

— Finally, all other header files that are required in the source files of the class are included.
An example of such a header file organization is:

— First part, e.g.,/ usr/ 1 ocal /i ncl ude/ nyheaders/file. h:

#i fndef FILE_ H_
#define FILE H_

#i ncl ude <fstreane /1 for conposed ’ifstream
cl ass Buffer; /1l forward reference
class File /'l class interface
{

std::ifstreamd_instream

public:

voi d gets(Buffer &buffer);
s
#endi f
- Second part, e.g., ~/ nmyproject/file/file.ih, where all sources of the class File are
stored:

#i ncl ude <nyheaders/file.h>// make the class File known

#i ncl ude <buffer. h> /1 make Buffer known to File
#i ncl ude <string> /1 used by menbers of the class
#i ncl ude <sys/stat. h> /1 File.

7.9.1 Using namespaces in header files

When entities from namespaces are used in header files, no usi ng directive should be specified in
those header files if they are to be used as general header files declaring classes or other entities from
a library. When the usi ng directive is used in a header file then users of such a header file are forced
to accept and use the declarations in all code that includes the particular header file.

For example, if in a namespace speci al an object | nserter cout is declared, then speci al : : cout
is of course a different object than std:: cout. Now, if a class Fl aw is constructed, in which the
constructor expects a reference to a speci al : : I nserter, then the class should be constructed as
follows:

class special::Inserter;
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cl ass Fl aw

{
public:
Fl aw( special :: I nserter & ns);

b

Now the person designing the class FIl awmay be in a lazy mood, and might get bored by continuously
having to prefix speci al : : before every entity from that namespace. So, the following construction is
used:

usi ng nanmespace speci al ;

class Inserter;
cl ass Fl aw

{
publi c:
Flaw(I nserter & ns);

b
This works fine, up to the point where somebody wants to include f | aw. h in other source files: because
of the usi ng directive, this latter person is now by implication also usi ng namespace speci al ,

which could produce unwanted or unexpected effects:

#i ncl ude <fl aw. h>
#i ncl ude <i ostreanr

using std::cout;

int main()

{
}

cout << "starting\n"; /1 won’t conpile

The compiler is confronted with two interpretations for cout : first, because of the usi ng directive in
the f | aw. h header file, it considers cout aspeci al : : | nsert er, then, because of the usi ng directive
in the user program, it considers cout a st d: : ost r eam Consequently, the compiler reports an error.

As a rule of thumb, header files intended for general use should not contain usi ng declarations. This
rule does not hold true for header files which are only included by the sources of a class: here the
programmer is free to apply as many usi ng declarations as desired, as these directives never reach
other sources.

7.10 Sizeof applied to class data members (C++0x, 4.4)

In the C++0x standard the si zeof operator can be applied to data members of classes without the
need to specify an object as well. Consider:

class Data
{

std::string d_nane;
b

To obtain the size of Dat a’s d_nane member C++0x allows the following expression:

si zeof (Dat a: : d_nane) ;
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However, note that the compiler observes data protection here as well. Si zeof (Dat a: : d_nane) can
only be used where d_nane may be visible as well, i.e., by Dat a’s member functions and friends.

7.11 Unrestricted Unions (C++0x, ?)

The C++0x standard allows unions to be defined consisting of objects for which a non-trivial constructor
is defined. The example illustrates how such an unrestricted union may be defined. The data field
u_stringis an object of the class st d: : st ri ng for which non-trivial constructors are available:

uni on Uni on

{ . .
int u_int;
doubl e u_doubl e;
std::string u_string;

b
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Chapter 8

Classes And Memory Allocation

In contrast to the set of functions that handle memory allocation in C (i.e., nal | oc etc.), memory
allocation in C++ is handled by the operators newand del et e. Important differences between mal | oc
and new are:

e The function mal | oc doesn’t ‘lknow’ what the allocated memory will be used for. E.g., when mem-
ory for i nt s is allocated, the programmer must supply the correct expression using a multiplica-
tion by si zeof (i nt). In contrast, newrequires a type to be specified; the si zeof expression is
implicitly handled by the compiler. Using newis therefore type safe.

e Memory allocated by mal | oc is initialized by cal | oc, initializing the allocated characters to a
configurable initial value. This is not very useful when objects are available. As operator new
knows about the type of the allocated entity it may (and will) call the constructor of an allocated
class type object. This constructor may be also supplied with arguments.

e All C-allocation functions must be inspected for NULL-returns. This is not required anymore
when new is used. In fact, news behavior when confronted with failing memory allocation is
configurable through the use of a new_handler (cf. section 8.2.2).

A comparable relationship exists between f r ee and del et e: del et e makes sure that when an object
is deallocated, its destructor is automatically called.

The automatic calling of constructors and destructors when objects are created and destroyed has con-
sequences which we shall discuss in this chapter. Many problems encountered during C program de-
velopment are caused by incorrect memory allocation or memory leaks: memory is not allocated, not
freed, not initialized, boundaries are overwritten, etc.. C++ does not ‘magically’ solve these problems,
but it does provide us with tools to prevent these kinds of problems.

As a consequence of mal | oc and friends becoming deprecated the very frequently used str... func-
tions, like st r dup, that are all mal | oc based, should be avoided in C++ programs. Instead, the facili-
ties of the st ri ng class and operators newand del et e should be used instead.

Memory allocation procedures influence the way classes dynamically allocating their own memory
should be designed. Therefore, in this chapter these topics are discussed in addition to discussions
about operators new and del et e. We'll first cover the peculiarities of operators new and del et e,
followed by a discussion about:

the destructor: the member function that’s called when an object ceases to exist;

the assignment operator, allowing us to assign an object to another object of its own class;

the t hi s pointer, allowing explicit references to the object for which a member function was called;

the copy constructor: the constructor creating a copy of an object;

the move constructor: a constructor creating an object from an anonymous temporary object.
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8.1 Operators ‘new’ and ‘delete’

C++ defines two operators to allocate memory and to return it to the ‘common pool’. These operators
are, respectively newand del et e.

Here is a simple example illustrating their use. An i nt pointer variable points to memory allocated by

operator new. This memory is later released by operator del et e.

int xip = new int;
del ete ip;

Here are some characteristics of operators newand del et e:
e newand del et e are operators and therefore do not require parentheses, as required for functions

like mal | oc and fr ee;

e new returns a pointer to the kind of memory that’s asked for by its operand (e.g., it returns a
pointer to an i nt );

e newuses a type as its operand, which has the important benefit that the correct amount of memory,
given the type of the object to be allocated, is made available;

e as a consequence, Newis a type safe operator as it always returns a pointer to the type that was
mentioned as its operand. In addition, the type of the receving pointer must match the type
specified with operator new,

e new may fail, but this is normally of no concern to the programmer. In particular, the program
does not have to test the success of the memory allocation, as is required for mal | oc and friends.
Section 8.2.2 delves into this aspect of new;,

e del et e returns voi d;
e for each call to newa matching del et e should eventually be executed, lest a memory leak occurs;
e del et e can safely operate on a 0-pointer (doing nothing);

e otherwise del et e must only be used to return memory allocated by new. It should not be used to
return memory allocated by mal | oc and friends.

e in C++ malloc and friends are deprecated and should be avoided.
Operator new can be used to allocate primitive types but also to allocate objects. When a primitive

type or a st ruct type without a constructor is allocated the allocated memory is not guaranteed to be
initialized to 0, but an initialization expression may be provided:

int *vl = new int; /1 not guaranteed to be initialized to O
int *vl = newint(); /1 initialized to O
int *v2 = new int(3); /1 initialized to 3
int *v3 = newint(3 * *v2); // initialized to 9

When a class-type object is allocated, the arguments of its constructor (if any) are specified immediately
following the type specification in the newexpression and the object will be initialized according to the
thus specified constructor. For example, to allocate st ri ng objects the following statements could be
used:

string *s1 = new string; /1 uses the default constructor
string *s2 = new string(); /1 sane
string *s3 = new string(4, ' '); /1 initializes to 4 blanks.
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In addition to using new to allocate memory for a single entity or an array of entities there is also a
variant that allocates raw memory: operat or new(si zel nByt es). Raw memory is returned as a
voi d *. Here new allocates a block of memory for unspecified purpose. Although raw memory may
consist of multiple characters it should not be interpreted as an array of characters. Since raw memory
returned by newis returned as a voi d = its return value can be assigned to a voi d * variable. More
often it is assigned to a char =* variable, using a cast. Here is an example:

char =chPtr = static_cast<char *>(operator new( nunber Of Bytes));

The use of raw memory is frequently encountered in combination with the placement new operator,
discussed in section 8.1.5.

8.1.1 Allocating arrays

Operator new[ | is used to allocate arrays. The generic notation new ] is used in the C++ Annotations.
Actually, the number of elements to be allocated must be specified between the square brackets and it
must, in turn, be prefixed by the type of the entities that must be allocated. Example:

int xintarr = new int[20]; /1 allocates 20 ints
string *stringarr = new string[10]; // allocates 10 strings.

Operator newis a different operator than operator new| ] . A consequence of this difference is discussed
in the next section (8.1.2).

Arrays allocated by operator new| | are called dynamic arrays. They are constructed during the execu-
tion of a program, and their lifetime may exceed the lifetime of the function in which they were created.
Dynamically allocated arrays may last for as long as the program runs.

When new ] is used to allocate an array of primitive values or an array of objects, new[] must be
specified with a type and an (unsigned) expression between its square brackets. The type and ex-
pression together are used by the compiler to determine the required size of the block of memory to
make available. When new{] is used the array’s elements are stored consecutively in memory. An
array index expression may thereafter be used to access the array’s individual elements: i nt ar r [ 0]

represents the first i nt value, immediately followed by i nt arr[ 1], and so on until the last element
(intarr[19]). With non-class types (primitive types, st ruct types without constructors) the block of
memory returned by operator newf | is not guaranteed to be initialized to O.

When operator new ] is used to allocate arrays of objects their constructors are automatically used.
Consequently new stri ng[ 20] results in a block of 20 initialized st ri ng objects. When allocating
arrays of objects the class’s default constructor is used to initialize each individual object in turn. A
non-default constructor cannot be called, but often it is possible to work around that as discussed in
section 13.8.

The expression between brackets of operator new| | represents the number of elements of the array to
allocate. The C++ standard allows allocation of 0-sized arrays. The statement new i nt[ 0] is correct
C++. However, it is also pointless and confusing and should be avoided. It is pointless as it doesn’t
refer to any element at all, it is confusing as the returned pointer has a useless non-0 value. A pointer
intending to point to an array of values should be initialized (like any pointer that isn’t yet pointing to
memory) to 0, allowing for expressions like i f (ptr)

Without using operator newf ], arrays of variable sizes can also be constructed as local arrays. Such
arrays are not dynamic arrays and their lifetimes are restricted to the lifetime of the block in which
they were defined.

Once allocated, all arrays have fixed sizes. There is no simple way to enlarge or shrink arrays. C++ has
no operator r enew. Section 8.1.3 illustrates how to enlarge arrays.
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8.1.2 Deleting arrays
Dynamically allocated arrays are deleted using operator del et e[ ]. It expects a pointer to a block of
memory, previously allocated by operator new ] .
When operator del et e[ | ’s operand is a pointer to an array of objects two actions will be performed:
e First, the class’s destructor is called for each of the objects in the array. The destructor, as ex-

plained later in this chapter, performs all kinds of cleanup operations that are required by the
time the object ceases to exist.

e Second, the memory pointed at by the pointer is returned to the common pool.
Here is an example showing how to allocate and delete an array of 10 string objects:

std::string *sp = new std::string[10];
del ete[] sp;

No special action is performed if a dynamically allocated array of primitive typed values is deleted.
Followingint *it = new int[10] the statementdel ete[] it simply returns the memory pointed
at by i t is returned. Realize that, as a pointer is a primitive type, deleting a dynamically allocated
array of pointers to objects will not result in the proper destruction of the objects the array’s elements
point at. So, the following example results in a memory leak:

string **sp = new string *[5];

for (size t idx = 0; idx !'= 5; ++idx)
sp[idx] = new string;

del ete[] sp; /1 MEMORY LEAK !

In this example the only action performed by del et e[ ] is to return an area the size of five pointers to
strings to the common pool.

Here’s how the destruction in such cases should be performed:

e Call del et e for each of the array’s elements;

e Delete the array itself
Example:

for (size_t idx = 0; idx !'=5; ++idx)
del ete sp[idx];
del ete[] sp;

One of the consequences is of course that by the time the memory is going to be returned not only the
pointer must be available but also the number of elements it contains. This can easily be accomplished
by storing pointer and number of elements in a simple class and then using an object of that class.

Operator del et e[ ] is a different operator than operator del et e. The rule of thumb is: if new[ ] was
used, also use del et e[].

8.1.3 Enlarging arrays

Once allocated, all arrays have fixed sizes. There is no simple way to enlarge or shrink arrays. C++ has
no r enewoperator. The basic steps to take when enlarging an array are the following:

e Allocate a new block of memory of larger size;
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e Copy the old array contents to the new array;
e Delete the old array;
e Let the pointer to the array point to the newly allocated array.

Static and local arrays cannot be resized. Resizing is only possible for dynamically allocated arrays.
Example:

#i ncl ude <string>
usi ng nanespace std,;

string *enlarge(string *old, unsigned ol dsize, unsigned newsize)

{

string *tnp = new string[newsize]; // allocate |arger array

for (size_t idx = 0; idx != oldsize; ++idx)
tnp[idx] = old[idx]; /1l copy old to tnp
delete[] old; /'l delete the old array
return tnp; /'l return new array
}
int main()
{
string *arr = new string[4]; /1 initially: array of 4 strings
arr = enlarge(arr, 4, 6); /1l enlarge arr to 6 el enments.
}

The procedure to enlarge shown in the example also has several drawbacks.

e The new array requires newsi ze constructors to be called;

e Having initialized the strings in the new array, ol dsi ze of them are immediately reassigned to
the corresponding values in the original array;

e All the objects in the old arrays are destroyed.

Depending on the context various solutions exist to improve the efficiency of this rather inefficient
procedure. An array of pointers could be used (requiring only the pointers to be copied, no destruction,
no superfluous initialization) or raw memory in combination with the placement new operator could be
used (an array of objects remains available, no destruction, no superfluous construction).

8.1.4 Managing ‘raw’ memory

As we’ve seen operator new allocates the memory for an object and subsequently initialize that object
calling one of its constructors. Likewise, operator del et e calls an object’s destructor and subsequently
returns the memory allocated by operator newto the common pool.

In the next section we’ll encounter another use of new, allowing us to initialize objects in so-called raw
memory: memory merely consisting of bytes that have been made available either by static or dynamic
allocation.

Raw memory is made available by oper at or new(si zel nByt es). This should not be interpreted
as an array of any kind but just a series of memory locations that were dynamically made available.
oper at or newreturns a voi d * so a (static) cast is required to use it as memory of some type. Here
are two examples:

// roomfor 5 ints



142 CHAPTER 8. CLASSES AND MEMORY ALLOCATION

int xip = static_cast<int *>(operator new(5 * sizeof(int)));
/1 roomfor 5 strings
string *sp = static_cast<int *>(operator new(5 * sizeof(string)));

As oper at or new has no concept of data types the size of the intended data type must be specified
when allocating raw memory for a certain number of objects of an intended type. The use of oper at or
new therefore somewhat resembles the use of mal | oc.

The counterpart of operat or newis operator del ete. Operator new expects a void * (so a
pointer to any type can be passed to it). The pointer is interpreted as a pointer to raw memory and
is returned to the common pool. Oper at or del et e does not call a destructor. The use of oper at or
del et e therefore resembles the use of f r ee. To return the memory pointed at by the abovementioned
variables i p and sp oper at or del et e should be used:

/1 delete raw nenory all ocated by operator new
operator delete(ip);
operator del ete(sp);

8.1.5 The ‘placement new’ operator

A remarkable form of operator newis called the placement new operator. Before using placement new
the <menor y> header file must have been included.

With placement new operator newis provided with an existing block of memory in which an object or
value is initialized. The block of memory should of course be large enough to contain the object, but
apart from that no other requirements exist. It is easy to determine how much memory is used by en
entity (object or variable) of type Type: the si zeof operator returns the number of bytes required by
an Type entity. Entities may of course dynamically allocate memory for their own use. Dynamically
allocated memory, however, is not part of the entity’s memory ‘footprint’ but it is always made available
externally to the entity itself. This is why si zeof returns the same value when applied to different
st ri ng objects returning different length and capacity values.

The placement new operator uses the following syntax (using Type to indicate the used data type):
Type *new(voi d =menory) Type(argunents);

Here, nenory is a block of memory of at least si zeof ( Type) bytes and Type(ar gunents) is any
constructor of the class Type.

The placement new operator is useful in situations where classes set aside memory to be used later.
This is used, e.g., by std: : string to change its capacity. Calling stri ng::reserve may enlarge
that capacity without making memory beyond the string’s length immediately available. But the object
itself may access its additional memory and so when information is added to a st ri ng object it can
draw memory from its capacity rather than having to perform a reallocation for each single addition of
information.

Let’s apply that philosophy to a class Stri ngs storing std:: string objects. The class defines a
char *d_nenory accessing the memory holding its d_si ze string objects as well as d_capacity -
d_si ze reserved memory. Assuming that a default constructor initializes d_capaci ty to 1, doubling
d_capaci ty whenever an additional stri ng must be stored, the class must support the following
essential operations:

e doubling its capacity when all its spare memory (e.g., made available by r eser ve) has been con-
sumed,;
e adding another st ri ng object

e properly deleting the installed strings and memory when a St ri ngs object ceases to exist.
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To double the capacity new memory is allocated, old memory is copied into the newly allocated mem-

ory, and the old memory is deleted. This is implemented by the member voi d Strings: :reserve,
assuming d_capaci t y has already been given its proper value:

void Strings::reserve()

{
using std::string;
string *newMenory =
static_cast<string *>(nmencpy(
operator new(d capacity),
d_nenory,
d_size x sizeof (string)
));
del ete d_nenory;
d_menory = newMenory;
}

The member append adds another st ri ng object toa St ri ngs object. A (public) memberr eser ve(request)
ensures that the St ri ng object’s capacity is sufficient. Then the placement new operator is used to in-
stall the next string into the raw memory’s appropriate location:

void Strings::append(std::string const &next)

{
reserve(d_size + 1);
new (d_nenory + d_size) std::string(next);
++d_si ze;

}

At the end of the St ri ng object’s lifetime all its dynamically allocated memory must be returned. This
is the responsibility of the destructor, as explained in the next section. The destructor’s full definition
is postponed to that section, but its actions when placement newis involved can be discussed here.

With placement new an interesting situation is encountered. Objects, possibly themselves allocating
memory, are installed in memory that may or may not have been allocated dynamically, but that is
definitely not completely filled with such objects. So a simple del et e[ ] can’t be used, but a del et e
for each of the objects that are available can’t be used either, since that would also delete the memory
of the objects themselves, which wasn’t dynamically allocated.

This peculiar situation is solved in a peculiar way, only encountered in cases where the placement
new operator has been used: memory allocated by objects initialized using placement newis returned
by explicitly calling the object’s destructor. The destructor is declared as a member having the class
preceded by a tilde as its name, not using any arguments. So, st d: : string’s destructor is named
~st ri ng. The memory allocated by our class St ri ngs is therefore properly destroyed as follows (in
the example assume that usi ng namespace st d was specified):

for (string *sp = d_nenory + d_size; sp-- != d_nenory; )
sp->~string();

operator del ete(d_nenory);

So far, so good. All is well as long as we're using but one object. What about allocating an array of
objects? Initialization is performed as usual. But as with del et e, del et e[ ] cannot be called when
the buffer was allocated statically. Instead, when multiple objects were initialized using the placement
newoperator in combination with a statically allocated buffer all the objects’ destructors must be called
explicitly, as in the following example:

char buffer[3 * sizeof(string)];



144 CHAPTER 8. CLASSES AND MEMORY ALLOCATION
string *sp = new(buffer) string [3];

for (size_t idx = 0; idx < 3; ++idx)
splidx].~string();

8.2 The destructor

Comparable to the constructor, classes may define a destructor. This function is the constructor’s coun-
terpart in the sense that it is invoked when an object ceases to exist. A destructor is usually called
automatically, but that’s not always true. The destructors of dynamically allocated objects are not au-
tomatically activated, but in addition to that: when a program is interrupted by an exit call, only
the destructors of already initialized global objects are called. In that situation destructors of objects
defined locally by functions are also not called. This is one (good) reason for avoiding exit in C++
programs.

Destructors obey the following syntactical requirements:

e a destructor’s name is equal to its class name prefixed by a tilde;
e a destructor has no arguments;

e a destructor has no return value.
Destructors are declared in their class interfaces. Example:

class Strings

{
publi c:
Strings();
~Strings(); /1 the destructor
b

By convention the constructors are declared first. The destructor is declared next, to be followed by
other member functions.

A destructor’s main task is to ensure that memory allocated by an object is properly returned when the
object ceases to exist. Consider the following interface of the class St ri ngs:

class Strings

{
std::string *d_string;
size_ t d_size;
public:
Strings();
Strings(char const *const *=cStrings, size_t n);
~Strings();
std::string const &at(size_ t idx) const;
size t size() const;
b

The constructor’s task is to initialize the data fields of the object. E.g, its constructors are defined as
follows:

Strings::Strings()



8.2. THE DESTRUCTOR 145

d_string(0),
d_size(0)
{}

Strings::Strings(char const xconst *cStrings, size_t size)

d_string(new string[size]),
d_size(size)

for (size_t idx = 0; idx != size; ++idx)
d_string[idx] = cStrings[idx];

As objects of the class St ri ngs allocate memory a destructor is clearly required. Destructors may or
may not be called automatically. Here are the rules:

e A destructor is never called unless its constructor completed successfully. The remaining rules
only apply when this rule holds true;

e Destructors of local non-static objects are called automatically when the execution flow leaves the
block in which they were defined; the destructors of objects defined somewhere in the outer block
of a function are called just before the function terminates.

e Destructors of static or global objects are called when the program itself terminates.

e The destructor of a dynamically allocated object is called by del et e using the object’s address as
its operand,;

e The destructors of a dynamically allocated array of objects are called by del et €[] using the
address of the array’s first element as its operand,;

e The destructor of an object initialized by placement new is activated by explicitly calling the
object’s destructor.

The destructor’s task is to ensure that all memory that is dynamically allocated and controlled only
by the object itself is returned. The task of the St ri ngs’s destructor would therefore be to delete the
memory to which d_st ri ng points. Its implementation is:

Strings::~Strings()

del ete[] d_string;

The next example shows Stri ngs at work. In process a Strings store is created, and its data
are displayed. It returns a dynamically allocated St ri ngs object to mai n. A Stri ngs * receives the
address of the allocated object and deletes the object again. Another St ri ngs object is then created in a
block of memory made available locally in nai n, and an explicit call to ~St r i ngs is required to return
the memory allocated by that object. In the example only once a Stri ngs object is automatically
destroyed: the local Stri ngs object defined by process. The other two Stri ngs objects require
explicit actions to prevent memory leaks.

#i ncl ude "strings. h"
#i ncl ude <i ostrean

usi ng nanespace std;;

voi d display(Strings const &store)
{
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for (size_t idx = 0; idx != store.size(); ++idx)
cout << store.at(idx) << ’'\n’;
}
Strings *process(char *argv[], int argc)
{
Strings store(argv, argc);
di spl ay(store);
return new Strings(argv, argc);
}
int main(int argc, char xargv[])
{
Strings *sp = process(argv, argc);
del ete sp;
char buffer[sizeof (Strings)];
sp = new (buffer) Strings(argv, argc);
sp->~Strings();
}

8.2.1 Object pointers revisited

Operators new and del et e are used when an object or variable is allocated. One of the advantages of
the operators new and del et e over functions like mal | oc and f r ee is that new and del et e call the
corresponding object constructors and destructors.

The allocation of an object by operator newis a two-step process. First the memory for the object itself
is allocated. Then its constructor is called, initializing the object. Analogously to the construction of an
object, the destruction is also a two-step process: first, the destructor of the class is called deleting the
memory controlled by the object. Then the memory used by the object itself is freed.

Dynamically allocated arrays of objects can also be handled by new and del et e. When allocating an
array of objects using operator newthe default constructor is called for each object in the array. In cases
like this operator del et e[ ] must be used to ensure that the destructor is called for each of the objects
in array.

However, the addresses returned by new Type and new Type[ si ze] are of identical types, in both
cases a Type *. Consequently it cannot be determined by the type of the pointer whether a pointer to
dynamically allocated memory points to a single entity or to an array of entities.

What happens if del et e rather than del et e[ ] is used? Consider the following situation, in which the
destructor ~St ri ngs is modified so that it tells us that it is called. In a mai n function an array of two
St ri ngs objects is allocated by new, to be deleted by del et e []. Next, the same actions are repeated,
albeit that the del et e operator is called without [ ] :

#i ncl ude <i ostreane
#i ncl ude "strings. h"
usi ng nanespace std;

Strings::~Strings()

{
cout << "Strings destructor called" << '\n';
}
int main()
{

Strings *a = new Strings[2];
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cout << "Destruction with []’s" << ’'\n’;
delete[] a;

a = new Strings[2];

cout << "Destruction without []’s" << ’'\n’;
del ete a;

}
| *

Gener at ed out put:
Destruction with []'s
Strings destructor called
Strings destructor called
Destruction without []'s
Strings destructor called
*/

From the generated output, we see that the destructors of the individual St ri ngs objects are called
when del et e[ ] is used, while only the first object’s destructor is called if the [ ] is omitted.

Conversely, if del et e[ ] is called in a situation where del et e should have been called the results are
unpredicable, and will most likely cause the program to crash. This problematic behavior is caused
by the way the run-time system stores information about the size of the allocated array (usually right
before the array’s first element). If a single object is allocated the array-specific information is not
available, but it is nevertheless assumed present by del et e[ ]. This latter operator will interpret
bogus values before the array’s first element as size information, thus usually causing the program to
fail.

If no destructor is defined, a trivial destructor is defined by the compiler. The trivial destructor en-
sures that the destructors of composed objects (as well as the destructors of base classes if a class is a
derived class, cf. chapter 13) are called. This has serious implications: objects allocating memory will
cause a memory leak unless precautionary measures are taken (by defining an appropriate destructor).
Consider the following program:

#i ncl ude <i ostreanp
#include "strings.h
usi ng nanespace std,;

Strings::~Strings()

{
cout << "Strings destructor called" << '\n';
}
int main()
{
Strings *xptr = new Strings* [2];
ptr[0] = new Strings[2];
ptr[1] = new Strings[2];
delete[] ptr;
}

This program produces no output at all. Why is this? The variable ptr is defined as a pointer to a
pointer. The dynamically allocated array therefore consists of pointer variables and pointers are of a
primitive type. No destructors exist for primitive typed variables. Consequently only the array itself is
returned, and no St ri ngs destructor is called.

Of course, we don’t want this, but require the St ri ngs objects pointed to by the elements of ptr to be
deleted too. In this case we have two options:
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e In a for-statement visit all the elements of the pt r array, calling del et e for each of the array’s
elements. This procedure was demonstrated in the previous section.

e A wrapper class is designed around a pointer (to, e.g., an object of some class, like Stri ngs).
Rather than using a pointer to a pointer to St ri ngs objects a pointer to an array of wrapper-
class objects is used. As a result del et e[ ] ptr calls the destructor of each of the wrapper class

objects, in turn calling the St ri ngs destructor for their d_st ri ngs members. Example:

#i ncl ude <i ostreane
usi ng nanespace std

class Strings /1 partially inplemented

{
public:
~Strings();
1
inline Strings::~Strings()
{
cout << "destructor called\n";
}
cl ass Wapper
{
Strings *d_strings;
public:
W apper () ;
~W apper () ;
1

inline Wapper:: Wapper ()

d_strings(new Strings())

{}

inline Wapper::~Wapper ()

{
del ete d_strings;

}

int main()

{
delete[] new Strings *[4]; // nenory |eak
cout << "===========\n";
del ete[] new W apper|[4];

}

| *

CGener at ed out put :

destructor called
destructor called
destructor called
destructor called
* [

8.2.2 The function set_new_handler()

The C++ run-time system ensures that when memory allocation fails an error function is activated. By
default this function throws a bad_alloc exception (see section 9.8), terminating the program. Therefore

no destructor called

// OK: 4 x destructor called
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it is not necessary to check the return value of operator new. Operator news default behavior may be
modified in various ways. One way to modify its behavior is to redefine the function that’s called when
memory allocation fails. Such a function must comply with the following requirements:

e it has no parameters;
e its return type is voi d.

A redefined error function might, e.g., print a message and terminate the program. The user-written
error function becomes part of the allocation system through the function set _new _handl er.

Such an error function is illustrated below?:

#i ncl ude <i ostreanp
#i ncl ude <string>

#i ncl ude <cstring>
usi ng nanespace std,;

voi d out Of Menory()

{
cout << "Menory exhausted. Programtermninates." << '\n’;
exit(l);
}
int main()
{
long allocated = O;
set _new handl er (out O Menory) ; /1 install error function
while (true) /1 eat up all nenory
{
menset (new i nt [ 100000], 0, 100000 * sizeof(int));
al | ocated += 100000 * sizeof (int);
cout << "Allocated " << allocated << " bhytes\n";
}
}

Once the new error function has been installed it is automatically invoked when memory allocation
fails, and the program is terminated. Memory allocation may fail in indirectly called code as well, e.g.,
when constructing or using streams or when strings are duplicated by low-level functions.

So far for the theory. On some systems the ‘out of memory’ condition may actually never be reached,
as the operating system may interfere before the run-time sypport system gets a chance to stop the
program (see also t hi s | i nk2).

The standard C functions allocating memory (like st r dup, mal | oc, real | oc etc.) do not trigger the
new handler when memory allocation fails and should be avoided in C++ programs.

8.3 The assignment operator

In C++ struct and class type objects can be directly assigned new values in the same way as this is
possible in C. The default action of such an assignment for non-class type data members is a straight

1 This implementation applies to the Gnu C/C++ requirements. Actually using the program given in the next example is not
advised, as it will probably slow down your computer enormously due to the resulting use of the operating system’s swap area.
2http://www.linuxdevcenter.com/pub/a/linux/2006/11/30/linux-out-of-memory.html
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byte-by-byte copy from one data member to another. For now we’ll use the following simple class
Per son:

cl ass Person

{
char *=d_nane;
char =d_address;
char =d_phone;
publi c:
Person();
Person(char const *nane, char const xaddr, char const =*phone);
~Person();
private:
char =*strdupnew(char const =*src); /1 returns a copy of src.
H

Per son’s data members are initialized to zeroes or to copies of the ASCII-Z strings passed to Per son’s
constructor, using some variant of st r dup. Its destructor will return the allocated memory again.

Now consider the consequences of using Per son objects in the following example:

voi d tnpPerson(Person const &person)

{
Person tnp;

tnp = person;

Here’s what happens when t npPer son is called:

e it expects a reference to a Per son as its parameter per son.

e it defines a local object t np, whose data members are initialized to zeroes.

e the object referenced by per son is copied to t np: si zeof ( Per son) number of bytes are copied
from per son to t np.

Now a potentially dangerous situation has been created. The actual values in per son are pointers,
pointing to allocated memory. After the assignment this memory is addressed by two objects: per son
and t np.

e The potentially dangerous situation develops into an acutely dangerous situation once the func-
tion t npPer son terminates: t np is destroyed. The destructor of the class Per son releases the
memory pointed to by the fields d_nane, d_addr ess and d_phone: unfortunately, this memory
is also pointed at by per son....

This problematic assignment is illustrated in Figure 8.1.

Having executed t npPer son, the object referenced by per son now contains pointers to deleted mem-
ory.

This is undoubtedly not a desired effect of using a function like t npPer son. The deleted memory will
likely be reused by subsequent allocations. The pointer members of per son have effectively become
wild pointers, as they don’t point to allocated memory anymore. In general it can be concluded that

every class containing pointer data members is a potential candidate for trouble.

Fortunately, it is possible to prevent these troubles, as discussed next.
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Before the assignment (a)
Strings in memory

Object p/ — | , Object tmp
_/—{ address I o
A

After the assignment (b)
Strings in memory

Object p/ name }\()bJECt tmp
_/—{ address ]—\

After destruction of tmp (c)
Strings now deallocated!
Object p hame ) ject tgp
 address |
i ———
Lphone A !

Figure 8.1: Private data and public interface functions of the class Person, using byte-by-byte assign-
ment

8.3.1 Overloading the assignment operator

Obviously, the right way to assign one Per son object to another, is not to copy the contents of the
object bytewise. A better way is to make an equivalent object. One having its own allocated memory
containing copies of the original strings.

The way to assign a Per son object to another is illustrated in Figure 8.2. There are several ways to
assign a Per son object to another. One way would be to define a special member function to handle the
assignment. The purpose of this member function would be to create a copy of an object having its own
nane, addr ess and phone strings. Such a member function could be:

voi d Person::assign(Person const &other)

{
/'l del ete our own previously used nmenory
del ete[] d_nane;
del ete[] d_address;
del ete[] d_phone;
/'l copy the other Person’s data
d_nane = strdupnew ot her.d_nane);
d_address = strdupnew( ot her.d_address);
d_phone = strdupnew( ot her.d_phone);
}

Using assi gn we could rewrite the offending function t npPer son:

voi d tnpPerson(Person const &person)

{
Person tnp;

/1l tnp (having its own nmenory) holds a copy of person
t mp. assi gn( person);

/1l now it doesn't matter that tnp is destroyed..
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Before the assignment (a)
Object p e | . Object tmp
)
\I phone I 0
After the assignment (b)
Objectp  Jhame | [name Object tmp

\I phone I I phone ]—/‘

After destruction of tmp

Objectp  I'name I

\I phone I

Figure 8.2: Private data and public interface functions of the class Person, using the ‘correct’ assign-
ment.

This solution is valid, although it only tackles a symptom. It requires the programmer to use a specific
member function instead of the assignment operator. The original problem (assignment produces wild
pointers) is still not solved. Since it is hard to ‘strictly adhere to a rule’ a way to solve the original
problem is of course preferred.

Fortunately a solution exists using operator overloading: the possibility C++ offers to redefine the
actions of an operator in a given context. Operator overloading was briefly mentioned earlier, when the
operators << and >> were redefined to be used with streams (like ci n, cout and cerr), see section
3.14.

Overloading the assignment operator is probably the most common form of operator overloading in
C++. A word of warning is appropriate, though. The fact that C++ allows operator overloading does
not mean that this feature should indiscriminately be used. Here’s what you should keep in mind:

e operator overloading should be used in situations where an operator has a defined action, but
this default action has undesired side effects in a given context. A clear example is the above
assignment operator in the context of the class Per son.

e operator overloading can be used in situations where the operator is commonly applied and no
surprise is introduced when it’s redefined. An example where operator overloading is appropri-
ately used is found in the class st d: : st ri ng: assiging one string object to another provides the
destination string with a copy of the contents of the source string. No surprises here.

e in all other cases a member function should be defined instead of redefining an operator.

An operator should simply do what it is designed to do. The phrase that’s often encountered in the
context of operator overloading is do as the i nt s do. The way operators behave when applied to i nt s
is what is expected, all other implementations probably cause surprises and confusion. Therefore,
overloading the insertion (<<) and extraction (>>) operators in the context of streams is probably
ill-chosen: the stream operations have nothing in common with bitwise shift operations.
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8.3.1.1 The member ’operator=()’

To add operator overloading to a class, the class interface is simply provided with a (usually public)
member function naming the particular operator. That member function is thereupon implemented.

To overload the assignment operator =, a member oper at or =( Cl ass const &rhs) is added to the
class interface. Note that the function name consists of two parts: the keyword oper at or, followed
by the operator itself. When we augment a class interface with a member function oper at or =, then
that operator is redefined for the class, which prevents the default operator from being used. In the
previous section the function assi gn was provided to solve the problems resulting from using the
default assignment operator. Rather than using an ordinary member function C++ commonly uses a
dedicated operator generalizing the operator’s default behavior to the class in which it is defined.

The assi gn member mentioned before may be redefined as follows (the member oper at or = presented
below is a first, rather unsophisticated, version of the overloaded assignment operator. It will shortly
be improved):

cl ass Person

{
publi c: /'l extension of the class Person
/'l earlier nmenbers are assuned.
voi d operator=(Person const &other);
H

Its implementation could be

voi d Person:: operator=(Person const &other)

{
del ete[] d_nane; /'l delete old data
del ete[] d_address;
del ete[] d_phone;
d_name = strdupnew ot her.d_nane); /'l duplicate other’'s data
d_address = strdupnew(ot her.d _address);
d_phone = strdupnew( ot her.d_phone);
}

This member’s actions are similar to those of the previously mentioned member assi gn, but this mem-
ber is automatically called when the assignment operator = is used. Actually there are two ways to call
overloaded operators as shown in the next example:

voi d tnpPerson(Person const &person)

{

Person tnp;

tnp = person;

t np. operator=(person); [// the sanme thing
}

Overloaded operators are seldom called explicitly, but explicit calls must be used (rather than using
the plain operator syntax) when you explicitly want to call the overloaded operator from a pointer to
an object (it is also possible to dereference the pointer first and then use the plain operator syntax, see
the next example):

voi d t npPerson(Person const &person)

{

Person *tnp = new Person;
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t np- >oper at or =( per son) ;
*tmp = person; /1 yes, also possible...

del ete tnp;

8.4 The ‘this’ pointer

A member function of a given class is always called in combination with an object of its class. There
is always an implicit ‘substrate’ for the function to act on. C++ defines a keyword, t hi s, to reach this
substrate.

The t hi s keyword is a pointer variable that always contains the address of the object for which the
member function was called. Thet hi s pointer is implicitly declared by each member function (whether
public, protected,orprivate). Thethi s ponteris a constant pointer to an object of the member
function’s class. For example, the members of the class Per son implicitly declare:

extern Person *const this;

A member function like Per son: : nane could be implemented in two ways: with or without using the
t hi s pointer:

char const =*Person::nanme() const /1 inmplicitly using ‘this’
{ return d_nane;

}

char const =*Person::nanme() const /1 explicitly using ‘this’
{ return this->d naneg;

}

The t hi s pointer is seldom explicitly used, but situations do exist where the t hi s pointer is actually
required (cf. chapter 16).

8.4.1 Sequential assignments and this

C++’s syntax allows for sequential assignments, with the assignment operator associating from right
to left. In statements like:

the expression b = c is evaluated first, and its result in turn is assigned to a.

The implementation of the overloaded assignment operator we’ve encountered thus far does not permit
such constructions, as it returns voi d.

This imperfection can easily be remedied using the t hi s pointer. The overloaded assignment operator
expects a reference to an object of its class. It can also return a reference to an object of its class. This
reference can then be used as an argument in sequential assignments.

The overloaded assignment operator commonly returns a reference to the current object (i.e., *t hi s).
The next version of the overloaded assignment operator for the class Per son thus becomes:

Per son &Person:: operator=(Person const &other)
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{

del ete[] d_address;
del ete[] d_nane;
del ete[] d_phone;

d_address = strdupnew(ot her.d_address);
d_nane = strdupnew(other.d_nane);
d_phone = strdupnew( ot her.d_phone);

/1 return current object as a reference
return xthis;

Overloaded operators may themselves be overloaded. Consider the stri ng class, having overloaded
assignment operators oper at or=(std::string const & hs), operator=(char const =*rhs),
and several more overloaded versions. These additional overloaded versions are there to handle differ-
ent situations which are, as usual, recognized by their argument types. These overloaded versions all
follow the same mold: when necessary dynamically allocated memory controlled by the object is deleted;
new values are assigned using the overloaded operator’s parameter values and *t hi s is returned.

8.5 The copy constructor: initialization vs. assignment

Consider the class St ri ngs, introduced in section 8.2, once again. As it contains several primitive type
data members as well as a pointer to dynamically allocated memory it needs a constructor, a destructor,
and an overloaded assignment operator. In fact the class offers two constructors: in addition to the
default constructor it offers a constructor expecting a char const *const * andasize_t.

Now consider the following code fragment. The statement references are discussed following the exam-
ple:

int main(int argc, char *xargv)

{
Strings sl(argv, argc); 11 (1)
Strings s2; Il (2)
Strings s3(sl); Il (3)
s2 = si; I (4)
}

e At 1 we see an initialization. The object s1 is initialized using nai n’s parameters: Stri ngs’s
second constructor is used.

e At 2 St rings’s default constructor is used, initializing an empty St ri ngs object.

e At 3 yet another St ri ngs object is created, using a constructor accepting an existing St ri ngs
object. This form of initializations has not yet been discussed. It is called a copy construction and
the constructor performing the initialization is called the copy constructor. Copy constructions
are also encountered in the following form:

Strings s3 = s1;
This is a construction and therefore an initialization. It is not an assignment as an assignment

needs a left-hand operand that has already been defined. C++ allows the assignment syntax to be
used for constructors having only one parameter. It is somewhat deprecated, though.

e At 4 we see a plain assignment.
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In the above example three objects were defined, each using a different constructor. The actually used
constructor was deduced from the constructor’s argument list.

The copy constructor encountered here is new. It does not result in a compilation error even though it
hasn’t been declared in the class interface. This takes us to the following rule:

A copy constructor is always available, even if it isn’t declared in the class’s interface.

The copy constructor made available by the compiler is also called the trivial copy constructor. Starting
with the C++0x standard it can easily be suppressed (using the = del et e idiom). The trivial copy con-
structor performs a byte-wise copy operation of the existing object’s primitive data to the newly created
object, calls copy constructors to intialize the object’s class data members from their counterparts in
the existing object and, when inheritance is used, calls the copy constructors of the base class(es) to
initialize the new object’s base classes.

Consequently, in the above example the trivial copy constructor is used. As it performs a byte-by-byte
copy operation of the object’s primitive type data members that is exactly what happens at statement
3. By the time s3 ceases to exist its destructor will delete its array of strings. Unfortunately d_stri ng
is of a primitive data type and so it also deletes s1’s data. Once again we encounter wild pointers as a
result of an object going out of scope.

The remedy is easy: instead of using the trivial copy constructor a copy constructor must explicitly be
added to the class’s interface and its definition must prevent the wild pointers, comparably to the way
this was realized in the overloaded assignment operator. An object’s dynamically allocated memory
is duplicated, so that it will contain its own allocated data. The copy constructor is simpler than the
overloaded assignment operator in that it doesn’t have to delete previously allocated memory. Since
the object is going to be created no previously allocated memory already exists.

Stri ngs’s copy constructor can be implemented as follows:
Strings::Strings(Strings const &other)

d_string(new string[other.d_size]),
d_size(other.d_size)

for (size_t idx = 0; idx !'= d_size; ++idx)
d_string[idx] = other.d_string[idx];
}

The copy constructor is always called when an object is initialized using another object of its class.
Apart from the plain copy construction that we encountered thus far, here are other situations where
the copy constructor is used:

e it is used when a function defines a class type value parameter rather than a pointer or a ref-
erence. The function’s argument initializes the function’s parameter using the copy constructor.
Example:

voi d process(Strings store) // no pointer, no reference

{
store.at(3) = "nodified"; /1l doesn’t nodify ‘outer’
}
int main(int argc, char *xargv)
{
Strings outer(argv, argc);
process(outer);
}

e it is used when a function defines a class type value return type. Example:

Strings copy(Strings const &store)
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{
}

return store;

Here st or e is used to initialize copy’s return value. The returned Stri ngs object is a temporary,
anonymous object that may be immediately used by code calling copy but no assumptions can be made
about its lifetime thereafter.

8.5.1 Revising ’operator=()’

The overloaded assignment operator has characteristics also encountered with the copy constructor
and the destructor:

e The copying of (private) data occurs (1) in the copy constructor and (2) in the overloaded assign-
ment function.
e Allocated memory is deleted (1) in the overloaded assignment function and (2) in the destructor.
The copy constructor and the destructor clearly are required. If the overloaded assignment operator

also needs to return allocated memory and to assign new values to its data members couldn’t the
destructor and copy constructor be used for that?

As we've seen in our discussion of the destructor (section 8.2) the destructor can explicitly be called,
but that doesn’t hold true for the (copy) constructor. But let’s briefly summarize what an overloaded
assignment operator is supposed to do:

e It should delete the dynamically allocated memory controlled by the current object;

e It should reassign the current object’s data members using a provided existing object of its class.
The second part surely looks like a copy construction. Copy construction becomes even more attractive
after realizing that the copy constructor also initializes any reference data members the class might

have. Realizing the copy construction part is easy: just define a local object and initialize it using the
assignment operator’s const reference parameter, like this:

Strings &operator=(Strings const &other)

{
Strings tnp(other);
/1 nore to follow
return xthis;

}

The optimization operat or=(Stri ng tnp) is enticing, but let’s postpone that for a little while (at
least until section 8.6).

Now that we’ve done the copying part, what about the deleting part? And isn’t there another slight
problem as well? After all we copied all right, but not into our intended (current, =t hi s) object.

At this point it’s time to introduce swapping. Swapping two variables means that the two variables
exchange their values. Many classes (e.g., st d: : st ri ng) offer swap members allowing us to swap two
of their objects. The Standard Template Library (STL, cf. chapter 18) offers various functions related
to swappping. There is even a swap generic algorithm (cf. section 19.1.61). That latter algorithm,
however, begs the current question, as it is customarily implemented using the assignment operator,
so it’s somewhat problematic to use it when implementing the assignment operator.

As we've seen with the placement new operator objects can be constructed in blocks of memory of
si zeof (Cl ass) bytes large. And so, two objects of the same class each occupy si zeof (C ass) bytes.
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To swap these objects we merely have to swap the contents of those si zeof (C ass) bytes. This pro-
cedure may be applied to classes whose objects may be swapped using a member-by-member swapping

operation and can also be used for classes having reference data members. Here is its implementation
for a hypothetical class Cl ass, resulting in very fast swapping:

#i ncl ude <cstring>

void C ass::swap(Cl ass &ot her)

{
char buffer[sizeof (O ass)];
mencpy(buffer, &other, sizeof(C ass));
nmencpy( &t her, this, si zeof (Ol ass));
mencpy(this, buffer, sizeof(d ass));
}

Let’s add voi d swap(Strings &other) to the class Stri ngs and complete its oper at or = imple-
mentation:

Strings &operator=(Strings const &other)

{
Strings tnp(other);
swap(tnp);
return xthis;

}

This oper at or = implementation is generic: it can be applied to every class whose objects are directly
swappable. How does it work?

e The information in the ot her object is used to initialize a local t np object. This takes care of the
copying part of the assignment operator.

e Calling swap ensures that the current object receives its new values.

e When oper at or = terminates its local t mp object ceases to exist and its destructor is called. But
by now it contains the data previously owned by the current object, so those data are now returned.
Which takes care of the destruction part of the assignment operation.

Nice?

8.6 The move constructor (C++0x)

Before the advent of the C++0x standard C++ offered basically two ways to assign the information
pointed to by a data member of a temporary object to an lvalue object. Either a copy constructor or
reference counting had to be used. The C++0x standard adds move semantics to these two, allowing
transfer of the data pointed to by a temporary object to its destination.

Our class St ri ngs has, among other members a data member stri ng *d_stri ng. Clearly, St ri ngs
should define a copy constructor, a destructor and an overloaded assignment operator.

Now design a function | oadStri ngs(std: :istream & n) extracting the strings of a St ri ngs object
from i n. As the St ri ngs object doesn’t exit yet, the St ri ngs object filled by | oadSt ri ngs is returned
by value. The function | oadSt ri ngs returns a temporary object, which is then used to initialize an
external St ri ngs object:

Strings loadStrings(std::istream&in)
{
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Strings ret;
/1 load the strings into
return ret;

ret

}

/'l usage:
Strings store(loadStrings(cin));

In this example two full copies of a St ri ngs object are required:

e initializing | oadSt ri ng’s value return type from its local St ri ngs r et object;

e initializing st or e from | oadSt ri ng’s return value

The rvalue reference concept allows us to improve this procedure. An rvalue reference binds to an anony-
mous temporary (r)value and the compiler is required to do so whenever possible. We, as programmers,
must inform the compiler in what situations rvalue references can be handled. We do this by providing
overloaded members defining rvalue reference parameters.

One such overloaded member is the move constructor. The move constructor is a constructor defining
an rvalue reference to an object of its own class as parameter. Here is the declaration of the St ri ngs
class move constructor:

Strings(Strings &&tnp);

Move constructors are allowed to simply assign the values of pointer data members to their own pointer
data members without requiring them to make a copy of the source’s data first. Having done so the
temporary’s pointer value is set to zero to prevent its destructor from destroying data now owned by the
just constructed object. The move constructor has grabbed or stolen the data from the temporary object.
This is OK as the temporary cannot be referred to again (as it is anonymous, it cannot be accessed by
other code) and ceases to exist shortly after the constructor’s call anyway. Here is the implementation
of St ri ngs move constructor:

Strings::Strings(Strings &&t np)

d_nenory(tnp. d_nenory),
d size(tnp.d_size),
d_capacity(tnp.d_capacity)

tnp. d_nenory = O;

Once a class becomes a move-aware class this awareness must extend to its destructor as well. With
Stri ngs this is not an issue as its destructor only executes del et e[] d_stri ng, but it becomes an
issue in classes using, e.g., pointers to pointer data members. Their destructors must visit each of
the array’s pointers to delete the objects pointed to by the array’s elements. Assuming that St ri ngs
d_string data member was defined as string **d_stri ng the implementation of St ri ng’s move
constructor may remain as-is, but the destructor must now inspect d_st ri ng to prevent the destruction
loop from executing when it is zero:

Strings::~Strings()

{
if (d_string == 0)
return;
for (string **end = d_string + d_size; end-- !=d_string; )

del ete *end;
del ete[] d_string;
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In addition to the move constructor other members defining Cl ass const & parameters may also be
overloaded with members expecting Cl ass && parameters. Here too the compiler will select these
latter overloads if an anonymous temporary argument is provided. Let’s consider the implications for
a minute using the next example, assuming Cl ass offers a move constructor and a copy constructor:

Class factory();

void fun(C ass const &other); Il a
void fun(C ass && np); Il b
void call ee(Cl ass &&t np);
{
Cl ass object(factory()); /11
Cl ass obj ect2(object); Il 2
fun(object); Il 3
fun(factory()); Il 4
fun(tm); /15
}
int main()
{
callee(factory());
}

At 1 the move constructor is called. Object is initialized by an anonymous temporary Cl ass
object;

e At 2 the copy constructor is called. The constructor’s argument is an existing local object;

At 3 function a is called: f un’s argument is an existing local object;

At 4 function b is called: f un’s argument is an anonymous temporary object;

At 5 function a is called. At first sight this might be surprising, but f un’s argument is not an
anonymous temporary object but a named temporary object. Overloads expecting rvalue refer-
ences are only selected when passed anonymous temporary objects.

Realizing that f un(t np) might be called twice the compiler’s choice is understandable. If t np’s data
would have been grabbed at the first call, the second call would receive t np without any data. But at the
last call we might know that t np is never used again and so we might like to ensure that f un( C ass
&&) is called. This can be realized by the following cast:

fun(reinterpret _cast<C ass & >(tnp)); // last call!

More often, though the shorthand f un(std:: nove(tnp)) is used, already performing the required
cast for us. St d: : nove is indirectly declared by many header files. If no header is already declaring
std:: nove theninclude utility.

It is pointless to provide a function with an rvalue reference return type. The compiler decides whether
or not to use an overloaded member expecting an rvalue reference on the basis of the provided argu-
ment: if it is an anonymous temporary it will call the overloaded member defining the rvalue reference
parameter.

Classes not using pointer members pointing to memory controlled by its objects (and not having base
classes doing so, see chapter 13) do not benefit from overloaded members expecting rvalue references.

The compiler, when selecting a function to call applies a fairly simple algorithm, and also considers
copy elision. This is covered shortly (section 8.7).
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8.6.1 Move-only classes (C++0x)

Classes may very well allow move semantics without offering copy semantics. Most stream classes
belong to this category. Extending their definition with move semantics greatly enhances their us-
ability. Once move semantics becomes available for such classes, so called factory functions (functions
returning an object constructed by the function) can easily be implemented. E.g.,

/'l assume char =*fil enane
i fstreaminStrean(openlstrean(fil enane));

For this example to work an i f st r eamconstructor must offer a move constructor. This way there will
at any time be only one object referring to the openi stream

Once classes offer move semantics their objects can also safely be stored in standard containers. When
such containers performs reallocation (e.g., when their sizes are enlarged) they will use the object’s
move constructors rather than their copy constructors. As move-only classes suppress copy semantics
containers storing objects of move-only classes implement the correct behavior in that it is impossible
to assign such containers to each other.

8.7 Copy Elision and Return Value Optimization

When the compiler selects a member function (or constructor) it will do so according to a simple set of
rules, matching arguments with parameter types.

Below two tables are provided. The first table should be used in cases where a function argument has a
name, the second table should be used in cases where the argument is anonymous. In each table select
the const or non-const column and then use the topmost overloaded function that is available having
the specified parameter type.

The tables do not handle functions defining value parameters. If a function has overloads expecting,
respectively, a value parameter and some form of reference parameter the compiler reports an ambigu-
ity when such a function is called. In the following selection procedure we may assume, without loss of
generality, that this ambiguity does not occur and that all parameter types are reference parameters.

Parameter types matching a function’s argument of type T if the argument is:

e a named argument (an lvalue or a named rvalue)

non-const const
(T &)
(T const &) (T const &)

Example: for an i nt x argument a function fun(i nt &) is selected rather than a function
fun(int const & . If nofun(int & is available the fun(int const &) function is used.
If neither is available the compiler reports an error.

e an anonymous argument (an anonymous temporary or a literal value)

non-const const
(T &&)
(T const &&) (T const &&)
(T const &) (T const &)

Example: forani nt arg() argument a functionf un(i nt &&) is selected rather than a function
fun(int const &&) . If both functions are unavailable but a f un(i nt const &) is available,
that function is used. If none of these functions is available the compiler reports an error.
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The tables show that eventually all arguments can be used with a function specifying a T const &
parameter. For anonymous arguments a similar catch all is available having a higher priority: T
const && matches all anonymous arguments. Thus, if named and anonymous arguments are to be
distinguished a T const && overloaded function will catch all temporaries.

As we've seen the move constructor grabs the information from a temporary for its own use. That is
OK as the temporary is going to be destroyed after that anyway. It also means that the temporary’s
data members are modified. This modification can safely be considered a non-mutating operation on
the temporary. It may thus be modified even if it was passed to a function specifying a T const
&& parameter. In cases like these consider using a const _cast to cast away the const-ness of the
rvalue reference. The Stri ngs move constructor encountered before might therefore also have been
implemented as follows, handling both St ri ngs and St ri ngs const anonymous temporaries:

Strings::Strings(Strings const &&t np)

d string(tnp.d_string),
d_size(tnp.d_size)

const _cast<Strings & (tnp).d_string = O;

Having defined appropriate copy and/or move constructors it may be somewhat surprising to learn that
the compiler may decide to stay clear of a copy or move operation. After all making no copy and not
moving is more efficient than copying or moving.

The option the compiler has to avoid making copies (or perform move operations) is called copy elision
or return value optimization. In all situations where copy or move constructions are appropriate the
compiler may apply copy elision. Here are the rules. In sequence the compiler considers the following
options, stopping once an option can be selected:

if a copy or move constructor exists, try copy elision

e if a move constructor exists, move.

if a copy constructor exists, copy.

e report an error
All modern compilers apply copy elision. Here are some examples where it may be encountered:

cl ass Elide;

El i de fun() /111

{
Eli de ret;

return ret;

}
voi d gun(Elide par);
Elide elide(fun()); // 2

gun(fun()); /1 3

e At 1ret may never exist. Instead of using r et and copying r et eventually to f un’s return value
it may directly use the area used to contain f un’s return value.

e At 2 fun’s return value may never exist. Instead of defining an area containing f un’s return
value and copying that return value to el i de the compiler may decide to use el i de to create
f un’s return value in.
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e At 3 the compiler may decide to do the same for gun’s par parameter: fun’s return value is
directly created in par’s area, thus eliding the copy operation from f un’s return value to par .

8.8 Plain Old Data (C++0x)

C++ inherited the struct concept from C and extended it with the class concept. Structs are still used
in C++, mainly to store and pass around aggregates of different data types. A commonly term for these
structs is plain old data (pod). Plain old data is commonly used in C++ programs to aggregate data.
E.g., when a function needs to return a doubl e, bool and st d:: string these three different data
types may be aggregated using a st ruct that merely exists to pass along values. Data protection and
functionality is hardly ever an issue. For such cases C and C++ use st ruct s. But as a C++ struct is
just a cl ass with special access rights some members (constructors, destructor, overloaded assignment
operator) may implicitly be defined. The plain old data capitalizes on this concept by requiring that its
definition remains as simple as possible. Specifically the C++0x standard considers pod to be a class or
struct having the following characteristics:

e it has a trivial default constructor.
If a type has some trivial member then the type (or its base class(es), cf. chapter 13) does not
explicitly define that member. Rather, it is supplied by the compiler. A trivial default constructor
leaves all its non-class data members unitialized and will call the default constructors of all its
class data members. A class having a trivial default constructor does not define any constructor at
all (nor does/do its base class/classes). It may also define the default constructor using the default
constructor syntax introduced in section 7.4;

e it has a trivial copy constructor.
A trivial copy constructor byte-wise copies the non-class data members from the provided existing
class object and uses copy constructors to initialize its base class(es) and class data members with
the information found in the provided existing class object;

e it has a trivial overloaded assignment operator.
A trivial assignment operator performs a byte-wise copy of the non-class data members of the
provided right-hand class object and uses overloaded assignment operators to assign new values
to its class data members using the corresponding members of the provided right-hand class
object;

e it has a trivial destructor.
A trivial destructor calls the destructors of its base class(es) and class-type data members;

e it has a standard layout.
A standard-layout class or struct

e has only non-static data members that are themselves showing the standard-layout;

e has identical access control (public, private, protected) for all its non-static members;
Furthermore, in the context of class derivation (cf. chapters 14 and 13), a standard-layout class or
struct:

e has only base classes that themselves show the standard-layout;

e has at most one (in)direct base class having non-static members;

e has no base classes of the same type as its first non-static data member;

e has no virtual base classes;

e has no virtual members.
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8.9 Conclusion

Four important extensions to classes were introduced in this chapter: the destructor, the copy con-
structor, the move constructor and the overloaded assignment operator. In addition the importance of
swapping, especially in combination with the overloaded assignment operator, was stressed.

Classes having pointer data members, pointing to dynamically allocated memory controlled by the
objects of those classes, are potential sources of memory leaks. The extensions introduced in this
chapter implement the standard defense against such memory leaks.

Encapsulation (data hiding) allows us to ensure that the object’s data integrity is maintained. The
automatic activation of constructors and destructors greatly enhance our capabilities to ensure the
data integrity of objects doing dynamic memory allocation.

A simple conclusion is therefore that classes whose objects allocate memory controlled by themselves
must at least implement a destructor, an overloaded assignment operator and a copy constructor. Im-
plementing a move constructor remains optional, but it allows us to use factory functions with classes
not allowing copy construction and/or assignment.

In the end, assuming the availability of at least a copy or move constructor, the compiler might avoid
them using copy elision. The compiler is free to use copy elision wherever possible; it is, however, never
a requirement. The compiler may therefore always decide not to use copy elision. In all situations
where otherwise a copy or move constructor would have been used the compiler may consider to use
copy elision.



Chapter 9

Exceptions

C supports several ways for a program to react to situations breaking the normal unhampered flow of
a program:

e The function may notice the abnormality and issue a message. This is probably the least disas-
trous reaction a program may show.

e The function in which the abnormality is observed may decide to stop its intended task, returning
an error code to its caller. This is a great example of postponing decisions: now the calling function
is faced with a problem. Of course the calling function may act similarly, by passing the error code
up to its caller.

e The function may decide that things are going out of hand, and may call exi t to terminate the
program completely. A tough way to handle a problem if only because the destructors of local
objects aren’t activated.

e The function may use a combination of the functions setj np and | ongj np to enforce non-local
exits. This mechanism implements a kind of got o0 jump, allowing the program to continue at an
outer level, skipping the intermediate levels which would have to be visited if a series of returns
from nested functions would have been used.

In C++ all these flow-breaking methods are still available. However, of the mentioned alternatives,
setj np and | ongj np isn’t frequently encountered in C++ (or even in C) programs, due to the fact that
the program flow is completely disrupted.

C++ offers exceptions as the preferred alternative to, e.g., set j np and | ongj np. Exceptions allow C++
programs to perform a controlled non-local return, without the disadvantages of | ongj np and set j np.

Exceptions are the proper way to bail out of a situation which cannot be handled easily by a function
itself, but which is not disastrous enough for a program to terminate completely. Also, exceptions
provide a flexible layer of control between the short-range r et ur n and the crude exi t .

In this chapter exceptions are covered. First an example will be given of the different impact exceptions
and the set j np/ | ongj np combination have on programs. This example is followed by a discussion of
the formal aspects of exceptions. In this part the guarantees our software should be able to offer when
confronted with exceptions are presented. Exceptions and their guarantees have consequences for
constructors and destructors. We'll encounter these consequences at the end of this chapter.

9.1 Exception syntax

Before contrasting the traditional C way of handling non-local gotos with exceptions let’s introduce the
syntactic elements that are involved when using exceptions.
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e Exceptions are generated by a t hr ow statement. The keyword t hr ow, followed by an expression

9.2

of a certain type, throws the expression value as an exception. In C++ anything having value
semantics may be thrown as an exception: an i nt, a bool , a stri ng, etc. However, there also
exists a standard exception type (cf. section 9.8) that may be used as base class (cf. chapter 13)
when defining new exception types.

Exceptions are generated within a well-defined local environment, called a t r y-block. The run-
time support system ensures that all of the program’s code is itself surrounded by a global t ry
block. Thus, every exception generated by our code will always reach the boundary of at least
one t r y-block. A program terminates when an exception reaches the boundary of the global t ry
block, and when this happens destructors of local and global objects that were alive at the point
where the exception was generated are not called. This is not a desirable situation and therefore
all exceptions should be generated within a t r y-block explicitly defined by the program. Here is
an example of a string exception thrown from within a t r y-block:

try
{
/1 any code can be defined here
i f (someConditionlsTrue)
throw string("this is the std::string exception");
/1 any code can be defined here
}

cat ch: Immediately following the t ry-block, one or more cat ch-clauses must be defined. A
cat ch-clause consists of a catch-header defining the type of the exception it can catch followed by
a compound statement defining what to do with the caught exception:

catch (string const &nsQ)
{

}

Multiple cat ch clauses may appear underneath each other, one for each exception type that has
to be caught. In general the cat ch clauses may appear in any order, but there are exceptions
requiring a specific order. To avoid confusion it’s best to put a cat ch clause for the most general
exception last. At most one exception clause will be activated. C++ does not support a Java-style
fi nal | y-clause activated after completing a catch clause.

/] statements in which the caught string object are handl ed

An example using exceptions

In the following examples the same basic program is used. The program uses two classes, Qut er and
I nner.

First, an Qut er object is defined in mai n, and its member Qut er : : f un is called. Then, in Qut er: : f un
an | nner object is defined. Having defined the | nner object, its member | nner : : f un is called.

That’s about it. The function Qut er: : f un terminates calling i nner’s destructor. Then the program
terminates, activating out er’s destructor. Here is the basic program:

#i ncl ude <i ostreane
usi ng nanespace std;

class I nner
{
public:
I nner () ;
~l nner ();
void fun();
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}s
I nner::lnner()
{
cout << "lnner constructor\n";
}
I nner:: ~Inner()
{
cout << "lnner destructor\n";
}
voi d I nner::fun()
{
cout << "lInner fun\n";
}
class Quter
{
public:
Quter();
~Quter();
void fun();
}s
Quter::Quter()
{
cout << "Quter constructor\n"
}
Quter::~Quter()
{
cout << "Quter destructor\n"
}
void Quter::fun()
{
I nner in;
cout << "Quter fun\n"
in.fun();
}
int main()
{
Quter out;
out. fun();
}
| *

CGener at ed out put :

Qut er constructor

I nner constructor
Quter fun

I nner fun

I nner destructor

Qut er destructor

* [

After compiling and running, the program’s output is entirely as expected: the destructors are called
in their correct order (reversing the calling sequence of the constructors).

Now let’s focus our attention on two variants in which we simulate a non-fatal disastrous event in the
I nner : : f un function. This event must supposedly be handled near nai n’s end.

We'll consider two variants. In the first variant the event is handled by set j np and | ongj np; in the
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second variant the event is handled using C++’s exception mechanism.

9.2.1 Anachronisms: ‘setjmp’ and ‘longjmp’

The basic program from the previous section is slightly modified to contain a variable j np_buf | npBuf
used by setj np and | ongj np.

The function | nner: : fun calls | ongj np, simulating a disastrous event, to be handled near mai n’s
end. In mai n a target location for the long jump is defined through the function set j np. Set j np’s zero
return indicates the initialization of the j np_buf variable, in which case Qut er: : f un is called. This
situation represents the ‘normal flow’.

The program’s return value is zero only if Qut er : : f un terminates normally. The program, however, is
designed in such a way that this won’t happen: | nner: : f un calls | ongj np. As a result the execution
flow returns to the setj np function. Now it will not return a zero return value. Consequently, after
calling | nner:: fun from Quter:: fun mai n’s i f -statement is entered and the program terminates
with return value 1. Try to follow these steps when studying the following program source, which is a
direct modification of the basic program given in section 9.2:

#i ncl ude <i ostrean
#i ncl ude <setjnp. h>
#i ncl ude <cstdli b>

usi ng nanespace std;

j mp_buf j npBuf;

cl ass | nner

{
publi c:
I nner ();
~l nner ();
void fun();
b
I nner:: I nner()
{
cout << "lnner constructor\n";
}
void I nner::fun()
{
cout << "lnner fun\n";
I ongj mp(j mpBuf, 0);
}
I nner:: ~Inner()
{
cout << "lnner destructor\n"
}
class CQuter
{
public:
Quter();
~Quter();
void fun();
b

Quter::Quter()
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{

cout << "Quter constructor\n";

}
Quter::~Quter()
{
cout << "Quter destructor\n"
}
void Quter::fun()
{
I nner in;
cout << "Quter fun\n";
in.fun();
}
int main()
{
Quter out;
if (setjnp(jnmpBuf) !'= 0)
return 1;
out. fun();
}
[ *

CGener at ed out put :
Qut er constructor
I nner constructor
Quter fun
I nner fun
Qut er destructor
*/

This program’s output clearly shows that i nner’s destructor is not called. This is a direct consequence
of the non-local jump performed by | ongj np. Processing proceeds immediately from the | ongj np
call inside | nner: : fun to setj np in mai n. There, its return value is unequal zero, and the program
terminates with return value 1. Because of the non-local jump | nner:: ~l nner is never executed:
upon return to mai n’s set j np the existing stack is simply broken down disregarding any destructors
waiting to be called.

This example illustrates that the destructors of objects can easily be skipped when | ongj np and
set j np are used and C++ programs should therefore avoid those functions like the plague.

9.2.2 Exceptions: the preferred alternative

Exceptions are C++’s answer to the problems caused by setj np and | ongj np. Here is an example
using exceptions. The program is once again derived from the basic program of section 9.2:

#i ncl ude <i ostrean
usi ng nanespace std,;

cl ass | nner

{
publi c:
I nner ();
~I nner ();
void fun();
H

I nner:: I nner()
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{

cout << "lInner constructor\n";

}
I nner:: ~Inner()
{
cout << "lnner destructor\n"
}
void I nner::fun()
{
cout << "lnner fun\n";
throw 1;
cout << "This statenent is not executed\n";
}
class CQuter
{
public:
Quter();
~Quter();
void fun();
}s
Quter::Quter()
{
cout << "Quter constructor\n"
}
Quter::~Quter()
{
cout << "Quter destructor\n"
}
void Quter::fun()
{
| nner in;
cout << "Quter fun\n";
in.fun();
}
int main()
{
Quter out;
try
out. fun();
}
catch (int x)
{}
}
| *

CGener at ed out put :

Qut er constructor

I nner constructor
Quter fun

I nner fun

I nner destructor

Qut er destructor

* [

I nner: : fun now throws an i nt exception where a | ongj np was previously used. Since i n. fun is
called by out . f un, the exception is generated within the t r y block surrounding the out . f un call. As
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an i nt value was thrown this value will reappear in the cat ch clause beyond the t r y block.

Now | nner: : f un terminates by throwing an exception instead of calling | ongj np. The exception is
caught in mai n, and the program terminates. Now we see that i nner’s destructor is properly called.
It is interesting to note that | nner: : f un’s execution really terminates at the t hr ow statement: The
cout statement, placed just beyond the t hr ow statement, isn’t executed.

What did this example teach us?
e Exceptions provide a means to break a function’s (and program’s) normal flow without having to

use a cascade of r et ur n-statements, and without the need to terminate the program using blunt
tools like the function exi t .

e Exceptions do not disrupt the proper activation of destructors. Since setj np and | ongj np do
distrupt the proper activation of destructors their use is strongly deprecated in C++.

9.3 Throwing exceptions

Exceptions are generated by t hr ow statements. The t hr ow keyword is followed by an expression,
defining the thrown exception value. Example:

throw "Hell o worl d"; /1 throws a char =
t hrow 18; /1 throws an int
throw string("hello"); /1 throws a string

Local objects cease to exist when a function terminates. This is no different for exceptions.

Objects defined locally in functions are automatically destroyed once exceptions thrown by these func-
tions leave these functions. This also happens to objects thrown as exceptions. However, just before
leaving the function context the object is copied and it is this copy that eventually reaches the appro-
priate cat ch clause.

The following examples illustrates this process. Obj ect : : f un defines a local Obj ect t oThr ow, that
is thrown as an exception. The exception is caught in mai n. But by then the object originally thrown
doesn’t exist anymore, and mai n received a copy:

#i ncl ude <i ostreanp
#i ncl ude <string>
usi ng nanespace std;

cl ass Obj ect

{

string d_nane;

public:
bj ect (string nane)

d_nane( nane)

{

}
bj ect (Obj ect const &ot her)

cout << "Constructor of << d_nane << "\n";

d_name(ot her.d_nane + " (copy)")

cout << "Copy constructor for << d_nane << "\n";
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~Obj ect ()
{

cout << "Destructor of << d_nane << "\n";
voi d fun()
{
bj ect toThrow( "' |l ocal object’");
cout << "Calling fun of "
throw t oThr ow;

<< d_nane << "\n";

}
voi d hello()
{
cout << "Hello by " << d_nanme << "\n"
}
H
int main()
{
oj ect out ("’ main object’");
try
{
out. fun();
}
catch (Object o)
{
cout << "Caught exception\n";
o. hello();
}
}

bj ect’s copy constructor is special in that it defines its name as the other object’s name to which the
string " (copy)" is appended. This allow us to monitor the construction and destruction of objects
more closely. Qbj ect: : f un generates an exception, and throws its locally defined object. Just before
throwing the exception the program has produced the following output:

Constructor of ’'nmain object’
Constructor of ’'local object’
Calling fun of 'nain object’

When the exception is generated the next line of output is produced:
Copy constructor for 'local object’ (copy)

The local object is passed to t hr owwhere it is treated as a value argument, creating a copy of t oThr ow.
This copy is thrown as the exception, and the local t oThr ow object ceases to exist. The thrown excep-
tion is now caught by the cat ch clause, defining an (bj ect value parameter. Since this is a value
parameter yet another copy is created. Thus, the program writes the following text:

Destructor of 'l ocal object’
Copy constructor for 'local object’ (copy) (copy)

The cat ch block now displays:
Caught exception

Following this 0’s hel | 0 member is called, showing us that we indeed received a copy of the copy of the
original t oThr ow object:
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Hell o by 'l ocal object’ (copy) (copy)

Then the program terminates and its remaining objects are now destroyed, reversing their order of
creation:

Destructor of 'local object’ (copy) (copy)
Destructor of 'local object’ (copy)
Destruct or of 'mmin object’

The copy created by the cat ch clause clearly is superficial. It can be avoided by defining object reference
parameters in cat ch clauses: ‘cat ch (bj ect &0)’. The program now produces the following output:

Constructor of 'nain object’

Constructor of ’'local object’

Calling fun of 'nain object’

Copy constructor for ’'local object’ (copy)
Destructor of 'l ocal object’

Caught exception

Hell o by 'l ocal object’ (copy)

Destructor of 'l ocal object’ (copy)
Destructor of 'mmin object’

Only a single copy of t 0Thr owwas created.

It’s a bad idea to throw a pointer to a locally defined object. The pointer is thrown, but the object
to which the pointer refers ceases to exist once the exception is thrown. The catcher receives a wild
pointer. Bad news....

Let’s summarize the above findings:

e Local objects are thrown as copied objects;
e Don’t throw pointers to local objects;

e It is possible to throw pointers to dynamically generated objects. In this case one must take care
that the generated object is properly deleted by the exception handler to prevent a memory leak.

Exceptions are thrown in situations where a function can’t complete its assigned task, but the program
is still able to continue. Imagine a program offering an interactive calculator. The program expects
numeric expressions, which are evaluated. Expressions may show syntactic errors or it may be math-
ematically impossible to evaluate them. Maybe the calculator allows us to define and use variables
and the user might refer to non-existing variables: plenty of reasons for the expression evaluation to
fail, and so many reasons for exceptions to be thrown. None of those should terminate the program.
Instead, the program’s user is informed about the nature of the problem and is invited to enter another
expression. Example:

if (!parse(expressionBuffer)) /'l parsing failed
throw "Syntax error in expression";

if (!l ookup(variabl eNane)) /1 variable not found
throw "Vari abl e not defined";

i f (divisionByZero()) /'l unable to do division
throw "Division by zero is not defined";

Where these t hr ow statements are located is irrelevant: they may be found deeply nested inside the
program, or at a more superficial level. Furthermore, functions may be used to generate the exception
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to be thrown. An Excepti on object might support stream-like insertion operations allowing us to do,
e.g.,

if (!l ookup(variabl eNane))
t hrow Exception() << "Undefined variable

<< vari abl eNane << "’ ;

9.3.1 The empty ‘throw’ statement

Sometimes it is required to inspect a thrown exception. An exception catcher may decide to ignore the
exception, to process the exception, to rethrow it after inspection or to change it into another kind of
exception. For example, in a server-client application the client may submit requests to the server by
entering them into a queue. Normally every request is eventually answered by the server. The server
may reply that the request was successfully processed, or that some sort of error has occurred. On the
other hand, the server may have died, and the client should be able to discover this calamity, by not
waiting indefinitely for the server to reply.

In this situation an intermediate exception handler is called for. A thrown exception is first inspected
at the middle level. If possible it is processed there. If it is not possible to process the exception at the
middle level, it is passed on, unaltered, to a more superficial level, where the really tough exceptions
are handled.

By placing an empty t hr ow statement in the exception handler’s code the received exception is passed
on to the next level that might be able to process that particular type of exception. The retrown ex-
ception is never handled by one of its neighboring exception handlers; it is always transferred to an
exception handler at a more superficial level.

In our server-client situation a function
i nitial Excepti onHandl er (string &exception)

could be designed to handle the st ri ng exception. The received message is inspected. If it’s a simple
message it’s processed, otherwise the exception is passed on to an outer level. Ini ni ti al Excepti onHandl er’s
implementation the empty t hr ow statement is used:

void initial Excepti onHandl er (string &xception)

{
if (!plainMessage(exception))
t hr ow;
handl eTheMessage(exception);
}

Below (section 9.5), the empty t hr ow statement is used to pass on the exception received by a cat ch-
block. Therefore, a function like i ni ti al Excepti onHandl er can be used for a variety of thrown
exceptions, as long as their types match i ni ti al Except i onHandl er’s parameter, which is a string.

The next example jumps slightly ahead, using some of the topics covered in chapter 14. The example
may be skipped, though, without loss of continuity.

A basic exception handling class can be constructed from which specific exception types are derived.
Suppose we have a class Except i on, having a member function Excepti onType Exception::severity.
This member function tells us (little wonder!) the severity of a thrown exception. It might be | nf o,
Notice, Warning, Error or Fatal. The information contained in the exception depends on its
severity and is processed by a function handl e. In addition, all exceptions support a member function

like t ext Msg, returning textual information about the exception in a st ri ng.

By defining a polymorphic function handl e it can be made to behave differently, depending on the
nature of a thrown exception, when called from a basic Except i on pointer or reference.



9.4. THE TRY BLOCK 175
In this case, a program may throw any of these five exception types. Let’s assume that classes Message

and War ni ng were derived from the class Except i on, then the handl e function matching the excep-
tion type will automatically be called by the following exception catcher:

cat ch( Exception &ex)

{
cout << e.textMsg() << '\n’;
if
(
ex.severity() != ExceptionWarning
&&
ex.severity() != ExceptionMessage
)
t hr ow; /1 Pass on other types of Exceptions
ex. handl e(); /1 Process a nessage or a warning
}

Now anywhere in the t ry block preceding the exception handler Except i on objects or objects of one
of its derived classes may be thrown, that will all be caught by the above handler. E.g.,

throw Info();
t hr ow War ni ng() ;
throw Notice();
throw Error();
throw Fatal ();

9.4 The try block

The t r y-block surrounds t hr ow statements. Remember that a program is always surrounded by a
global t ry block, so t hr ow statements may appear anywhere in your code. More often, though, t hr ow
statements are used in function bodies and such functions may be called from within t r y blocks.

A try block is defined by the keyword t r y followed by a compound statement. This block, in turn, must
be followed by at least one cat ch handler:

try
{
/1l any statenents here
}
catch(...) [// at least one catch clause here
{}

Tr y-blocks are commonly nested, creating exception levels. For example, nai n’s code is surrounded by
at ry-block, forming an outer level handling exceptions. Within rmai n’s t r y-block functions are called
which may also contain t r y-blocks, forming the next exception level. As we have seen (section 9.3.1),
exceptions thrown in inner level t r y-blocks may or may not be processed at that level. By placing an
empty t hr owstatement in an exception handler, the thrown exception is passed on to the next (outer)
level.

9.5 Catching exceptions

A cat ch clause consists of the keyword cat ch followed by a parameter list defining one parameter
specifying type and (parameter) name of the exception the cat ch handler will catch. This name may
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then be used as a variable in the compound statement following the cat ch clause. Example:

catch (string &ressage)

/1 code to handl e the nessage

Primitive types and objects may be thrown as exceptions. It’s a bad idea to throw a pointer or reference
to a local object, but a pointer to a dynamically allocated object may be thrown if the exception handler
deletes the allocated memory to prevent a memory leak. Nevertheless, throwing such a pointer is
dangerous as the exception handler won’t not be able to distinguish dynamically allocated memory
from non-dynamically allocated memory, as illustrated by the next example:

try
{
static int x;
int *xp = &X;
if (conditionl)
t hrow xp;
Xp = new int(0);
if (condition2)
t hrow xp;
}

catch (int =*ptr)

/1 delete ptr or not?

Close attention should be paid to the nature of the parameter of the exception handler, to make sure
that when pointers to dynamically allocated memory are thrown the memory is returned once the han-
dler has processed the pointer. In general pointers should not be thrown as exceptions. If dynamically
allocated memory must be passed to an exception handler then the pointer should be wrapped in a
smart pointer, like uni que_ptr or shared_ptr (cf. sections 18.3 and 18.4).

Multiple cat ch handlers may follow a t ry block, each handler defining its own exception type. The
order of the exception handlers is important. When an exception is thrown, the first exception handler
matching the type of the thrown exception is used and remaining exception handlers are ignored.
Eventually at most one exception handler following a t r y-block will be used. Normally this is of no
concern as each exception has its own unique type.

Example: if exception handlers are defined for char *s and voi d *s then ASCII-Z strings will be
caught by the former handler. Note that a char * can also be considered a voi d *, but the excep-
tion type matching procedure is smart enough to use the char * handler with the thrown ASCII-Z
string. Handlers should be designed very type specific to catch the correspondingly typed exception.
For example, i nt -exceptions are not caught by doubl e-catchers, char -exceptions are not caught by
i nt -catchers. Here is a little example illustrating that the order of the catchers is not important for
types not having any hierarchal relationship to each other (i.e., i nt is not derived from doubl e; st ri ng
is not derived from ASCII-Z):

#i ncl ude <i ostreanp
usi ng nanespace std;

int main()

{
while (true)
{
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try
{ .
string s;
cout << "Enter a,c,i,s for ascii-z, char, int, string "
"exception\n";
getline(cin, s);
switch (s[0])
{
case 'a’:
throw "ascii-z";
case 'c’
throw 'c’;
case 'i':
throw 12;
case 's’
throw string();
}
}
catch (string const &)
{

cout << "string caught\n";

catch (char const )

{ cout << "ASCI|-Z string caught\n";
iatch (doubl e)

{ cout << "isn't caught at all\n";
catch (int)

{ cout << "int caught\n";

z:atch (char)

{ cout << "char caught\n";

}

Rather than defining specific exception handlers a specific class can be designed whose objects contain
information about the exception. Such an approach was mentioned earlier, in section 9.3.1. Using this
approach, there’s only one handler required, since we know we don’t throw other types of exceptions:

try

/1 code throws only Exception pointers

}
catch (Exception &ex)

{
}

ex. handl e();

When the code of an exception handler has been processed, execution continues beyond the last excep-
tion handler directly following the matching t r y-block (assuming the handler doesn’t itself use flow
control statements (like r et ur n or t hr ow) to break the default flow of execution). The following cases
can be distinguished:
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e If no exception was thrown within the t r y-block no exception handler is activated, and execution
continues from the last statement in the t r y-block to the first statement beyond the last cat ch-
block.

e If an exception was thrown within the t r y-block but neither the current level nor another level
contains an appropriate exception handler, the program’s default exception handler is called,
aborting the program.

e If an exception was thrown from the t r y-block and an appropriate exception handler is available,
then the code of that exception handler is executed. Following that, the program’s execution
continues at the first statement beyond the last cat ch-block.

All statements in a t ry block following an executed t hr owstatement are ignored. However, objects
that were successfully constructed within the t ry block before executing the t hr ow statement are
destroyed before any exception handler’s code is executed.

9.5.1 The default catcher

At a certain level of the program only a limited set of handlers may actually be required. Exceptions
whose types belong to that limited set are processed, all other exceptions are passed on to exception
handlers of an outer level t r y block.

An intermediate type of exception handling may be implemented using the default exception handler,
which must be (due to the hierarchal nature of exception catchers, discussed in section 9.5) placed
beyond all other, more specific exception handlers.

This default exception handler cannot determine the actual type of the thrown exception and cannot
determine the exception’s value but it coould do some default processing. The exception is not lost,
however, and the default exception handler may still use the empty t hr owstatement (see section 9.3.1)
to pass the exception on to an outer level. Here is an example showing this use of a default exception
handler:

#i ncl ude <i ostreane
usi ng nanespace std,;

int main()
{
try
{
try
{
throw 12. 25; /1 no specific handler for doubles
}
catch (int val ue)
{
cout << "Inner l|evel: caught int\n";
}
catch (...)
{
cout << "Inner level: generic handling of exceptions\n";
t hr ow;
}
}
cat ch(doubl e d)
{
cout << "Quter level may use the thrown double: " << d << ’'\n’;
}
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[ *

CGener at ed out put :
I nner | evel: generic handling of exceptions
Quter level may use the thrown double: 12.25
*/

The program’s output illustrates that an empty t hr owstatement in a default exception handler throws
the received exception to the next (outer) level of exception catchers, keeping type and value of the
thrown exception. Thus basic or generic exception handling can be accomplished at an inner level and
specific handling, based on the type of the thrown expression, can then be provided at an outer level.

9.6 Declaring exception throwers

Functions defined elsewhere may be linked to code that uses these functions. Such functions are nor-
mally declared in header files, either as stand alone functions or as class member functions.

Those functions may of course throw exceptions. Declarations of such functions may contain a function
throw list or exception specification list specifying the types of the exceptions that can be thrown by the
function. For example, a function that may throw ‘char =*’and ‘i nt’ exceptions can be declared as

voi d exceptionThrower() throw(char *, int);

A function throw list immediately follows the function header (and it also follows a possible const
specifier). Throw lists may be empty. It has the following general form:

throm[typel [, type2, type3, ...]1])
If a function is guaranteed not to throw exceptions an empty function throw list may be used. E.g.,
voi d noExceptions() throw ();

In all cases, the function header used in the function definition must exactly match the function header
used in the declaration, including a possibly empty function throw list.

A function for which a function throw list is specified may only throw exceptions of the types mentioned
in its throw list. A run-time error occurs if it throws other types of exceptions than those mentioned
in the function throw list. Example: the function char Pi nt Thr oner shown below clearly throws a
char const * exception. Since i nt Thr ower may throw an i nt exception, the function throw list of
char Pi nt Thr ower must also contain i nt .

#i ncl ude <i ostreane
usi ng nanespace std;

voi d char Pi nt Thrower () throw(char const *, int);

cl ass Thr ower

{
public:
void intThrower (int) const throw(int);

H

void Thrower::intThrower(int x) const throw(int)

{
if (x)
t hrow x;
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}

voi d charPi nt Thrower () throw(char const =, int)

{
int x;
cerr << "Enter an int: ";
cin >> x;
Thrower (). i nt Thr ower (X);
throw "this text is thrown if 0 was entered"
}
void runTimeError() throw(int)
{
throw 12.5;
}
int main()
{
try
{
char Pi nt Thr ower () ;
}
catch (char const *nmessage)
{
cerr << "Text exception: " << nmessage << '\n’;
}
catch (int val ue)
{
cerr << "Int exception: " << value << ’'\n’;
}
try
{
cerr << "Cenerating a run-tinme error\n";
runTi meError();
}
catch(...)
{
cerr << "not reached\n";
}
}

A function without a throw list may throw any kind of exception. Without a function throw list the
program’s designer is responsible for providing the correct handlers.

For various reason declaring exception throwers is a questionable activity. Declaring exception throw-
ers does not mean that the compiler will check whether an improper exception is thrown. Rather, the
function will be surrounded by additional code in which the actual exception that is thrown is pro-
cessed. Instead of compile time checks one gets run-time overhead, resulting in additional code (and
execution time) thay is added to the function’s code. One could write, e.g.,

void fun() throw (int)
{

}

/1 code of this function, throwi ng exceptions

but the function would be compiled to something like the following (cf. section 9.10 for the use of try
immediately following the function’s header and section 9.8 for a description of bad_excepti on):
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voi d fun()
try /1 this code resulting fromthrow(int)
{
/'l the function's code, throwi ng all kinds of exceptions
}
catch (int) // remaining code resulting fromthrow(int)
{

throw, // rethrow the exception, so it can be caught by the
/1 "intended handl er

}
catch (...) // catch any other exception
{
t hr ow bad_excepti on;
}

Run-time overhead is caused by doubling the number of thrown and caught exceptions. Without a
throw list a thrown i nt is simply caught by its intended handler; with a throw list the i nt is first
caught by the ‘safeguarding’ handler added to the function. In there it is rethrown to be caught by its
intended handler next.

9.7 lIostreams and exceptions

The C++ I/0O library was used well before exceptions were available in C++. Hence, normally the classes
of the iostream library do not throw exceptions. However, it is possible to modify that behavior using
the i os: : excepti ons member function. This function has two overloaded versions:

e i ostate exceptions():
this member returns the state flags for which the stream will throw exceptions;
e voi d exceptions(iostate state)

this member causes the stream to throw an exception when state st at e is observed.

In the I/O library, exceptions are objects of the classi os: : f ai | ur e, derived fromi os: : exception. A
std::string const &ressage may be specified when defining a f ai | ur e object. Its message may
then be retrieved using its vi rt ual char const =*what () const member.

Exceptions should be used in exceptional circumstances. Therefore, we think it is questionable to
have stream objects throw exceptions for fairly normal situations like EOF. Using exceptions to handle
input errors might be defensible (e.g., in situations where input errors should not occur and imply a
corrupted file) but often aborting the program with an appropriate error message would probably be the
more appropriate action. As an example consider the following interactive program using exceptions to
catch incorrect input:

#i ncl ude <i ostrean
#i nclude <climts>
usi ng nanmespace: : std;

int main()
{ cin.exceptions(ios::failbit); /1 throw exception on fail
while (true)
{
try
{

cout << "enter a nunber: ";
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i nt val ue;
cin >> val ue;
cout << "you entered

<< value << '"\'n’;

}
catch (ios::failure const &problem
{
cout << problemwhat() << '\n’;
cin.clear();
cin.ignore(INT_MAX, "\n’); // ignore the faulty line
}

9.8 Standard Exceptions

All data types may be thrown as exceptions. Several additional exception classes are now defined
by the C++ standard. Before using those additional exception classes the <st dexcept > header file
must have been included. All of these standard exceptions are class types by themselves, but also offer
all facilities of the st d: : excepti on class and objects of the standard exception classes may also be
considered objects of the st d: : excepti on class.

The st d: : excepti on class offers the member
char const =*what () const;

describing in a short textual message the nature of the exception.

C++ defines the following standard exception classes:

e std::bad_al |l oc: thrown when oper at or newfails;

e std:: bad_excepti on: thrown when a function tries to generate another type of exception than
declared in its function throw list;

e std:: bad_cast: thrown in the context of polymorphism (see section 14.5.1);

e std:: bad_typeid: also thrown in the context of polymorphism (see section 14.5.2);
All additional exception classes were derived from st d: : excepti on. The constructors of all these
additional classes accept st d: : stri ng const &arguments summarizing the reason for the exception
(retrieved by the except i on: : what member). The additionally defined exception classes are:

e std::domai n_error: a(mathematical) domain error is detected,;

e std::invalid_argunent:the argument of a function has an invalid value;

e std::length _error: thrown when an object would have exceeded its maximum permitted
length;

e std::logic_error: alogic error should be thrown when a problem is detected in the internal
logic of the program. Example: a function like C’s pri ntf is called with more arguments than
there are format specifiers in its format string;

e std::out_of_range: thrown when an argument exceeds its permitted range. Example: thrown
by at members when their arguments exceed the range of admissible index values;

e std::overflow error: an overflow error should be thrown when an arithmetic overflow is
detected. Example: dividing a value by a very small value;
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e std::range_error: arange error should be thrown when an internal computation results in a
value exceeding a permissible range;

e std::runtinme_error: aruntime error should be thrown when a problem is encountered that
can only be detected while the program is being executed. Example: a non-integral is entered
when the program’s input expects an integral value.

e std::underfl ow error:an underflow error should be thrown when an arithmetic underflow is
detected. Example: dividing a very small value by a very large value.

9.9 Exception guarantees

Software should be exception safe: the program should continue to work according to its specifications
in the face of exceptions. It is not always easy to realize exception safety. In this section some guidelines
and terminology is introduced when discussing exception safety.

Since exceptions may be generated from within all C++ functions, exceptions may be generated in many
situations. Not all of these situations will be immediately and intuitively recognized as situations
where exceptions can be thrown. Consider the following function and ask yourself at which points
exceptions may be thrown:

voi d fun()
{
X X;
cout << Xx;

X *xp = new X(x);
cout << (X + *xp);
del ete xp;

If it can be assumed that cout as used above does not throw an exception there are at least 13 oppor-
tunities for exceptions to be thrown:

e X X: the default constructor could throw an exception (#1)

e cout « X: the overloaded insertion operator could throw an exception (#2), but its rvalue argu-
ment might not be an X but, e.g., an i nt, and so X: : operator int() const could be called
which offers yet another opportunity for an exception (#3).

e *Xp = new X(x) : the copy constructor may throw an exception (#4) and operator new (#5a) too.
But did you realize that this latter exception might not be thrown from : : new, but from, e.g., X’s
own overload of oper at or new? (#5b)

e cout « (X + *xp): we might be seduced into thinking that two X objects are added. But it
doesn’t have to be that way. A separate class Y might exist and X may have a conversion operator
operator Y() const,andoperator+(Y const & hs, X const &rhs), operator+(X const
& hs, Y const & hs),andoperator+(X const & hs, X const &rhs) might all exist. So,
if the conversion operator exists, then depending on the kind of overload of oper at or + that is de-
fined either the addition’s left-hand side operand (#6), right-hand side operand (#7), or oper at or +
itself (#8) may throw an exception. The resulting value may again be of any type and so the
overloaded cout « return-type-of-operator+ operator may throw an exception (#9). Since
oper at or + returns a temporary object it is destroyed shortly after its use. X’s destructor could
throw an exception (#10).

e del et e xp: whenever oper at or new is overloaded oper at or del et e should be overloaded
as well and may throw an exception (#11). And of course, X’s destructor might again throw an
exception (#12).
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e }: when the function terminates the local x object is destroyed: again an exception could be
thrown (#13).

It is stressed here (and further discussed in section 9.11) that although it is possible for exceptions to
leave destructors this would violate the C++ standard and so it must be prevented in well-behaving
C++ programs.

How can we expect to create working programs when exceptions might be thrown at this many situa-
tions?

Exceptions may be generated in a great many situations, but serious problems will be prevented when
we're able to provide at least one of the following exception guarantees:

e The basic guarantee: no resources are leaked. In practice this means: all allocated memory is
properly returned when exceptions are thrown.

e The strong guarantee: the program’s state remains unaltered when an exception is thrown (as an
example: the canonical form of the overloaded assignment operator provides this guarantee)

e The nothrow guarantee: this applies to code for which it can be proven that no exception will be
thrown from it.

9.9.1 The basic guarantee

The basic guarantee dictates that functions that fail to complete their assigned tasks must return all
allocated resources, usually memory, before terminating. Since practically all functions and operators
may throw exceptions and since a function may repeatedly allocate resources the blueprint of a function
allocating resources shown below defines a try block to catch all exceptions that might be thrown. The
catch handler’s task is to return all allocated resources and then retrow the exception.

void all ocator(X **xDest, Y xxyDest)

{
X *xp = 0; /1 non-throwi ng preanbl e
Y xyp = 0;
try /1 this part might throw
{
xp = new X[ nX]; /1 alternatively: allocate one object
yp = new Y[ nY];
}
catch(...)
{
del ete xp;
t hr ow;
}
del ete[] *xDest; /1 non-throwi ng postanbl e
*xDest = xp;
del ete[] +*yDest;
xyDest = yp;
}

In the pre-try code the pointers to receive the addresses returned by the operator new calls are ini-
tialized to 0. Since the catch handler must be able to return allocated memory they must be available
outside of the t ry block. If the allocation succeeds the memory pointed to by the destination pointers
is returned and then the pointers are given new values.

Allocation and or initialization might fail. If allocation fails newthrows a st d: : bad_al | oc exception
and the catch handler simply deletes 0 pointers which is OK.
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If allocation succeeds but the construction of (some) of the objects fails by throwing an exception then
the following is guaranteed to happen:

e The destructors of all successfully allocated objects are called;

e The dynamically allocated memory to contain the objects is returned

Consequently, no memory will leak when new fails. Inside the above t ry block new X may fail: this
will keep the 0-pointers intact and so the catch handler merely deletes 0 pointers. When new Y fails xp
will point to allocated memory and so it must be returned. This happens inside the catch handler. The
final pointer (here: yp) will only be unequal zero when new Y properly completes, so there’s no need
for the catch handler to return the memory pointed at by yp.

9.9.2 The strong guarantee

The strong guarantee dictates that an object’s state should not change in the face of exceptions. This
is realized by performing all operations that might throw on a separate copy of the data. If all this
succeeds then the current object and its (now successfully modified) copy are swapped. An example of
this approach can be observed in the canonical overloaded assignment operator:

Cl ass &operator=(Cl ass const &other)

{
Cl ass tnp(other);
swap(tnp);
return *this;

}

The copy construction might throw an exception, but this keeps the current object’s state intact. If the
copy construction succeeds swap swaps the current object’s contents with t np’s contents and returns
a reference to the current object. For this to succeed it must be guaranteed that swap won’t throw an
exception. Returning a reference (or a value of a primitive data type) is also guaranteed not to throw ex-
ceptions. The canonical form of the overloaded assignment operator therefore meets the requirements
of the strong guarantee.

Some rules of thumb were formulated that relate to the strong guarantee (cf. Sutter, H., Exceptional
C++, Addison-Wesley, 2000). E.g.,

e All the code that might throw an exception affecting the current state of an object should perform
its tasks separately from the data controlled by the object. Once this code has performed its tasks
without throwing an exception replace the object’s data by the new data.

e Member functions modifying their object’s data should not return original (contained) objects by
value.

The canonical assignment operator is a good example of the first rule of thumb. Another example is
found in classes storing objects. Consider a class Per sonDb storing multiple Per son objects. Such
a class might offer a member voi d add(Person const &next). A plain implementation of this
function (merely intended to show the application of the first rule of thumb, but otherwise completely
disregarding efficiency considerations) might be:

voi d PersonDb: : newAppend( Per son const &next)
{

Person *tnp = 0;

try

{

tnp = new Person[d_size + 1];
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for (size_t idx = 0; idx < d_size; ++idx)
tnp[idx] = d_data[idx];
tnmp[d_size] = next;
}
catch (...)
{
delete[] tnp;
t hr ow;
}
return tnp;

}

voi d PersonDb: : add( Person const &next)
{

Person *tnp = newAppend(next);

del ete[] d_data;

d data = tnp;

++d_si ze;

The (private) newAppend member’s task is to create a copy of the currently allocated Per son objects,
including the data of the next Per son object. Its cat ch handler catches any exception that might be
thrown during the allocation or copy process and will return all memory allocated so far, rethrowing the
exception. The function is exception neutral as it propagates all its exceptions to its caller. The function
also doesn’t modify the Per sonDb object’s data, so it meets the strong exception guarantee. Returning
from newAppend the member add may now modify its data. Its existing data are returned and its
d_dat a pointer is made to point to the newly created array of Per son objects. Finally its d_si ze is
incremented. As these three steps don’t throw exceptions add too meets the strong guarantee.

The second rule of thumb (member functions modifying their object’s data should not return original
(contained) objects by value) may be illustrated using a member Per sonDb: : er ase(si ze_t idx).
Here is an implementation attempting to return the original d_dat a[ i dx] object:

Person PersonDat a: : erase(si ze_t idx)

{
if (idx >= d_size)
throw string("Array bounds exceeded");
Person ret (d_data[idx]);
Person *tnp = copyAl | But (idx);
del ete[] d_data;
d_data = tnp;
--d_si ze;
return ret;
}

Although copy elision will usually prevent the copy constructor from being used when returning r et ,
this is not guaranteed to happen and a copy constructor may throw an exception. If that happens the
function has irrevocably mutated the Per sonDb’s data, thus losing the strong guarantee.

Rather than returning d_dat a[ i dx] by value it might be assigned to an external Per son object befor
mutating Per sonDb’s data:

voi d PersonDat a: : erase(Person xdest, size_t idx)
{
if (idx >= d_size)
throw string("Array bounds exceeded");
*dest = d_data[idx];
Person *tnp = copyAl | But (idx);
del ete[] d_data;
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d data = tnp;
--d_si ze;

This modification works, but changes the original assignment of creating a member returning the
original object. However, both functions suffer from a task overload as they modify Per sonDb’s data
and also return an original object. In situations like these the one-function-one-responsibility rule of
thumb should be kept in mind: a function should have a single, well defined responsibility.

The preferred approach is to retrieve Per sonDb’s objects using a member like Per son const &at (si ze_t
i dx) const and to erase an object using a member like voi d Per sonDat a: : erase(si ze_t idx).

9.9.3 The nothrow guarantee

Exception safety can only be realized if some functions and operations are guaranteed not to throw
exceptions. This is called the nothrow guarantee. An example of a function that must offer the nothrow
guarantee is the swap function. Consider once again the canonical overloaded assignment operator:

Cl ass &operator=(Cl ass const &ot her)

{
G ass tnp(other);
swap(tnp);
return *this;

}

If swap were allowed to throw exceptions then it would most likely leave the current object in a partially
swapped state. As a result the current object’s state would most likely have been changed. As t np will
have been destroyed by the time a catch handler receives the thrown exception it will be very difficult
(as in: impossible) to retrieve the object’s original state. Losing the strong guarantee as a consequence.

The swap function must therefore offer the nothrow guarantee. It must have been designed as if using
the following prototype (don’t do this: see also section 9.6):

void C ass::swap(Cl ass &other) throw);

Likewise, oper at or del et e and operator del et e[] offer the nothrow guarantee, and according
to the C++ standard destructors may themselves not throw exceptions (if they do their behavior is
formally undefined, see also section 9.11 below).

Since the C programming language does not define the exception concept functions from the standard C
library offer the nothrow guarantee by implication. This allowed us to define the generic swap function
in section 8.5.1 using mencpy.

Operations on primitive types offer the nothrow guarantee. Pointers may be reassigned, references
may be returned etc. etc. without having to worry about exceptions that might be thrown.

9.10 Function try blocks

Exceptions may be generated while a constructor is initializing its members. How can exceptions
generated in such situations be caught by the constructor itself, rather than outside the constructor?
The intuitive solution, nesting the object construction in a t ry block does not solve the problem. The
exception by then has left the constructor and the object we intended to construct isn’t visible anymore.

Using a nested t ry block is illustrated in the next example, where nai n defines an object of class
Per sonDb. Assuming that Per sonDb’s constructor throws an exception, there is no way we can access
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the resources that might have been allocated by Per sonDb’s constructor from the catch handler as the
pdb object is out of scope:

int main(int argc, char *=xargv)

{
try
{
Per sonDb pdb(argc, argv); /1 may throw exceptions
/1 main()’s other code
}
catch(...) /1 and/or other handlers
{
/1 pdb is inaccessible fromhere
}
}

Although all objects and variables defined inside a t r y block are inaccessible from its associated catch
handlers, object data members were available before starting the t r y block and so they may be accessed
from a catch handler. In the following example the catch handler in Per sonDb’s constructor is able to
access its d_dat a member:

Per sonDb: : PersonDb(i nt argc, char =**xargv)

d _data(0),
d_size(0)

try
{

}
catch(...)
{

}

initialize(argc, argv);

/1l d_data, d_size: accessible

Unfortunately, this does not help us much. The i nitial i ze member will not be able to reassign
d_dat a and d_si ze if Per sonDb const pdb was defined; the i ni ti al i ze member should at least
offer the basic exception guarantee and return any resources it has acquired before terminating due
to a trown exception; and although d_dat a and d_si ze offer the nothrow guarantee as they are of
primitive data types a class type data member might throw an exception, possibly resulting in violation
of the basic guarantee.

In the next implementation of Per sonDb assume that constructor receives a pointer to an already al-
located block of Per son objects. It will own the data and is responsible for its eventual destruction.
Moreover, d_dat a and d_si ze are also used by a composed object Per sonDbSupport, having a con-
structor expecting a Person const * and si ze_t argument. Our next implementation may then
look something like this:

Per sonDb: : Per sonDb( Per son *pData, size_t size)
d_dat a( pDat a),
d_size(size),
d_support(d_data, d_size)

/1 no further actions
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This setup allows us to define a Per sonDb const &pdb. Unfortunately, Per sonDb cannot offer the ba-
sic guarantee. If Per sonDbSuppor t ’s constructor throws an exception it isn’t caught although d_dat a
already points to allocated memory.

The function try block offers a solution for this problem. A function try block consists of a t ry block
and its associated handlers. The function t ry block starts immediately after the function header, and
its block defines the function body. With constructors base class and data member initializers may
be placed between the t ry keyword and the opening curly brace. Here is our final implementation of
Per sonDb, now offering the basic guarantee:

Per sonDb: : Per sonDb( Per son =pData, size_t size)
try
d_dat a( pDat a),
d_size(size),
d _support(d_data, d_size)
{}
catch (...)
{

}

del ete[] d_data;

Let’s have a look at a stripped-down example. A constructor defines a function try block. The exception
thrown by the Thr owobject is initially caught by the object itself. Then it is rethrown. The surrounding
Conposer’s constructor also defines a function try block, Thr ows rethrown exception is properly caught
by Conposer’s exception handler, even though the exception was generated from within its member
initializer list:

#i ncl ude <i ostreanr

class Throw

{
public:
Throw(int val ue)
try
{
t hrow val ue
}
catch(...)
{
std::cout << "Throw s exception handled locally by Throw()\n";
t hr ow,
}
H
cl ass Composer
{
Throw d_t;
public:
Conposer ()
try /1 NOTE: try precedes initializer |ist
d_t(5)
{}
catch(...)
{

std::cout << "Conposer() caught exception as well\n";

}
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int main()

{
}

Conposer c;

When running this example, we’re in for a nasty surprise: the program runs and then breaks with an
abort exception. Here is the output it produces, the last two lines being added by the system’s final
catch-all handler, catching all remaining uncaught exceptions:

Throw s exception handl ed [ ocally by Throw()
Conposer () caught exception as well

term nate called after throwi ng an instance of
Abort

i nt

The reason for this is documented in the C++ standard: at the end of a catch-handler belonging to a
constructor or destructor function try block, the original exception is automatically rethrown.

The exception is not rethrown if the handler itself throws another exception, offering the constructor
or destructor a way to replace a thrown exception by another one. The exception is only rethrown if
it reaches the end of the catch handler of a constructor or destructor function try block. Exceptions
caught by nested catch handlers are not automatically rethrown.

As only constructors and destructors rethrow exceptions caught by their function try block catch han-
dlers the run-time error encountered in the above example may simply be repaired by providing mai n
with its own function try block:

int main()
try
{

}
catch (...)

{}

Conposer c;

Now the program runs as planned, producing the following output:

Throw s exception handl ed [ ocally by Throw()
Conposer () caught exception as well

A final note: if a function defining a function try block also declares an exception throw list then only
the types of rethrown exceptions must match the types mentioned in the throw list.

9.11 Exceptions in constructors and destructors

Only completely constructed objects are automatically destroyed by the C++ run-time system. Although
this may sound like a truism, there is a subtlety here. If the construction of an object fails for some
reason, the object’s destructor will not be called once the object goes out of scope. This could happen if
an exception generated by the constructor is not caught by the constructor. If the exception is thrown
after the object has allocated some memory, then that memory will not be returned by the object’s
destructor as the destructor isn’t called because the object hasn’t completely been constructed.

The following example illustrates this situation in its prototypical form. The constructor of the class
I nconpl et e first displays a message and then throws an exception. Its destructor also displays a
message:

class Inconpl ete
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{

publi c:
I nconpl et e()
{
cerr << "Al'l ocated sone nenory\n";
t hr ow 0O;
~I nconpl et e()
{
cerr << "Destroying the allocated nmenory\n";
}

H

Next, mai n() creates an | nconpl et e object inside a t ry block. Any exception that may be generated
is subsequently caught:

int main()
{

try

{

cerr << "Creating ‘lnconplete’ object\n";
I nconpl ete();
cerr << "(Object constructed\n";

}
catch(...)
{
cerr << "Caught exception\n";
}

When this program is run, it produces the following output:

Creating ‘Inconplete’ object
Al'l ocat ed sone nenory
Caught exception

Thus, if | nconpl et €’s constructor would actually have allocated some memory, the program would
suffer from a memory leak. To prevent this from happening, the following counter measures are avail-
able:

e Prevent the exceptions from leaving the constructor.
If part of the constructor’s body may generate exceptions, then this part may be surrounded by
a try block, allowing the exception to be caught by the constructor itself. This approach is de-
fensible when the constructor is able to repair the cause of the exception and to complete its
construction as a valid object.

e If an exception is generated by a base class constructor or by a member initializing constructor
then a t ry block within the constructor’s body won’t be able to catch the thrown exception. This
always results in the exception leaving the constructor and the object is not considered to have
been properly constructed. A t ry block may include the member initializers, and the t r y block’s
compound statement becomes the constructor’s body as in the following example:

cl ass I nconpl ete2
{
Conposed d_conposed;
publi c:
I nconpl et e2()
try
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d_conposed(/* argunents x/)

{

/1 body
}
catch (...)
{}

b

An exception thrown by either the member initializers or the body will result in the execution
never reaching the body’s closing curly brace. Instead the catch clause is reached. Since the
constructor’s body isn’t properly completed the object is not considered properly constructed and
eventually the object’s destructor won'’t be called.

The catch clause of a constructor’s function t r y block behaves slightly different than a catch clause of
an ordinary function t r y block. An exception reaching a constructor’s function t r y block may be trans-
formed into another exception (which is thrown from the catch clause) but if no exception is explicitly
thrown from the catch clause the exception originally reaching the catch clause is always rethrown.
Consequently, there’s no way to confine an exception thrown from a base class constructor or from a
member initializer to the constructor: such an exception will always propagate to a more shallow block
and the object’s construction will always be considered incomplete.

Consequently, if incompletely constructed objects throw exceptions then the constructor’s catch clause
is responsible for preventing memory (generally: resource) leaks. There are several ways to realize
this:

e When multiple inheritance is used: if initial base classes have properly been constructed and a
later base class throws, then the initial base class objects will automatically be destroyed (as they
are themselves fully constructed objects)

e When composition is used: already constructed composed objects will automatically be destroyed
(as they are fully constructed objects)

e Instead of using plain pointers smart pointers (cf. section 18.4) should be used to manage dynam-
ically allocated memory. In this case, if the constructor throws either before or after the allocation
of the dynamic memory allocated memory will properly be returned as shar ed_ptr objects are
objects.

e Ifplain pointer data members must be used then the constructor’s body should first, in its member
initialization section, initialize its plain pointer data members. Then, in its body it can dynam-
ically allocate memory, reassigning the plain pointer data members. The constructor must be
provided with a function try block whose generic catch clause deletes the memory pointed at by
the class’s plain pointer data members. Example:

cl ass I nconpl ete2

{
Conposed d_conposed;
char =d_cp; /1 plain pointers
int =d_ip;

publi c:
I nconpl et e2(size_t nChars, size_t nlnts)
try

d_conposed(/* argunents /), /1 mght throw
d_cp(0),
d_ip(0)

preanbl e(); /1 mght throw
d cp = new char[nChars]; /1 mght throw
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d ip = new int[nChars]; /1 mght throw
post anbl e() ; /1 mght throw
}
catch (...)
{
delete[] d_cp; /1 clean up
delete[] d_ip;
}

b

According to the C++ standard exceptions thrown by destructors may not leave their bodies. Conse-
quently a destructor cannot sensibly be provided with a function t r y block as exceptions caught by a
function t ry block’s catch clause has already left the destructor’s body (and will be retrown as with
exceptions reaching a constructor’s function t r y block’s catch clause).

The consequences of an exception leaving the destructor’s body is not defined, and may result in unex-
pected behavior. Consider the following example:

Assume a carpenter builds a cupboard having a single drawer. The cupboard is finished, and a cus-
tomer, buying the cupboard, finds that the cupboard can be used as expected. Satisfied with the cup-
board, the customer asks the carpenter to build another cupboard, this time having two drawers. When
the second cupboard is finished, the customer takes it home and is utterly amazed when the second
cupboard completely collapses immediately after it is used for the first time.

Weird story? Then consider the following program:

int main()
{
try

{
cerr << "Creating Cupboardl\n";

Cupboar di();
cerr << "Beyond Cupboardl object\n"

}
catch (...)
{
cerr << "Cupboardl behaves as expected\n";
}
try
cerr << "Creating Cupboard2\n";
Cupboar d2();
cerr << "Beyond Cupboard2 object\n";
}
catch (...)
{
cerr << "Cupboard2 behaves as expected\n";
}

When this program is run it produces the following output:

Creating Cupboardl

Drawer 1 used

Cupboardl behaves as expected

Creating Cupboard?2

Drawer 2 used

Drawer 1 used

term nate called after throwi ng an instance of ’'int’
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Abor t

The final Abor t indicates that the program has aborted instead of displaying a message like Cupboar d2
behaves as expect ed.

Let’s have a look at the three classes involved. The class Dr awer has no particular characteristics,
except that its destructor throws an exception:

cl ass Drawer

{
size t d_nr;
public:
Dr awer (size_t nr)

d_nr(nr)
{}

~Dr awer ()

{

cerr << "Drawer " << d_nr << " used\n";
t hr ow O;

s

The class Cupboar d1 has no special characteristics at all. It merely has a single composed Dr awer
object:

cl ass Cupboardl

{
Drawer |eft;
publi c:
Cupboar di()
left(1)
{}
b

The class Cupboar d2 is constructed comparably, but it has two composed Dr awer objects:

cl ass Cupboard2

{
Drawer left;
Drawer right;
publi c:
Cupboar d2()
O Jeft(1),
right(2)
{}
b

When Cupboar d1’s destructor is called Dr awer ’s destructor is eventually called to destroy its composed
object. This destructor throws an exception, which is caught beyond the program’s first t r y block. This
behavior is completely as expected.

A subtlety here is that Cupboar d1’s destructor (and hence Dr awer’s destructor) is activated immedi-
ately subsequent to its construction. Its destructor is called immediately subsequent to its construction
as Cupboar d1() defines an anonymous object. As a result the Beyond Cupboar dl obj ect text is
never inserted into st d: : cerr.
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Because of Dr awer ’s destructor throwing an exception a problem occurs when Cupboar d2’s destructor
is called. Of its two composed objects, the second Dr awer’s destructor is called first. This destructor
throws an exception, which ought to be caught beyond the program’s second try block. However,
although the flow of control by then has left the context of Cupboar d2’s destructor, that object hasn’t
completely been destroyed yet as the destructor of its other (left) Dr awer still has to be called.

Normally that would not be a big problem: once an exception is thrown from Cupboar d2’s destructor
any remaining actions would simply be ignored, albeit that (as both drawers are properly constructed
objects) | ef t ’s destructor would still have to be called.

This happens here too and | ef t ’s destructor also needs to throw an exception. But as we’ve already
left the context of the second try block, the current flow control is now thoroughly mixed up, and
the program has no other option but to abort. It does so by calling t er mi nat e() , which in turn calls
abort (). Here we have our collapsing cupboard having two drawers, even though the cupboard having
one drawer behaves perfectly.

The program aborts since there are multiple composed objects whose destructors throw exceptions
leaving the destructors. In this situation one of the composed objects would throw an exception by the
time the program’s flow control has already left its proper context causing the program to abort.

The C++ standard therefore understandably stipulates that exceptions may never leave destructors.
Here is the skeleton of a destructor whose code might throw exceptions. No function t r y block but all
the destructor’s actions are encapsulated in a t r y block nested under the destructor’s body.

Class::~C ass()

{
try
{
maybe_t hr ow_exceptions();
}
catch (...)
{}
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Chapter 10

More Operator Overloading

Having covered the overloaded assignment operator in chapter 8, and having shown several examples
of other overloaded operators as well (i.e., the insertion and extraction operators in chapters 3 and 6),
we will now take a look at operator overloading in general.

10.1 Overloading ‘operator[]()’

As our next example of operator overloading, we introduce a class | nt Arr ay encapsulating an array
of i nts. Indexing the array elements is possible using the standard array index operator [], but
additionally checks for array bounds overflow will be performed. Furthermore, the index operator
(oper at or [ ] ) is interesting in that it can be used in expressions as both lvalue and as rvalue.

Here is an example showing the basic use of the class:

int main()
{
IntArray x(20); /1 20 ints
for (int i =0; i < 20; i++)
x[i] =i = 2; /1 assign the el enments
for (int i =0; i <= 20; i++) /1 produces boundary overfl ow
cout << "At index " << i << ": value is " << x[i] << ’'\n’;
}

First, the constructor is used to create an object containing 20 i nt s. The elements stored in the object
can be assigned or retrieved. The first f or -loop assigns values to the elements using the index operator,
the second f or -loop retrieves the values but also results in a run-time error once the non-existing value
x[ 20] is addressed. The | nt Arr ay class interface is:

class IntArray

{
i nt +d_dat a;
size t d_size;

publi c:
IntArray(size_t size = 1);
IntArray(lntArray const &other);
~IntArray();
IntArray const &operator=(IntArray const &other);

197
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/'l overl oaded i ndex operators:

int &operator[](size_t index); [l first
int const &operator[](size_t index) const; /'l second
voi d swap(lntArray &other); /1 trivial

private:

voi d boundary(size_t index) const;
i nt &operatorlndex(size_ t index) const;

b
This class has the following characteristics:

e One of its constructors has a si ze_t parameter having a default argument value, specifying the
number of i nt elements in the object.

e The class internally uses a pointer to reach allocated memory. Hence, the necessary tools are
provided: a copy constructor, an overloaded assignment operator and a destructor.

e Note that there are two overloaded index operators. Why are there two?

The first overloaded index operator allows us to reach and modify the elements of non-constant
I nt Arr ay objects. This overloaded operator’s prototype is a function returning a reference to an
i nt. This allows us to use expressions like x[ 10] as rvalues or lvalues.

With non-const | nt Arr ay objects oper at or[] can therefore be used to retrieve and to assign
values. The return value of the non-const oper at or [ ] member is not an i nt const &, but an
i nt & In this situation we don’t use const, as we must be able to modify the element we want
to access when the operator is used as lvalue.

This whole scheme fails if there’s nothing to assign. Consider the situation where we have an
I nt Array const stabl e(5). Such an object is an immutable const object. The compiler detects
this and refuses to compile this object definition if only the non-const oper at or[] is available.
Hence the second overloaded index operator is added to the class’s interface. Here the return
value is an i nt const &, rather than an i nt & and the member function itself is a const
member function. This second form of the overloaded index operator is only used with const
objects. It is used for value retrieval instead of value assignment. That, of course, is precisely
what we want when using const objects. In this situation members are overloaded only by their
const attribute. This form of function overloading was introduced earlier in the C++ Annotations
(sections 2.5.4 and 7.5).

Since | nt Array stores values of a primitive type | nt Array’s operator[] const could also
have defined a value return type. However, with objects one usually doesn’t want the extra copy-
ing that’s implied with value return types. In those cases const &return values are preferred for
const member functions. So, in the | nt Array class an i nt return value could have been used
as well, resulting in the following prototype:

int IntArray::operator[](int index) const;

e As there is only one pointer data member, the destruction of the memory allocated by the object
is a simple del et e[] data.

Now, the implementation of the members (omitting the trivial implementation of swap, cf. chapter 8)
are:

#include "intarray.ih"
IntArray::IntArray(size_t size)

d_size(size)
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{
if (d_size < 1)
throw string("IntArray: size of array must be >= 1");

d data = new int[d_size];

}

IntArray::IntArray(lntArray const &other)
d_si ze(ot her.d_si ze);
d data(new int[d_size]);

{
}

IntArray::~IntArray()

mencpy(d_data, other.d _data, d_size * sizeof(int));

del ete[] d_data;
}

IntArray const & ntArray::operator=(lntArray const &other)

{
IntArray tnp(other);

swap(tnp);
return xthis;

}
int & ntArray::operatorlndex(size_t index) const
{
boundary(i ndex) ;
return d_data[index];
}
int & ntArray::operator[](size_t index)
{
return operatorlndex(index);
}
int const & ntArray::operator[](size_t index) const
{
return operatorlndex(index);
}
void I ntArray::boundary(size_ t index) const
{
if (index < d_size)
return;
ostringstream out;
out << "IntArray: boundary overflow, index =" <<
index << ", should be <" << d_size << '\n’;
throw out.str();
}

Note how the oper at or[ ] members were implemented: as non-const members may call const mem-
ber functions and as the implementation of the const member function is identical to the non-const
member function’s implementation both oper at or [ ] members could be defined inline using an auxil-
iary function i nt &oper at or I ndex(si ze_t index) const. A const member function may return
a non-const reference (or pointer) return value, referring to one of the data members of its object. Of
course, this is a potentially dangerous backdoor that may break data hiding. However, the members in
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the public interface prevent this breach and so the two public oper at or [ ] members may themselves
safely call the same i nt &oper at or I ndex() const member, that defines a private backdoor.

10.2 Overloading the insertion and extraction operators

Classes may be adapted in such a way that their objects may be inserted into and extracted from,
respectively, a st d: : ostreamand std: : i st ream

The class st d: : ost r eamdefines insertion operators for primitive types, such asi nt,char =, etc.. In
this section we will learn how to extend the existing functionality of classes (in particular st d: : i stream
and st d: : ost r eam in such a way that they can be used also in combination with classes developed
much later in history.

In this section we will show how the insertion operator can be overloaded allowing the insertion of
any type of object, say Per son (see chapter 8), into an ost r eam Having defined such an overloaded
operator the following will be possible:

Person kr("Kernighan and Ritchie", "unknown", "unknown");

cout << "Nane, address and phone nunber of Person kr:\n" << kr << ’'\n’;

The statement cout << kr uses oper at or <<. This member function has two operands: an ost r eam
& and a Per son &. The required action is defined in an overloaded free function oper at or << expect-
ing two arguments:

/1 declared in ‘person.h
std::ostream &operat or<<(std::ostream &ut, Person const &person);

/1 defined in sonme source file
ostream &oper at or <<(ostream &out, Person const &person)

{
return
out <<
" Narme: " << person.nane() << ", "
"Address: " << person.address() << ", "
"Phone: " << person. phone();
}

The free function oper at or << has the following noteworthy characteristics:

e The function returns a reference to an ost r eamobject, to enable ‘chaining’ of the insertion oper-
ator.

e The two operands of oper at or << are passed to the free function as its arguments. In the exam-
ple, the parameter out was initialized by cout , the parameter per son by kr.

In order to overload the extraction operator for, e.g., the Per son class, members are needed modifying
the class’s private data members. Such modifiers are normally offered by the class interface. For the
Per son class these members could be the following:

voi d set Nane(char const =*nane);
voi d set Address(char const =*address);
voi d set Phone(char const *phone);

These members may easily be implemented: the memory pointed to by the corresponding data member
must be deleted, and the data member should point to a copy of the text pointed to by the parameter.
E.g,
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voi d Person::set Address(char const =*address)

del ete[] d_address;
d_address = strdupnew(address);

A more elaborate function should check the reasonableness of the new address (addr ess also shouldn’t
be a 0-pointer). This however, is not further pursued here. Instead, let’s have a look at the final
oper at or >>. A simple implementation is:

i stream &operat or>>(i stream & n, Person &person)

{
string nane;
string address;
string phone;
if (in >> name >> address >> phone) /'l extract three strings
{
person. set Nane(nane.c_str());
person. set Address(address.c_str());
per son. set Phone(phone.c_str());
}
return in;
}

Note the stepwise approach that is followed here. First, the required information is extracted using
available extraction operators. Then, if that succeeds, modifiers are used to modify the data members
of the object to be extracted. Finally, the stream object itself is returned as a reference.

10.3 Conversion operators

A class may be constructed around a built-in type. E.g., a class St ri ng, constructed around the char
* type. Such a class may define all kinds of operations, like assignments. Take a look at the following
class interface, designed after the st ri ng class:

class String

{
char =d_string;
public:
String();
String(char const xarg);
~String();
String(String const &other);
String const &operator=(String const & val ue);
String const &operator=(char const xrval ue);
b

Objects of this class can be initialized from a char const =*, and also from a St ri ng itself. There is
an overloaded assignment operator, allowing the assignment from a Stri ng object and from a char
const =*1,

Usually, in classes that are less directly linked to their data than this Stri ng class, there will be
an accessor member function, like a member char const *String::c_str() const. However, the

INote that the assignment from a char const * also allows the null-pointer. An assignment like st ri ngQbj ect = 0 is
perfectly in order.
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need to use this latter member doesn’t appeal to our intuition when an array of St ri ng objects is

defined by, e.g., a class St ri ngAr r ay. If this latter class provides the oper at or [ ] to access individual
St ri ng members, it would most likely offer at least the following class interface:

class StringArray

{
String *d_store;
size t d_n;
publi c:
StringArray(size_t size);
StringArray(StringArray const &other);
StringArray const &operator=(StringArray const &rval ue);
~StringArray();
String &operator[](size_t index);
b

This interface allows us to assign St ri ng elements to each other:

StringArray sa(10);

sa[4] = sa[3]; [// String to String assignment
But it is also possible to assign a char const * to an element of sa:
sa[3] = "hello world";
Here, the following steps are taken:

e First, sa[ 3] is evaluated. This results in a St ri ng reference.
e Next, the St ri ng class is inspected for an overloaded assignment, expecting a char const =* to

its right-hand side. This operator is found, and the string object sa[ 3] receives its new value.

Now we try to do it the other way around: how to access the char const = that’s stored in sa[ 3] ?
The following attempt fails:

char const *cp = sa[3];

It fails since we would need an overloaded assignment operator for the ’class char const *’. Un-
fortunately, there isn’t such a class, and therefore we can’t build that overloaded assignment operator
(see also section 10.12). Furthermore, casting won’t work as the compiler doesn’t know how to cast a
Stringtoachar const *. How to proceed?

One possibility is to define an accessor member function c_str () :

char const *cp = sa[3].c_str()

This compiles fine but looks clumsy.... A far better approach would be to use a conversion operator.

A conversion operator is a kind of overloaded operator, but this time the overloading is used to cast the
object to another type. In class interfaces, the general form of a conversion operator is:

operator <type>() const;
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Conversion operators usually are const member functions: they are automatically called when their
objects are used as rvalues in expressions having a t ype lvalue. Using a conversion operator a St ri ng
object may be interpreted as a char const =* rvalue, allowing us to perform the above assignment.

Conversion operators are somewhat dangerous. The conversion is automatically performed by the
compiler and unless its use is perfectly transparent it may confuse those who read code in which con-
version operators are used. E.g., novice C++ programmers are frequently confused by statements like
Gf (cin) ...

As a rule of thumb: classes should define at most one conversion operator. Multiple conversion op-
erators may be defined but frequently result in ambiguous code. E.g., if a class defines oper at or
bool () const and operator int() const then passing an object of this class to a function expect-
ing a si ze_t argument results in an ambiguity as an i nt and a bool may both be used to initialize a
size_t.

In the current example, the class Stri ng could define the following conversion operator for char
const x:

String::operator char const *() const

{
}

return d_string;

Notes:

e Conversion operators do not define return types. The conversion operator returns a value of the
type specified beyond the oper at or keyword.

e In certain situations (e.g., when a St ri ng argument is passed to a function specifying an ellipsis
parameter) the compiler needs a hand to disambiguate our intentions. A st ati c_cast will solve
the problem.

e With template functions conversion operators may not work immediately as expected. For exam-
ple, when defining a conversion operator X: : operator std::string const() const then
cout « X() won’t compile. The reason for this is explained in section 20.8, but a shortcut allow-
ing the conversion operator to work is to define the following overloaded oper at or « function:

std:: ostream &operator<<(std::ostream&out, std::string const &str)

{
}

return out.wite(str.data(), str.length());

Conversion operators are also used when objects of classes defining conversion operators are inserted
into streams. Realize that the right hand sides of insertion operators are function parameters that are
initialized by the operator’s right hand side arguments. The rules are simple:

e Ifa class X defining a conversion operator also defines an insertion operator accepting an X object
the insertion operator is used,;

e Otherwise, if the type returned by the conversion operator is insertable then the conversion oper-
ator is used,;

e Otherwise, a compilation error results. Note that this happens if the type returned by the conver-
sion operator itself defines a conversion operator to a type that may be inserted into a stream.

In the following example an object of class | nsert abl e is directly inserted; an object of the class
Convert or uses the conversion operator; an object of the class Er r or cannot be inserted since it does
not define an insertion operator and the type returned by its conversion operator cannot be inserted
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either (Text does define an operator int() const,butthe fact that a Text itself cannot be inserted
causes the error):

#i ncl ude <i ostrean
#i ncl ude <string>
usi ng nanespace std,;

struct Insertable

{
operator int() const
{
cout << "op int()\n";
}
b
ostream &oper at or <<(ostream &out, |nsertable const & ns)
{
return out << "insertion operator"”;
}
struct Convertor
{
operator |nsertable() const
{
return Insertable();
}
b
struct Text
{
operator int() const
{
return 1;
}
b
struct Error
{
operator Text() const
{
return Text();
}
b
int main()
{
I nsertabl e insertabl e;
cout << insertable << ’'\n’;
Convertor convertor;
cout << convertor << ’'\n’;
Error error;
cout << error << '\n’
}

Some final remarks regarding conversion operators:

e A conversion operator should be a ‘natural extension’ of the facilities of the object. For example,
the stream classes define oper at or bool (), allowing constructions likei f (cin).

e A conversion operator should return an rvalue. It should do so to enforce data-hiding and because
it is the intended use of the conversion operator. Defining a conversion operator as an lvalue (e.g.,
defining an operator int &() conversion operator) opens up a back door, and the operator can
only be used as lvalue when explicitly called (as in: x. operator int& ) = 5). Don’t use it.
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e Conversion operators should be defined as const member functions as they don’t modify their
object’s data members.

e Conversion operators returning composed objects should return const references to these objects
whenever possible to avoid calling the composed object’s copy constructor.

10.4 The keyword ‘explicit’

Conversions are not only performed by conversion operators, but also by constructors accepting one
argument (i.e., constructors having one or multiple parameters, specifying default argument values for
all parameters or for all but the first parameter).

Assume a data base class Dat aBase is defined in which Per son objects can be stored. It defines a
Person *d_dat a pointer, and so it offers a copy constructor and an overloaded assignment operator.

In addition to the copy constructor Dat aBase offers a default constructor and several additional con-
structors:

e Dat aBase(Person const &): the Dat aBase initially contains a single Per son object;
e Dat aBase(i stream & n): the data about multiple persons are read from i n.

e Dat aBase(size_t count, istream & n = cin): the data of count persons are read from
i n, by default the standard input stream.

The above constructors all are perfectly reasonable. But they also allow the compiler to compile the
following code without producing any warning at all:

Dat aBase db;
Dat aBase db2;
Per son person;

db2 = db; /111
db2 = person; Il 2
db2 = 10; /13
db2 = cin; Il 4

Statement 1 is perfectly reasonable: db is used to redefine db2. Statement 2 might be understandable
since we designed Dat aBase to contain Per son objects. Nevertheless, we might question the logic
that’s used here as a Per son is not some kind of Dat aBase. The logic becomes even more opaque when
looking at statements 3 and 4. Statement 3 in effect will wait for the data of 10 persons to appear at
the standard input stream. Nothing like that is suggested by db2 = 10.

All four statements are the result of implicit promotions. Since constructors accepting, respectively
a Person, a size t and an i st reamhave been defined for Per sonDat a and since the assignment
operator expects a Per sonDat a right-hand side (rhs) argument the compiler will first convert the rhs
arguments to anonymous Dat aBase objects which are then assigned to db2.

It is good practice to prevent implicit promotions by using the expl i ci t modifier when declaring a
constructor. Constructors using the expl i ci t modifier can only be used to construct objects explicitly.
Statements 2-4 would not have compiled if the constructors expecting one argument would have been
declared using explicit. E.g.,

explicit DataBase(Person const &person);
explicit DataBase(size t count, std:istream& n);
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Having declared all constructors accepting one argument as expl i cit the above assignments would
have required the explicit specification of the appropriate constructors, thus clarifying the program-
mer’s intent:

Dat aBase db;
Dat aBase db2;
Person person;

db2 = db; /11
db2 = Dat aBase(person); // 2
db2 = Dat aBase( 10); /1 3
db2 = Dat aBase(cin); /1 4

As a rule of thumb prefix one argument constructors with the expl i ci t keyword unless implicit pro-
motions are perfectly natural (st ri ng’schar const = accepting constructor is a case in point).

10.4.1 Explicit conversion operators (C++0x, 4.5)

In addition to explicit constructors, the C++0x standard adds explicit conversion operators to C++.

For example, a class might define oper at or bool () const returningtr ue if an object of that class
is in a usable state and f al se if not. Since the type bool is an arithmetic type this could result in
unexpected or unintended behavior. Consider:

cl ass StreanHandl er

{

public:

operat or bool () const; /1 true: object is fit for use

b
int fun(StreanHandl er &sh)
{

int sx;

if (sh) /1 intended use of operator bool ()

use sh as usual; also use ‘sx’

process(sh); /1 typo: ‘sx’ was intended

}

In this example pr ocess unintentionally receives the value returned by oper at or bool using the
implicit conversion from bool toi nt.

With explicit conversion operators implicit conversions like the one shown in the example are pre-
vented and such conversion operators will only be used in situations where the converted type is ex-
plicitly required. E.g., in the condition sections of i f or repetition statements where a bool value is
expected. In such cases an explicit operator bool () conversion operator would automatically be
used.

10.5 Overloading the increment and decrement operators

Overloading the increment operator (oper at or ++) and decrement operator (oper at or ——) introduces
a small problem: there are two versions of each operator, as they may be used as postfix operator (e.g.,
X++) or as prefix operator (e.g., ++X).



10.5. OVERLOADING THE INCREMENT AND DECREMENT OPERATORS 207

Used as postfix operator, the value’s object is returned as an rvalue, temporary const object and the post-
incremented variable itself disappears from view. Used as prefix operator, the variable is incremented,
and its value is returned as lvalue and it may be altered again by modifying the prefix operator’s return
value. Whereas these characteristics are not required when the operator is overloaded, it is strongly
advised to implement these characteristics in any overloaded increment or decrement operator.

Suppose we define a wrapper class around the si ze_t value type. Such a class could offer the following
(partially shown) interface:

cl ass Unsi gned

{
size_t d_val ue;
public:
Unsi gned() ;
explicit Unsigned(size_t init);
Unsi gned &operat or ++();
}

The class’s last member declares the prefix overloaded increment operator. The returned lvalue is
Unsi gned & The member is easily implemented:

Unsi gned &Unsi gned: : oper at or ++()

{

++d_val ue;
return xthis;

}

To define the postfix operator, an overloaded version of the operator is defined, expecting a (dummy)
i nt argument. This might be considered a kludge, or an acceptable application of function overloading.
Whatever your opinion in this matter, the following can be concluded:

e Overloaded increment and decrement operators without parameters are prefix operators, and
should return references to the current object.

e Overloaded increment and decrement operators having an int parameter are postfix operators,
and should return a constant value which is a copy of the object at the point where its postfix
operator is used.

The postfix increment operator is declared as follows in the class Unsi gned’s interface:
Unsi gned const operator++(int);
It may be implemented as follows:

Unsi gned const Unsigned: : operat or ++(i nt)

{
Unsi gned t np(*this);
++d_val ue;
return tnp;

}

Note that the operator’s parameter is not used. It is only part of the implementation to disambiguate
the prefix- and postfix operators in implementations and declarations.

In the above example the statement incrementing the current object offers the nothrow guarantee
as it only involves an operation on a primitive type. If the initial copy construction throws then the
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original object is not modified, if the return statement throws the object has safely been modified. But
incrementing an object could itself throw exceptions. How to implement the increment operators in
that case? Once again, swap is our friend. Here are the pre- and postfix operators offering the strong
guarantee when the member i ncr enent performing the increment operation may throw:

Unsi gned &Unsi gned: : oper at or ++()

{
Unsi gned tnp(*this);
tnp.increnent();
swap(tnp);
return «this;
}
Unsi gned const Unsigned: : operat or ++(i nt)
{
Unsi gned tnp(+*this);
tnp.increnent();
swap(tnp);
return tnp;
}

The postfix increment operator first creates a copy of the current object. That copy is incremented
and then swapped with the current object. If i ncr ement throws the current object remains unaltered;
the swap operation ensures that the original object is returned and the current object becomes the
incremented object.

When calling the postfix increment or decrement operator using its full member function name then
any i nt argument passed to the member function will result in calling the postfix operator. Example:

Unsi gned uns(13);

uns. oper at or ++(); /'l prefix-increnmenting uns
uns. oper at or ++(0) ; /'l postfix-incrementing uns

10.6 Overloading binary operators

In various classes overloading binary operators (like oper at or +) can be a very natural extension of the
class’s functionality. For example, the st d: : st ri ng class has various overloaded forms of oper at or +.

Most binary operators come in two flavors: the plain binary operator (like the + operator) and the
arithmetic assignment variant (like the += operator). Whereas the plain binary operators return const
expression values, the arithmetic assignment operators return a (non-const) reference to the object to
which the operator was applied. For example, with st d: : st ri ng objects the following code (annota-
tions below the example) may be used:

std::string si;
std::string s2;
std::string s3;

sl = s2 += s3; /11
(s2 += s3) + " postfix"; I 2
sl = "prefix " + s3; Il 3
"prefix " + s3 + "postfix"; /Il 4
("prefix " + s3) += "postfix"; [/ 5

e at// 1 the contents of s3 is added to s2. Next, s2 is returned, and its new contents are assigned
to s1. Note that += returns s2 itself.
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at// 2 the contents of s3 is also added to s2, but as += returns s2 itself, it’s possible to add some
more to s2

at// 3 the + operator returns a st d: : st ri ng containing the concatenation of the text prefi x
and the contents of s3. This string returned by the + operator is thereupon assigned to s1.

at// 4 the + operator is applied twice. The effect is:

1. The first + returns a st d: : st ri ng containing the concatenation of the text pr ef i x and the
contents of s3.

2. The second + operator takes this returned string as its left hand value, and returns a string
containing the concatenated text of its left and right hand operands.

3. The string returned by the second + operator represents the value of the expression.

statement // 5 is interesting in that it should not compile (it does compile with the Ghu com-
piler). It should not compile, as the + operator should return a const string. This should prevent
its modification by the subsequent += operator (compare this situation with i nt values: (3 +
i ntVar) += 4 won’t compile. Clearly, st d: : st ri ng does not do ‘as the ints do’). In the C++ An-
notations binary arithmetic operators return const values to render statements like statement
/'l 5 incompilable.

Consider the following code, in which a class Bi nar y supports an overloaded oper at or +:

cl ass Binary

{
public:
Bi nary();
Bi nary(int val ue);
Bi nary const operator+(Binary const &rval ue);
b
int main()
{
Bi nary b1,
Bi nary b2(5);
bl = b2 + 3; /11
bl = 3 + b2; /1 2
}

Compilation of this little program fails for statement // 2, with the compiler reporting an error like:

error: no match for 'operator+ in '3 + b2

Why is statement // 1 compiled correctly whereas statement // 2 won’t compile?

In order to understand this remember promotions. As we have seen in section 10.4, constructors ex-
pecting a single argument may be implicitly activated when an argument of an appropriate type is
provided. We’ve encountered this repeatedly with st d:: stri ng objects, where an ASCI | - Z string
may be used to initialize a st d: : st ri ng object.

Analogously, in statement // 1, the + operator is called for the b2 object. This operator expects another
Bi nary object as its right hand operand. However, an i nt is provided. As a constructor Bi nary(i nt)
exists, the i nt value is first promoted to a Bi nary object. Next, this Bi nary object is passed as
argument to the oper at or + member.

In statement // 2 no promotions are available: here the + operator is applied to an lvalue that is
anint. An int is a primitive type and primitive types have no concept of ‘constructors’, ‘member
functions’ or ‘promotions’.
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How, then, are promotions of left-hand operands implemented in statements like "prefi x " + s3?
Since promotions are applied to function arguments, we must make sure that both operands of binary
operators are arguments. This means that plain binary arithmetic operators should be declared as free
operators, also called free functions. Functions like the plain binary arithmetic operators conceptually
belong to the class for which they implement the binary operator. Consequently they should be declared
within the class’s header file. We will cover their implementations shortly, but here is our first revision
of the declaration of the class Bi nary, declaring an overloaded + operator as a free function:

class Binary

{
public:
Bi nary();
Bi nary(int val ue);

b

Bi nary const operator+(Binary const & _hand, Binary const & _hand);
By defining binary operators as free functions, the following promotions are possible:

e If the left-hand operand is of the intended class type, the right hand argument will be promoted
whenever possible;

e If the right-hand operand is of the intended class type, the left hand argument will be promoted
whenever possible;

e No promotions occur when none of the operands are of the intended class type;

e An ambiguity occurs when promotions to different classes are possible for the two operands. For

example:
class A
class B
{
publi c:
B(A const &a);
1
class A
{
public:
A();
A(B const &b);
1

A const operator+(A const &, B const &b);
B const operator+(B const &b, A const &a);

int main()
{
A a;
a + a;
1

Here, both overloaded + operators are possible when compiling the statement a + a. The ambi-
guity must be solved by explicitly promoting one of the arguments, e.g., a + B(a) will allow the
compiler to resolve the ambiguity to the first overloaded + operator.
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The next step is to implement the corresponding overloaded arithmetic assignment operator. As this
operator always has a left-hand operand which is an object of its own class, it is implemented as a true
member function. Furthermore, the arithmetic assignment operator should return a reference to the
object to which the arithmetic operation applies, as the object might be modified in the same statement.
E.g.,(s2 += s3) + " postfix". Here is our second revision of the class Bi nary, showing both the
declaration of the plain binary operator and the corresponding arithmetic assignment operator:

class Binary

{
public:
Bi nary();
Bi nary(int val ue);
Bi nary const operator+(Binary const &rval ue);
Bi nary &operator+=(Bi nary const &other);
b

Bi nary const operator+(Binary const & hs, Binary const &rhs);

If a class benefits from being move-aware then for each const reference parameter an overloaded func-
tion expecting a const rvalue reference may be considered. With the class Bi nar y and its oper at or +
this would boil down to the following overloaded oper at or + functions:

Bi nary const operator+(Binary const &l tnp, Binary const & hs);
Bi nary const operator+(Binary const &l hs, Bi nary const &&rtnp);
Bi nary const operator+(Binary const &&l tnp, Binary const &&rtnp);

When implementing the arithmetic assignment operator the strong guarantee should again be kept in
mind. Use a temporary object and swap if the arithmetic operation might throw. Example:

Bi nary &operator+=(Bi nary const &ot her)

{
Bi nary tnp(*this);
t np. add( ot her) ; /1 this may throw
swap(tnp);
return «this;
}

Here, too, defining oper at or +=(Bi nary const &&t np) should be considered if Bi nary must be a
move-aware class.

Having available the arithmetic assignment operator, implementating the plain binary operator is easy.
The | hs argument is copied into a Bi nary t np to which the r hs operand is added. Then t np is re-
turned. The copy construction and two statements may be contracted into one single return statement,
but then compilers usually aren’t able to apply copy elision resulting in two copy constructions. Usually
copy elision is performed when the steps are taken separately:

cl ass Binary
{
publi c:
Bi nary();
Bi nary(int val ue);
Bi nary const operator+(Binary const &rval ue);

Bi nary &operator+=(Bi nary const &other);
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Bi nary const operator+(Binary const & hs, Binary const &rhs)
{

Bi nary tnp(Il hs);

tnp += rhs;

return tnp;

10.7 Overloading ‘operator new(size_t)’

When oper at or newis overloaded, it must define a voi d * return type, and its first parameter must
be of type si ze_t. The default oper at or new defines only one parameter, but overloaded versions
may define multiple parameters. The first one is not explicitly specified but is deducted from the size of
objects of the class for which oper at or newis overloaded. In this section overloading oper at or new
is discussed. Overloading newf | is discussed in section 10.9.

It is possible to define multiple versions of the oper at or new, as long as each version defines its
own unique set of arguments. When overloaded oper at or new members must dynamically allocate
memory they can do so using the global oper at or new, applying the scope resolution operator: : . In
the next example the overloaded oper at or new of the class St ri ng will initialize the substrate of
dynamically allocated St r i ng objects to 0-bytes:

#i ncl ude <cst ddef >
#i ncl ude <i osfwd>

class String

{
std::string *=d_data;
public:
voi d *operator new(size t size)
{
return nmenset (::operator new(size), 0, size);
}
bool enpty() const
{
return d _data == 0;
}
b

The above oper at or new is used in the following program, illustrating that even though St ri ng’s
default constructor does nothing the object’s data are initialized to zeroes:

#i ncl ude "string. h"
#i ncl ude <i ostrean
usi ng nanespace std;

int main()
{

String *sp = new String;

cout << bool al pha << sp->enpty() << '\n’; /1 shows: true

}

At new Stri ng the following took place:

e First, String:: operat or newwas called, allocating and initializing a block of memory, the size
of a Stri ng object.
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e Next, a pointer to this block of memory was passed to the (default) St ri ng constructor. Since no
constructor was defined, the constructor itself didn’t do anything at all.

As String::operator newinitialized the allocated memory to zero bytes the allocated Stri ng ob-
ject’s d_dat a member had already been initialized to a 0-pointer by the time it started to exist.

All member functions (including constructors and destructors) we’ve encountered so far define a (hid-
den) pointer to the object on which they should operate. This hidden pointer becomes the function’s
t hi s pointer.

In the next example of pseudo C++ code, the pointer is explicitly shown to illustrate what’s happening
when oper at or newis used. In the first part a St ri ng object str is directly defined, in the second
part of the example the (overloaded) oper at or newis used:

String::String(String *const this); /'l real prototype of the default
/'l constructor

String *sp = new String; /'l This statenent is inplenented
/1 as follows:

String *sp = reinterpret_cast<String *>( /1 allocation
String::operator newsizeof (String))
)
String::String(sp); /1 initialization

In the above fragment the member functions were treated as object-less member functions of the class
Stri ng. Such members are called static member functions (cf. chapter 11). Actually, oper at or newis
such a static member function. Since it has no t hi s pointer it cannot reach data members of the object
for which it is expected to make memory available. It can only allocate and initialize the allocated
memory, but cannot reach the object’s data members by name as there is as yet no data object layout
defined.

Following the allocation, the memory is passed (as the t hi s pointer) to the constructor for further
processing.

Oper at or new can have multiple parameters. The first parameter is initialized as an implicit ar-
gument and is always a si ze_t parameter. Additional overloaded operators may define additional
parameters. An interesting additional oper at or newis the placement new operator. With the place-
ment new operator a block of memory has already been set aside and one of the class’s constructors
will be used to initialize that memory. Overloading placement new requires an oper at or new having
two parameters: si ze_t and char =*, pointing to the memory that was already available. The si ze_t
parameter is implicitly initialized, but the remaining parameters must explicitly be initialized using
arguments to operat or new. Hence we reach the familiar syntactical form of the placement new
operator in use:

char buffer[sizeof (String)]; /'l predefined nenory
String *sp = newbuffer) String; /1 placenent new call

The declaration of the placement new operator in our class St ri ng looks like this:
voi d *operator new(size t size, char *nmenory);
It could be implemented like this (also initializing the St ri ng’s memory to 0-bytes):

void *String::operator new(size_ t size, char *menory)

{
}

return nenset (nmenory, 0, size);
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Any other overloaded version of oper at or new could also be defined. Here is an example showing
the use and definition of an overloaded oper at or new storing the object’s address immediately in an
existing array of pointers to St ri ng objects (assuming the array is large enough):

/'] use:
String *next(String **pointers, size_t =*idx)
{

return new(pointers, (xidx)++) String;
}

/1 inmplenentation:
void *String::operator new(size t size, String **pointers, size t idx)

{
}

return pointers[idx] = ::operator new(size);

10.8 Overloading ‘operator delete(void *)’

The del et e operator may also be overloaded. In fact it’s good practice to overload oper at or del et e
whenever oper at or newis also overloaded.

Oper at or del et e must define a voi d * parameter. A second overloaded version defining a second
parameter of type si ze_t is related to overloading oper at or new ] and is discussed in section 10.9.

Overloaded oper at or del et e members return voi d.
The ‘home-made’ oper at or del et e is called when deleting a dynamically allocated object after exe-
cuting the destructor of the associated class. So, the statement

delete ptr;

with pt r being a pointer to an object of the class St ri ng for which the operator del et e was overloaded,
is a shorthand for the following statements:

ptr->~String(); // call the class’s destructor

/1 and do things with the nenmory pointed to by ptr
String::operator delete(ptr);

The overloaded oper at or del et e may do whatever it wants to do with the memory pointed to by
pt r. It could, e.g., simply delete it. If that would be the preferred thing to do, then the default del et e
operator can be called using the : : scope resolution operator. For example:

void String::operator delete(void *ptr)

{

/1 any operation considered necessary, then, maybe:
;. delete ptr;

To declare the above overloaded oper at or del et e simply add the following line to the class’s inter-
face:

voi d operator delete(void *ptr);

Like oper at or new oper at or del et e is a static member function (see also chapter 11).
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10.9 Operators ‘new[]’ and ‘delete[]’

In sections 8.1.1, 8.1.2 and 8.2.1 operator new ] and operator del et e[] were introduced. Like
oper ator newand oper at or del et e the operators new| ] and del et e[ ] may be overloaded.

As it is possible to overload new[ ] and del et e[] as well as oper at or newand oper at or del ete,
one should be careful in selecting the appropriate set of operators. The following rule of thumb should
always be applied:

If newis used to allocate memory, del et e should be used to deallocate memory. If new ] is
used to allocate memory, del et e[ ] should be used to deallocate memory.

By default these operators act as follows:

e operat or newis used to allocate a single object or primitive value. With an object, the object’s
constructor is called.

e operat or del et e is used to return the memory allocated by oper at or new. Again, with class-
type objects, the class’s destructor is called.

e operator new ] is used to allocate a series of primitive values or objects. If a series of objects is
allocated, the class’s default constructor is called to initialize each object individually.

e operator del ete[] is used to delete the memory previously allocated by new[ ] . If objects
were previously allocated, then the destructor will be called for each individual object. Be careful,
though, when pointers to objects were allocated. If pointers to objects were allocated the destruc-
tors of the objects to which the allocated pointers point won’t automatically be called. A pointer is
a primitive type and so no further action is taken when it is returned to the common pool.

10.9.1 Overloading ‘newl[]’

To overload oper at or new| ] in a class (e.g., in the class St ri ng) add the following line to the class’s
interface:

voi d »operator new ] (size_t size);

The member’s si ze parameter is implicitly provided and is initialized by C++’s run-time system to
the amount of memory that must be allocated. Like the simple one-object oper at or new it should
return a voi d *. The number of objects that must be initialized can easily be computed from si ze
| sizeof (String) (and of course replacing St ri ng by the appropriate class name when overloading
operator new ] for another class). The overloaded new] ] member may allocate raw memory using
e.g., the default oper at or new ] or the default oper at or new:

voi d *operator new ] (size_t size)

{
return ::operator new](size);
/1 alternatively:
/1 return ::operator new(size);
}

Before returning the allocated memory the overloaded oper at or new| ] has a chance to do something
special. It could, e.g., initialize the memory to zero-bytes.

Once the overloaded oper at or new{ ] has been defined, it will be used automatically in statements
like:

String *op = new String[12];
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Like oper at or new additional overloads of oper at or new[] may be defined. One opportunity for
an operator new ] overload is overloading placement new specifically for arrays of objects. This
operator is available by default but becomes unavailable once at least one overloaded oper at or new ]
is defined. Implementing placement newis not difficult. Here is an example, initializing the available
memory to 0-bytes before returning:

void *String::operator new](size_t size, char *nenory)

{
}

return nenset (nenory, 0, size);

To use this overloaded operator, the second parameter must again be provided, as in:

char buffer[12 * sizeof (String)];
String *sp = new(buffer) String[12];

10.9.2 Overloading ‘delete[]’
To overload oper at or del ete[] in a class Stri ng add the following line to the class’s interface:
voi d operator delete[](void *nenory);

Its parameter is initialized to the address of a block of memory previously allocated by St ri ng: : new ] .

There are some subtleties to be aware of when implementing oper at or del ete[]. Although the
addresses returned by new and new| ] point to the allocated object(s), there is an additional si ze _t
value available immediately before the address returned by newand new{ ] . This si ze_t value is part
of the allocated block and contains the actual size of the block. This of course does not hold true for the
placement new operator.

When a class defines a destructor the si ze_t value preceding the address returned by new{ ] does not
contain the size of the allocated block, but the number of objects specified when calling new{ ] . Normally
that is of no interest, but when overloading oper at or del et e[ ] it might become a useful piece of
information. In those cases oper at or del et e[] will not receive the address returned by new| ] but
rather the address of the initial si ze_t value. Whether this is at all useful is not clear. By the time
del et e[ ] ’s code is executed all objects have already been destroyed, so oper at or del ete[] is only
to determine how many objects were destroyed but the objects themselves cannot be used anymore.

Here is an example showing this behavior of oper at or del et e[] for a minimal Denp class:

struct Deno

{
size_t idx;
Deno()
{
cout << "default cons\n";
}
~Deno()
{
cout << "destructor\n";
}
voi d *operator new ] (size_t size)
{
return ::operator new size);
}

voi d operator delete[](void *vp)

{
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cout << "delete[] for: " << vp << ’'\n’
::operator delete[](vp);
}
H
int main()
{
Demo *xp;
cout << ((int *)(xp = new Deno[3]))[-1] << '\n’;
cout << xp << '\n’;
cout << " \n";
del ete[] xp;
}

/1 This programdisplays (your 0x?????? addresses m ght differ, but
/'l the difference between the two shoul d be sizeof (size_t)):

/1 default cons

/1 default cons

/1 default cons

/1 3
/1 0x8bdd00c
!/ —=======—=—=========

/1l destructor
/'l destructor
/'l destructor
/1 delete[] for: 0x8bdd008

Having overloaded oper at or del ete[] for a class Stri ng, it will be used automatically in state-
ments like:

del ete[] new String[5];

Operator del et e[ ] may also be overloaded using an additional si ze_t parameter:

voi d operator delete[](void *p, size t size);

Here si ze is automatically initialized to the size (in bytes) of the block of memory to which voi d
*p points. If this form is defined, then voi d operator[] (voi d *) should not be defined, to avoid
ambiguities. An example of this latter form of oper at or del ete[] is:

void String::operator delete[](void *p, size_t size)
{
cout << "deleting " << size << " bytes\n";
::operator delete[](ptr);

Additional overloads of oper at or del et e[ ] may be defined, but to use them they must explicitly be
called as static member functions (cf. chapter 11). Example:

/1 decl aration:

void String::operator delete[](void *p, ostream &out);
/'l usage:

String *xp = new String[3];

String::operator delete[](xp, cout);
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10.9.3 ‘newl[]’, ‘delete[]’ and exceptions

When an exception is thrown while executing a new|{ ] expression, what will happen? In this section
we’ll show that new[ ] is exception safe even when only some of the objects were properly constructed.

To begin, new[ ] might throw while trying to allocate the required memory. In this case a bad_al | oc
is thrown and we don’t leak as nothing was allocated.

Having allocated the required memory the class’s default constructor will be called for each of the
objects in turn. At some point a constructor might throw. What happens next is defined by the C++
standard: the destructors of the already constructed objects will be called and the memory allocated
for the objects themselves is returned to the common pool. Assuming that the failing constructor offers
the basic guarantee new ] is therefore exception safe even if a constructor may throw.

The following example illustrates this behavior. A request to allocate and initialize five objects is made,
but after constructing two objects construction fails by throwing an exception. The output shows that
the destructors of properly constructed objects are called and that the allocated substrate memory is
properly returned:

#i ncl ude <i ostrean»
usi ng nanespace std;

static size t count = O;

class X
{
int x;
publi c:
X()
{
if (count == 2)
throw 1;
cout << "pject " << ++count << '\n’;
}
~X()
{
cout << "Destroyed " << this << "\n";
}
void *operator new ] (size_t size)
{
cout << "Allocating objects: " << size << " bytes\n";
return ::operator new size);
}
voi d operator delete[](void *nmen)
{
cout << "Deleting nenory at " << nmem<< ", containing: " <<
*reinterpret_cast<int *>(menm) << "\n";
.. operator delete(nem;
}
s
int main()
try
{

X *xp = new X[ 5];
cout << "Menory at
del ete[] xp;

<< xp << '\n’;
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catch (...)
{

}

/1 Qutput fromthis program (your 0x??? addresses mght differ)
/'l Allocating objects: 24 bytes

/1 Object 1

/1l Object 2

/1 Destroyed 0x8428010

/'l Destroyed 0x842800c

/1 Deleting nenory at 0x8428008, containing: 5

/1 Caught exception.

cout << "Caught exception.\n";

10.10 Function Objects

Function Objects are created by overloading the function call operator oper at or (). By defining the
function call operator an object masquerades as a function, hence the term function objects.

Function objects are important when using generic algorithms. The use of function objects is preferred
over alternatives like pointers to functions. The fact that they are important in the context of generic
algorithms leaves us with a didactic dilemma. At this point in the C++ Annotations it would have
been nice if generic algorithms would already have been covered, but for the discussion of the generic
algorithms knowledge of function objects is required. This bootstrapping problem is solved in a well
known way: by ignoring the dependency for the time being, for now concentrating on the function object
concept.

Function objects are objects for which oper at or () has been defined. Function objects are not just used
in combination with generic algorithms, but also as a (preferred) alternative to pointers to functions.

Function objects are frequently used to implement predicate functions. Predicate functions return
boolean values. Predicate functions and predicate function objects are commonly referred to as ‘pred-
icates’. Predicates are frequently used by generic algorithms such as the count_if generic algorithm,
covered in chapter 19, returning the number of times its function object has returned t r ue. In the
standard template library two kinds of predicates are used: unary predicates receive one argument,
binary predicates receive two arguments.

Assume we have a class Per son and an array of Per son objects. Further assume that the array is
not sorted. A well known procedure for finding a particular Per son object in the array is to use the
function | sear ch, which performs a lineair search in an array. Example:

Person &t arget = targetPerson(); /1 determ ne the person to find
Person *pArray;
size_t n = fillPerson(&Array);

cout << "The target person is";

if (!lsearch(& arget, pArray, &n, sizeof(Person), conpareFunction))
cout << " not";
cout << "found\n";

The function t ar get Per son determines the person we’re looking for, and fi | | Per son is called to fill
the array. Then | sear ch is used to locate the target person.

The comparison function must be available, as its address is one of the arguments of | sear ch. It must
be a real function having an address. If it is defined inline then the compiler has no choice but to ignore
that request as inline functions don’ have addresses. Conpar eFuncti on could be implemented like
this:
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i nt conpareFunction(void const *pl, void const *p2)

{

return xreinterpret_cast<Person const *>(pl) /'l 1search wants 0
I = /'l for equal objects
xreinterpret _cast<Person const *>(p2);

This, of course, assumes that the oper at or! = has been overloaded in the class Per son. But overload-
ing oper at or ! = is no big deal, so let’s assume that that operator is actually available.

On average n / 2 times at least the following actions take place:

1. The two arguments of the compare function are pushed on the stack;

2. The value of the final parameter of | sear ch is determined, producing conpar eFuncti on’s ad-
dress;

3. The compare function is called;

4. Then, inside the compare function the address of the right-hand argument of the
Per son: : oper at or ! = argument is pushed on the stack;

5. Person: : oper at or ! = is evaluated;
6. The argument of the Per son: : oper at or ! = function is popped off the stack;

7. The two arguments of the compare function are popped off the stack.

Using function objects results in a different picture. Assume we have constructed a function Per sonSear ch,
having the following prototype (this, however, is not the preferred approach. Normally a generic algo-
rithm is preferred over a home-made function. But for now we focus on Per sonSear ch to illustrate

the use and implementation of a function object):

Person const *PersonSearch(Person *base, size t nmenb,
Person const &target);

This function can be used as follows:

Person &t arget = targetPerson();
Person =pArray;
size_t n = fillPerson(&pArray);

cout << "The target person is";

if (!PersonSearch(pArray, n, target))
cout << " not";

cout << "found\n";

So far, not much has been changed. We’ve replaced the call to | sear ch with a call to another function:
Per sonSear ch. Now look at Per sonSear ch itself:

Person const *PersonSearch(Person *base, size_t nnmenb,
Person const &t arget)
{
for (int idx = 0; idx < nnenb; ++idx)
if (target(base[idx]))
return base + idx;
return O;
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Per sonSear ch implements a plain linear search. However, in the for-loop we see t ar get (base[i dx]).
Here t ar get is used as a function object. Its implementation is simple:

bool Person::operator()(Person const &other) const

{
}

return *xthis == ot her;

Note the somewhat peculiar syntax: oper at or () . The first set of parentheses define the operator that
is overloaded: the function call operator. The second set of parentheses define the parameters that are
required for this overloaded operator. In the class header file this overloaded operator is declared as:

bool operator()(Person const &other) const;

Clearly Per son: : oper at or () is a simple function. It contains but one statement, and we could con-
sider defining it inline. Assuming we do, then this is what happens when oper at or () is called:

1. The address of the right-hand argument of the Per son: : oper at or == argument is pushed on the
stack;

2. The oper at or == function is evaluated (which probably also is a semantic improvement over
calling oper at or ! = when looking for an object equal to a specified target object);

3. The argument of Per son: : oper at or == argument is popped off the stack.

Due to the fact that oper at or () is an inline function, it is not actually called. Instead oper at or ==is
called immediately. Moreover, the required stack operations are fairly modest.

Function objects may truly be defined inline. Functions that are called indirectly (i.e., using pointers to
functions) can never be defined inline as their addresses must be known. Therefore, even if the function
object needs to do very little work it is defined as an ordinary function if it is going to be called through
pointers. The overhead of performing the indirect call may annihilate the advantage of the flexibility
of calling functions indirectly. In these cases using inline function objects can result in an increase of a
program’s efficiency.

An added benefit of function objects is that they may access the private data of their objects. In a
search algorithm where a compare function is used (as with | sear ch) the target and array elements
are passed to the compare function using pointers, involving extra stack handling. Using function
objects, the target person doesn’t vary within a single search task. Therefore, the target person could
be passed to the function object’s class constructor. This is in fact what happens in the expression
target (base[i dx]) receiving as its only argument the subsequent elements of the array to search.

10.10.1 Constructing manipulators

In chapter 6 we saw constructions like cout << hex << 13 << to display the value 13 in hexadecimal
format. One may wonder by what magic the hex manipulator accomplishes this. In this section the
construction of manipulators like hex is covered.

Actually the construction of a manipulator is rather simple. To start, a definition of the manipulator is
needed. Let’s assume we want to create a manipulator wl0 which will set the field width of the next
field to be written by the ost r eamobject to 10. This manipulator is constructed as a function. The wi10
function will have to know about the ost r eamobject in which the width must be set. By providing the
function with an ost r eam & parameter, it obtains this knowledge. Now that the function knows about
the ost r eamobject we're referring to, it can set the width in that object.

Next, it must be possible to use the manipulator in an insertion sequence. This implies that the return
value of the manipulator must be a reference to an 0st r eamobject also.
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From the above considerations we’re now able to construct our wl0 function:

#i ncl ude <ostreane
#i ncl ude <i omani p>

std::ostream &w10(std::ostream &str)
{

}

return str << std::setw10);

The w10 function can of course be used in a ‘stand alone’ mode, but it can also be used as a manipulator.
E.g.,

#i ncl ude <i ostreanp
#i ncl ude <i onmani p>

usi ng nanespace std;
extern ostream &wl0(ostream &str);
int main()

{
wlO(cout) << 3 << " ships sailed to Anerica\n;

cout << "And " << wl0 << 3 << " nore ships sailed too.\n";

The w10 function can be used as a manipulator because the cl ass ost r eamhas an overloaded oper at or <<
accepting a pointer to a function expecting an 0st r eam & and returning an ost r eam &. Its definition
is:

ostream& oper at or <<(ostream ostream & *func) (ostream &str))

{
}

return («func)(*this);

In addition to the above overloaded oper at or << another one is defined

ostream &oper at or <<(i os_base &(*func) (i os_base &base))

(*func) (*this);
return xthis;

This latter function is used when inserting, e.g., hex or i nt er nal .

The above procedure does not work for manipulators requiring arguments. It is of course possible
to overload oper at or << to accept an ost r eamreference and the address of a function expecting an
ostream & and, e.g., an i nt, but while the address of such a function may be specified with the <<-
operator, the arguments itself cannot be specified. So, one wonders how the following construction has
been implemented:

cout << setprecision(3)

In this case the manipulator is defined as a macro. Macro’s, however, are the realm of the preprocessor,
and may easily suffer from unwelcome side-effects. In C++ programs they should be avoided when-
ever possible. The following section introduces a way to implement manipulators requiring arguments
without resorting to macros, but using anonymous objects.
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10.10.1.1 Manipulators requiring arguments

Manipulators taking arguments are implemented as macros: they are handled by the preprocessor,
and are not available beyond the preprocessing stage. The problem appears to be that you can’t call a
function in an insertion sequence: when using multiple oper at or << operators in one statement the
compiler will call the functions, save their return values, and will then use their return values in the
insertion sequence. That invalidates the ordering of the arguments passed to your <<-operators.

So, one might consider constructing another overloaded oper at or << accepting the address of a func-
tion receiving not just the ost r eamreference, but a series of other arguments as well. But this creaes
the problem that it isn’t clear how the function should receive its arguments: you can’t just call it since
that takes us back to the abovementioned problem. Merely passing its address is fine, but then no
arguments can’t be passed to the function.

There exists a solution, based on the use of anonymous objects:

e First, a class is constructed, e.g. Al i gn, whose constructor expects multiple arguments. In our
example representing, respectively, the field width and the alignment.

e Furthermore, we define the function:
ostream &oper at or <<(ostream &ostr, Align const &align)

so we can insert an Al i gn object into the ostream.

Here is an example of a little program using such a home-made manipulator expecting multiple argu-
ments:

#i ncl ude <i ostreanr
#i ncl ude <i ormani p>

class Align

{
unsi gned d_wi dt h;
std::ios::fmflags d_alignnent;
public:
Align(unsigned width, std::ios::fntflags alignnment);
std::ostream &operator () (std::ostream &ostr) const;
b

Align::Aign(unsigned width, std::ios::fntflags alignnent)

d_wi dt h(wi dt h),
d_al i gnnment (al i gnnent)

{}
std::ostream &Align::operator()(std::ostream&ostr) const
{
ostr.setf(d_alignnent, std::ios::adjustfield);
return ostr << std::setw(d_w dth);
}

std:: ostream &operator<<(std::ostream &ostr, Aign const &align)

{
}

usi ng nanespace std;

return align(ostr);
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int main()
{
cout
<< "*" << Align(5, ios::left) << "hi" << """
<< "*" << Align(10, ios::right) << "there" << "'\n";
}
| *

CGener at ed out put :

‘ hi T t here’
* [

Note that in order to insert an anonymous Al i gn object into the ost r eam the oper at or << function
must define a Al i gn const & parameter (note the const modifier).

10.11 The case of [iolfstream::open()

Earlier, in section 6.4.2.1, it was noted that the [ i o] f st r eam : open members expect ani 0s: : opennode
value as their final argument. E.g., to open an f st r eamobject for writing you could do as follows:

fstream out;
out.open("/tnp/out"”, ios::out);

Combinations are also possible. To open an f st r eamobject for both reading and writing the following
stanza is often seen:

fstream out;
out.open("/tnp/out", ios::in | io0s::out);

When trying to combine enum values using a ‘home made’ enumwe may run into problems. Consider
the following:

enum Per m ssi on

{
READ = 1 << 0,
WRI TE = 1 << 1,
EXECUTE = 1 << 2
I

voi d set Perm ssi on(Perni ssion perm ssion);

int main()

{
}

set Perm ssi on(READ | WRI TE) ;

When offering this little program to the compiler it will reply with an error message like this:

invalid conversion from’'int’ to ' Perm ssion’

The question is of course: why is it OK to combine i 0s: : opennode values passing these combined
values to the stream’s open member, but not OK to combine Per mi ssi on values.
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Combining enum values using arithmetic operators results in i nt -typed values. Conceptually this
never was our intention. Conceptually it can be considered correct to combine enum values if the re-
sulting value conceptually makes sense as a value that is still within the original enumeration domain.
Note that after adding a value READWRI TE = READ | WRI TE to the above enumwe’re still not allowed
to specify READ | WRI TE as an argument to set Per ni ssi on.

To answer the question about combining enumeration values and yet stay within the enumeration’s
domain we turn to operator overloading. Up to this point operator overloading has been applied to
class types. Free functions like oper at or « have been overloaded, and those overloads are conceptually
within the domain of their class.

As C++ is a stronly typed language realize that defining an enumis really something beyond the mere
association of i nt -values with symbolic names. An enumeration type is really a type of its own, and as
with any type its operators can be overloaded. When writing READ | WRI TE the compiler will perform
the default converstion from enum values to i nt values and thus will apply the operator to i nts. It
does so when it has no alternative.

But it is also possible to overload the enum type’s operators. Thus we may ensure that we’ll remain
within the enum’s domain even though the resulting value wasn’t defined by the enum. The advantage
of type-safety and conceptual clarity is considered to outweigh the somewhat peculiar introduction of
values hitherto not defined by the enum.

Here is an example of such an overloaded operator:

Per m ssi on operator| (Perm ssion |l eft, Permssion right)

{
}

return static_cast<Perni ssion>(static _cast<int>(left) | right);

Other operators can easily and analogously be constructed.

Operators like the above were defined for the i 0s: : opennbde enumeration type, allowing us to specify
ios::in |ios::out asargumenttoopen while specifying the corresponding parameter asi 0s: : opennode
as well. Clearly, operator overloading can be used in many situations, not necessarily only involving
class-types.

10.12 Overloadable operators

The following operators can be overloaded:

+ _ * / % A & |

~ | , = < > <= >=
++ -- << >> == I = && [ ]

+= - = * = /| = (7= N= = =
<<= >>= [1 () -> - >* new new ]

del ete delete[]
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textual alternative operator

and &&
and_eq &=
bi t and &
bi t or |
. conpl ~ ) , .
Several operators have textual alternatives: not | Textual’ alternatives of
not _eq I =
or |
or_eq | =
xor N
Xor _eq A=

operators are also overloadable (e.g., oper at or and). However, note that textual alternatives are not
additional operators. So, within the same context oper at or & and oper at or and can not both be
overloaded.

Several of these operators may only be overloaded as member functions within a class. This holds true
forthe’ =" ,the’'[]’,the’ ()’ andthe’ ->" operators. Consequently, it isn’t possible to redefine, e.g.,
the assignment operator globally in such a way that it accepts a char const * asan | val ue and a
String &as an rvalue. Fortunately, that isn’t necessary either, as we have seen in section 10.3.

Finally, the following operators cannot be overloaded:

L * e ?: si zeof typeid



Chapter 11

Static Data And Functions

In the previous chapters we provided examples of classes where each object had its own set of data
members data. Each of the class’s member functions could access any member of any object of its class.

In some situations it may be desirable to define common data fields, that may be accessed by all objects
of the class. For example, the name of the startup directory, used by a program that recursively scans
the directory tree of a disk. A second example is a variable that indicates whether some specific initial-
ization has occurred. In that case the object that was constructed first would perform the initialization
and would set the flag to ‘done’.

Such situations are als encountered in C, where several functions need to access the same variable.
A common solution in C is to define all these functions in one source file and to define the variable
stati c: the variable name will not be visible beyond the scope of the source file. This approach is
quite valid, but violates our philosophy of using only one function per source file. Another C-solution
is to give the variable in question an unusual name, e.g., _6ul dv8, hoping that other program parts
won’t use this name by accident. Neither the first, nor the second legacy C solution is elegant.

C++ solves the problem by defining st ati ¢ nenber s: data and functions, common to all objects of a
class and (when defined in the private section) inaccessible outside of the class. These static members
are this chapter’s topic.

Static members cannot be defined as virtual functions. A virtual member function is an ordinary
member in that it has a t hi s pointer. As static member functions have no t hi s pointer, they cannot
be declared virtual.

11.1 Static data

Any data member of a class can be declared st ati c; be it in the publ i c or pri vat e section of the
class interface. Such a data member is created and initialized only once, in contrast to non-static data
members which are created again and again for each object of the class.

Static data members are created as soon as the program starts. Even though theyre created at the
very beginning of a program’s execution cycle they are nevertheless true members of their classes.

It is suggested to prefix the names of static member with s_ so they may easily distinguished (in class
member functions) from the class’s data members (which should preferably start with d_).

Public static data members are global variables. They may be accessed by all of the program’s code,
simply by using their class names, the scope resolution operator and their member names. Example:

cl ass Test

{

static int s_private_ int;
227
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publi c:
static int s_public_int;
H
int main()
{
Test::s_public_int = 145; Il K
Test::s_private_int = 12; /1l wrong, don’t touch
/'l the private parts
}

No executable program will result from the example. It merely illustrates the interface, and not the
implementation of st at i ¢ data members, which is discussed next.

11.1.1 Private static data

To illustrate the use of a static data member which is a private variable in a class, consider the follow-
ing:

class Directory

{
static char s_path[];
public:
/|l constructors, destructors, etc.
b

The data member s_pat h[] is a private static data member. During the program’s execution only
one Directory::s_path[] exists, even though multiple objects of the class Di r ect ory may exist.
This data member could be inspected or altered by the constructor, destructor or by any other member
function of the class Di rect ory.

Since constructors are called for each new object of a class, static data members are not initialized by
constructors. At most they are modified. The reason for this is that static data members exist before
any constructor of the class has been called. Static data members are initialized when they are defined,
outside of any member function, exactly like the initialization of ordinary (non-class) global variables.

The definition and initialization of a static data member usually occurs in one of the source files of
the class functions, preferably in a source file dedicated to the definition of static data members, called
dat a. cc.

The data member s_pat h[ ], used above, could thus be defined and initialized as follows in a file
dat a. cc:

include "directory.ih"

char Directory::s_path[200] = "/usr/local";

In the class interface the static member is actually only declared. In its implementation (definition) its
type and class name are explicitly mentioned. Note also that the size specification can be left out of
the interface, as shown above. However, its size is (either explicitly or implicitly) required when it is
defined.

Note that any source file could contain the definition of the static data members of a class. A separate
dat a. cc source file is advised, but the source file containing, e.g., mai n() could be used as well. Of
course, any source file defining static data of a class must also include the header file of that class, in
order for the static data member to be known to the compiler.
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A second example of a useful private static data member is given below. Assume that a class Gr aphi cs
defines the communication of a program with a graphics-capable device (e.g., a VGA screen). The
initialization of the device, which in this case would be to switch from text mode to graphics mode,
is an action of the constructor and depends on a stati c flag variable s_nobj ects. The variable
s_nobj ect s simply counts the number of Gr aphi ¢s objects which are present at one time. Similarly,
the destructor of the class may switch back from graphics mode to text mode when the last Gr aphi cs
object ceases to exist. The class interface for this Gr aphi cs class might be:

cl ass Graphics

{
static int s_nobjects; /1l counts # of objects
publi c:
G aphics();
~Graphi cs(); /1 other nenbers not shown.
private:
voi d set graphi csnode(); /'l switch to graphics node
voi d settextnode(); /1l switch to text-node
}

The purpose of the variable s_nobj ect s is to count the number of objects existing at a particular
moment in time. When the first object is created, the graphics device is initialized. At the destruction
of the last Gr aphi cs object, the switch from graphics mode to text mode is made:

int Graphics::s_nobjects = 0; /'l the static data member

Graphi cs: : Graphics()

{
i f (!s_nobjects++)
set graphi csnode() ;
}
Graphi cs: : ~Graphi cs()
{
if (!--s_nobjects)
set t ext node() ;
}

Obviously, when the class G aphi cs would define more than one constructor, each constructor would
need to increase the variable s_nobj ect s and would possibly have to initialize the graphics mode.

11.1.2 Public static data

Data members could also be declared in the public section of a class. This, however, is deprecated (as
it violates the principle of data hiding). The static data member s_pat h[] (cf. section 11.1) could be
declared in the public section of the class definition. This would allow all the program’s code to access
this variable directly:

int main()

{
}

getcwd(Directory::s_path, 199);

A declaration is not a definition. Consequently the variable s _pat h still has to be defined. This implies
that some source file still needs to contain s_pat h[ ] array’s definition.
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11.1.3 Inmitializing static const data

Static const data members may be initialized in the class interface if these data members are of inte-
gral or built-in primitive data types. So, in the following example the first three static data members
can be initialized since i nt and doubl e are primitive built-in types and i nt and enumtypes are inte-
gral types. The static data member s_st r cannot be initialized in the class interface since st ri ng is
neither a primitive built-in nor an integral data type:

class X
{
public:
enum Enum
{
FI RST,

H

static int const s _x = 34,

static Enum const s_type = FI RST;

static double const s_d = 1.2;

static string const s_str = "a"; /1 won't conpile
b

The compiler may decide to initialize static const data members as mere constant values, in which
they don’t have addresses. If the compiler does so, such static const data members behave as though
they were values of an enumdefined by the class. Consequently they are not variables and so it is not
possible to determine their addresses. Note that trying to obtain the address of such a constant value
does not create a compilation problem, but it does create a linking problem as the static const variable
that is initialized as a mere constant value does not exist in addressable memory.

A statementlikei nt *i p = &X: :s_x may therefore compile correctly, but may then fail to link. Static
variables that are explicitly defined in a source file can be linked correctly, though. So, in the following
example the address of X::s_x cannot be solved by the linker, but the address of X: : s_y can be
determined:

class X
{
public:
static int const s _x = 34;
static int const s_y;
b
int const X:s_y = 12;
int main()
{
int const *ip = &K :s_X; /1 conpiles, but fails to link
ip = &K :s_y; /'l conpiles and links correctly
}

11.2 Static member functions

In addition to static data members, C++ allows us to define static member functions. Similar to static
data that are shared by all objects of the class, static member functions also exist without any associ-
ated object of their class.
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Static member functions can access all static members of their class, but also the members (pri vat e
or publ i c) of objects of their class if they are informed about the existence of these objects (as in the
upcoming example). As static member functions are not associated with any object of their class they do
not have at hi s pointer. In fact, a static member function is completely comparable to a global function,
not associated with any class (i.e., in practice they are. See the next section (11.2.1) for a subtle note).
Since static member functions do not require an associated object, static member functions declared
in the public section of a class interface may be called without specifying an object of its class. The
following example illustrates this characteristic of static member functions:

class Directory

{
string d_currentPat h;
static char s_path[];
public:
static void setpath(char const *newpath);
static void preset(Directory &Jir, char const xpath);
};

inline void Directory::preset(Directory &ir, char const *newpath)

{

/1 see the text bel ow

dir.d_currentPath = newpat h; /11
}
char Directory::s_path[200] = "/usr/local"; /1 2
void Directory::setpath(char const *newpath)
{
if (strlen(newpath) >= 200)
throw "newpath too | ong";
strcpy(s_path, newpath); /1 3
}
int main()
{
Directory dir
Directory::setpath("/etc"); /1 4
dir.setpath("/etc"); /15
Directory::preset(dir, "/usr/local/bin"); /1 6
dir.preset(dir, "/usr/local/bin"); /7
}

at 1 a static member function modifies a private data member of an object. However, the object
whose member must be modified is given to the member function as a reference parameter.

Note that static member functions can be defined as inline functions.

e at 2 a relatively long array is defined to be able to accomodate long paths. Alternatively, a st ri ng
or a pointer to dynamic memory could be used.

at 3 a (possibly longer, but not too long) new pathname is stored in the static data member
s_pat h[]. Note that only static members are used.

at 4, set pat h() is called. It is a static member, so no object is required. But the compiler must
know to which class the function belongs, so the class is mentioned using the scope resolution
operator.
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e at 5, the same is implemented as in 4. Here di r is used to tell the compiler that we’re talking
about a function in the Di r ect or y class. Static member functions can be called as normal mem-
ber functions, but this does not imply that the static member function receives the object’s address
as at hi s pointer. Here the member-call syntax is used as an alternative for the classname plus
scope resolution operator syntax.

e at 6, current Pat h is altered. As in 4, the class and the scope resolution operator are used.

e at 7, the same is implemented as in 6. But here di r is used to tell the compiler that we’re
talking about a function in the Di r ect ory class. Here in particular note that this is not using
preset () as an ordinary member function of di r : the function still has no t hi s-pointer, so di r
must be passed as argument to inform the static member function pr eset about the object whose
cur r ent Pat h member it should modify.

In the example only public static member functions were used. C++ also allows the definition of private
static member functions. Such functions can only be called by member functions of their class.

11.2.1 Calling conventions

As noted in the previous section, static (public) member functions are comparable to classless functions.
However, formally this statement is not true, as the C++ standard does not prescribe the same calling
conventions for static member functions as for classless global functions.

In practice the calling conventions are identical, implying that the address of a static member function
could be used as an argument of functions having parameters that are pointers to (global) functions.

If unpleasant surprises must be avoided at all cost, it is suggested to create global classless wrapper
functions around static member functions that must be used as call back functions for other functions.

Recognizing that the traditional situations in which call back functions are used in C are tackled in
C++ using template algorithms (cf. chapter 19), let’s assume that we have a class Per son having data
members representing the person’s name, address, phone and mass. Furthermore, assume we want to
sort an array of pointers to Per son objects, by comparing the Per son objects these pointers point to.
Keeping things simple, we assume that the following public static member exists:

i nt Person::conpare(Person const xconst *pl, Person const *const *p2);

A useful characteristic of this member is that it may directly inspect the required data members of the
two Per son objects passed to the member function using double pointers.

Most compilers will allow us to pass this function’s address as the address of the comparison function
for the standard C gqsort () function. E.g.,

gsort

(
per sonArray, nPersons, sizeof(Person *),
reinterpret_cast<int(*)(const void *», const void *)>(Person::conpare)

)

However, if the compiler uses different calling conventions for static members and for classless func-
tions, this might not work. In such a case, a classless wrapper function like the following may be used
profitably:

i nt conpareW apper (void const *pl, void const *p2)

{

return
Person: : conpare

(
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reinterpret _cast<Person const x*const *>(pl),
reinterpret_cast<Person const xconst *>(p2)

)

resulting in the following call of the gsort () function:
gsort (personArray, nPersons, sizeof(Person *), conpareW apper);
Note:
e The wrapper function takes care of any mismatch in the calling conventions of static member
functions and classless functions;

e The wrapper function handles the required type casts;

e The wrapper function might perform small additional services (like dereferencing pointers if the
static member function expects references to Per son objects rather than double pointers);

e As an aside: in C++ programs functions like gqsort (), requiring the specification of call back
functions are seldom used. Instead using existing generic template algorithms is preferred (cf.
chapter 19).
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Chapter 12

Abstract Containers

C++ offers several predefined datatypes, all part of the Standard Template Library, which can be used
to implement solutions to frequently occurring problems. The datatypes discussed in this chapter are
all containers: you can put stuff inside them, and you can retrieve the stored information from them.

The interesting part is that the kind of data that can be stored inside these containers has been left
unspecified at the time the containers were constructed. That’s why they are spoken of as abstract
containers.

Abstract containers rely heavily on templates, covered in chapter 20 and beyonf. To use abstract con-
tainers, only a minimal grasp of the template concept is required. In C++ a template is in fact a recipe
for constructing a function or a complete class. The recipe tries to abstract the functionality of the class
or function as much as possible from the data on which the class or function operates. As the data types
on which the templates operate were not known when the template was implemented, the datatypes
are either inferred from the context in which a function template is used, or they are mentioned ex-
plicitly when a class template is used (the term that’s used here is instantiated). In situations where
the types are explicitly mentioned, the angle bracket notation is used to indicate which data types are
required. For example, below (in section 12.2) we’ll encounter the pai r container, which requires the
explicit mentioning of two data types. Here is a pai r object containing both ani nt and a stri ng:

pair<int, string> nmyPair;

The object myPai r is defined as an object holding both an i nt and a stri ng.

The angle bracket notation is used intensively in the upcoming discussion of abstract containers. Ac-
tually, understanding this part of templates is the only real requirement for using abstract containers.
Now that we’ve introduced this notation, we can postpone the more thorough discussion of templates
to chapter 20, and concentrate on their use in this chapter.

Most of the abstract containers are sequential containers: they contain data that can be stored and
retrieved in some sequential way. Examples are the vect or , implementing an extendable array; the
[ i st, implementing a datastructure that allows for the easy insertion or deletion of data the queue,
also called a FIFO (first in, first out) structure, in which the first element that is entered will be the first
element that will be retrieved; and the st ack, which is a first in, last out (FILO or LIFO) structure.

In addition to sequential containers several special containers are available. The pai r is a basic con-
tainer in which a pair of values (of types that are left open for further specification) can be stored, like
two strings, two ints, a string and a double, etc.. Pairs are often used to return data elements that nat-
urally come in pairs. For example, the map is an abstract container storing keys and their associated
values. Elements of these maps are returned as pai rs.

A variant of the pai r is the conpl ex container, implementing operations that are defined on complex
numbers.

All abstract containers described in this chapter as well as the st ri ng and stream datatypes (cf. chap-

235
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ters 5 and 6) are part of the Standard Template Library.

All containers support the following operators:

e The overloaded assignment operator, so we can assign two containers of the same types to each
other.

e Tests for equality: == and ! = The equality operator applied to two containers returns t r ue if
the two containers have the same number of elements, which are pairwise equal according to the
equality operator of the contained data type. The inequality operator does the opposite.

e Ordering operators: <, <=, > and >=. The < operator returns t r ue if each element in the left-
hand side container is less than each corresponding element in the right-hand side container.
Additional elements in either the left-hand side container or the right-hand side container are
ignored.

contai ner left;
contai ner right;

left = {0, 2, 4};
right = {1, 3}; Il left < right

right = {1, 3, 6, 1, 2}; Il left < right

Note that before a user-defined type (usually a cl ass-type) can be stored in a container, the user-
defined type should at least support:

e A default-value (e.g., a default constructor)
e The equality operator (==

e The less-than operator (<)

With the advent of the C++0x standard sequential containers can also be initialized using initializer
lists.

Most containers (exceptions are the stack (section 12.3.10), priority_queue (section 12.3.4), and queue
(section 12.3.3) containers) support members to determine their maximum sizes (through their member
function max_size).

Closely linked to the standard template library are the generic algorithms. These algorithms may be
used to perform frequently occurring tasks or more complex tasks than is possible with the containers
themselves, like counting, filling, merging, filtering etc.. An overview of generic algorithms and their
applications is given in chapter 19. Generic algorithms usually rely on the availability of iterators,
representing begin and end-points for processing data stored inside containers. The abstract containers
usually support constructors and members expecting iterators, and they often have members returning
iterators (comparable to the st ri ng: : begi nand st ri ng: : end members). In this chapter the iterator
concept is not further investigated. Refer to chapter 18 for this.

The url ht t p: / / www. sgi . comf Technol ogy/ STL is worth visiting as it offers more exensive coverage
of abstract containers and the standard template library than can be provided by the C++ annotations.

Containers often collect data during their lifetimes. When a container goes out of scope, its destructor
tries to destroy its data elements. This only succeeds if the data elements themselves are stored inside
the container. If the data elements of containers are pointers to dynamically allocated memory then
the data pointed to by these pointers will not be destroyed, resulting in a memory leak. A consequence
of this scheme is that the data stored in a container should often be considered the ‘property’ of the
container: the container should be able to destroy its data elements when the container’s destructor
is called. So, normally containers should not contain pointers to data. Also, a container should not be
required to contain const data, as const data prevent the use of many of the container’s members,
like the assignment operator.
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12.1 Notations used in this chapter

In this chapter about containers, the following notational conventions are used:
e Containers live in the standard namespace. In code examples this will be clearly visible, but in
the text st d: : is usually omitted.

e A container without angle brackets represents any container of that type. Mentally add the re-
quired type in angle bracket notation. E.g., pai r may represent pai r <stri ng, int>.

e The notation Type represents the generic type. Type could be i nt, stri ng, etc.

¢ Identifiers obj ect and cont ai ner represent objects of the container type under discussion.

e The identifier val ue represents a value of the type that is stored in the container.

e Simple, one-letter identifiers, like n represent unsigned values.

e Longer identifiers represent iterators. Examples are pos, f rom beyond
Some containers, e.g., the map container, contain pairs of values, usually called ‘keys’ and ‘values’. For
such containers the following notational convention is used in addition:

e The identifier key indicates a value of the used key-type

e The identifier keyval ue indicates a value of the ‘val ue_t ype’ used with the particular container.

12.2 The ‘pair’ container

The pai r container is a rather basic container. It is used to store two elements, called first and
second, and that’s about it. Before using pai r containers the header file <uti | i t y> must have been
included.

The pai r’s data types are specified when the pai r object is defined (or declared) using the template’s
angle bracket notation (cf. chapter 20). Examples:

pai r<string, string> piper("PA28", "PH AN ");
pair<string, string> cessna("Cl72", "PH ANG');

here, the variables pi per and cessna are defined as pai r variables containing two stri ngs. Both
strings can be retrieved using the f i r st and second fields of the pai r type:

cout << piper.first <<’\n << /1 shows ' PA28’
cessna. second << '\n’; /1 shows ' PH ANG

The first and second members can also be used to reassign values:

cessna.first = "Cl152";
cessna. second = "PH ANW ;

If a pai r object must be completely reassigned, an anonymous pair object can be used as the right-hand
operand of the assignment. An anonymous variable defines a temporary variable (which receives no
name) solely for the purpose of (re)assigning another variable of the same type. Its generic form is

type(initializer list)
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Note that when a pai r object is used the type specification is not completed by just mentioning the
containername pai r. It also requires the specification of the data types which are stored within the
pair. For this the (template) angle bracket notation is used again. E.g., the reassignment of the cessna
pair variable could have been accomplished as follows:

cessna = pair<string, string>("Cl52", "PH ANW);

In cases like these, the t ype specification can become quite elaborate, which has caused a revival of
interest in the possibilities offered by the t ypedef keyword. If many pai r <t ypel, type2> clauses
are used in a source, the typing effort may be reduced and readability might be improved by first
defining a name for the clause, and then using the defined name later. E.g.,

typedef pair<string, string> pairStrStr;

cessna = pairStrStr("C152", "PH ANW);

Apart from this (and the basic set of operations (assignment and comparisons)) the pai r offers no
further functionality. It is, however, a basic ingredient of the upcoming abstract containers map,
mul ti map and hash_map.

The C++0x standard offers a generalized pair container: the tuple, covered in section 21.5.5.

12.3 Sequential Containers

12.3.1 The ‘vector’ container

The vect or class implements an expandable array. Before using the vect or container the <vect or >
header file must have been included.

The following constructors, operators, and member functions are available:

e Constructors:

— A vect or may be constructed empty:
vect or<string> object;

Note the specification of the data type to be stored in the vect or: the data type is given
between angle brackets, just after the ‘vect or’ container name. This is common practice
with containers.

— A vector may be initialized to a certain number of elements. One of the nicer characteristics
of vectors (and other containers) is that it initializes its data elements to the data type’s
default value. The data type’s default constructor is used for this initialization. With non-
class data types the value 0 is used. So, for the i nt vector we know its initial values are zero.
With the advent of the C++0x standard (starting g++ release 4.4) it has also become possible
to use initializer lists. Some examples:

vector<string> object(5, string("Hello")); // initialize to 5 Hello’s,
vect or<string> contai ner(10); /1 and to 10 enpty strings
vector<string> nanes = {"george", "frank", "tony", "karel"}; // g++ 4.4

— A vector may be initialized using iterators. To initialize a vector with elements 5 until 10
(including the last one) of an existing vect or <st ri ng> the following construction may be
used:

extern vector<string> container;
vect or<string> obj ect (&contai ner[5], &container[11]);
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Note here that the last element pointed to by the second iterator (&cont ai ner [ 11] ) is not
stored in obj ect. This is a simple example of the use of iterators, in which the range of
values that is used starts at the first value, and includes all elements up to but not including
the element to which the second iterator refers. The standard notation for this is [ begi n,
end) .

— A vector may be initialized using a copy constructor:

extern vector<string> container;
vect or<string> obj ect (container);

e In addition to the standard operators for containers, the vect or supports the index operator,
which may be used to retrieve or reassign individual elements of the vector. Note that the ele-
ments which are indexed must exist. For example, having defined an empty vector a statement
likei vect[ 0] = 18 produces an error, as the vector is empty. So, the vector is not automatically
expanded, and it does respect its array bounds. In this case the vector should be resized first, or
i vect. push_back(18) should be used (see below).

e The vect or class offers the following member functions:

Type &back():

this member returns a reference to the last element in the vector. It is the responsi-
bility of the programmer to use the member only if the vector is not empty.

- vector::iterator begin():

this member returns an iterator pointing to the first element in the vector, returning
end if the vector is empty.

- size_t capacity():
Number of elements for which memory has been allocated. It returns at least the
value returned by si ze
—-void clear():
this member erases all the vector’s elements.
- bool enpty()
this member returns t r ue if the vector contains no elements.
- vector::iterator end():
this member returns an iterator pointing beyond the last element in the vector.
- vector::iterator erase():
this member can be used to erase a specific range of elements in the vector:

*x erase(pos) erases the element pointed to by the iterator pos. The iterator ++pos is
returned.
x erase(first, beyond) eraseselementsindicated by the iterator range[first, beyond),
returning beyond.
- Type &front():

this member returns a reference to the first element in the vector. It is the responsi-
bility of the programmer to use the member only if the vector is not empty.

- ... ‘insert():

elements may be inserted starting at a certain position. The return value depends
on the version of i nsert () that is called:

x vector::iterator insert(pos) inserts a default value of type Type at pos, pos is
returned.

x vector::iterator insert(pos, value) insertsval ue at pos, pos is returned.

x voi d insert(pos, first, beyond) insertsthe elementsin the iterator range[ fi rst,
beyond) .

x void insert(pos, n, value) inserts n elements having value val ue at position
pos.
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- voi d pop_back():
this member removes the last element from the vector. With an empty vector nothing
happens.

d push_back(val ue):
this member adds val ue to the end of the vector.

- Vo

- voi d reserve(size_ t request):

if request is less than or equal to capaci t y, this call has no effect. Otherwise, it
is a request to allocate additional memory. If the call is successful, then capacity
returns a value of at least r equest. Otherwise, capaci ty is unchanged. In ei-
ther case, si ze’s return value won’t change, until a function like r esi ze is called,
actually changing the number of accessible elements.

d resize():

this member can be used to alter the number of elements that are currently stored
in the vector:

- Vo

x resi ze(n, val ue) may be used to resize the vector to a size of n. Val ue is optional. If
the vector is expanded and val ue is not provided, the additional elements are initialized
to the default value of the used data type, otherwise val ue is used to initialize extra
elements.

— vector::reverse_iterator rbegin():
this member returns an iterator pointing to the last element in the vector.
- vector::reverse_iterator rend():
this member returns an iterator pointing before the first element in the vector.
- size_ t size()
this member returns the number of elements in the vector.
- voi d swap()
this member can be used to swap two vectors using identical data types. Example:
#i ncl ude <i ostreanr

#i ncl ude <vector >
usi ng nanespace std;

int main()
{
vector<int> vi(7);
vector<int> v2(10);
vl. swap(v2);
cout << vl.size() << " " << v2.size() << ’'\n’
}
| *
Pr oduced out put:
10 7
* [

12.3.2 The ‘list’ container

The | i st container implements a list data structure. Before using a | i st container the header file
<l i st > must have been included.

The organization of a | i st is shown in figure 12.1. Igure 12.1 shows that a list consists of separate
list-elements, connected by pointers. The list can be traversed in two directions: starting at Front the
list may be traversed from left to right, until the 0-pointer is reached at the end of the rightmost list-
element. The list can also be traversed from right to left: starting at Back, the list is traversed from
right to left, until eventually the 0-pointer emanating from the leftmost list-element is reached.
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Figure 12.1: A list data-structure

As a subtlety note that the representation given in figure 12.1 is not necessarily used in actual imple-
mentations of the list. For example, consider the following little program:

int main()
{
list<int>1;
cout << "sijze: << |l.size() << ", first elenment: " <<
I.front() << ’'\n’;

When this program is run it might actually produce the output:
size: 0, first element: O

Its front element can even be assigned a value. In this case the implementor has choosen to provide
the list with a hidden element. The list actually is a circular list, where the hidden element serves as
terminating element, replacing the 0-pointers in figure 12.1. As noted, this is a subtlety, which doesn’t
affect the conceptual notion of a list as a data structure ending in 0-pointers. Note also that it is well
known that various implementations of list-structures are possible (cf. Aho, A.V., Hopcroft J.E. and
Ullman, J.D., (1983) Data Structures and Algorithms (Addison-Wesley)).

Both lists and vectors are often appropriate data structures in situations where an unknown number
of data elements must be stored. However, there are some rules of thumb to follow when selecting the
appropriate data structure.

e When most accesses are random, a vect or is the preferred data structure. Example: in a pro-
gram counting character frequencies in a textfile, a vect or <i nt > frequenci es(256) is the
datastructure of choice, as the values of the received characters can be used as indices into the
frequenci es vector.

e The previous example illustrates a second rule of thumb, also favoring the vect or : if the number
of elements is known in advance (and does not notably change during the lifetime of the program),
the vector is also preferred over the list.

e In cases where insertions or deletions prevail and the data structure is large the list is generally
preferred.

At present lists aren’t as useful anymore as they used to be (when computers were much slower and
more memory-constrained). Except maybe for some rare cases, a vect or should be the preferred con-
tainer; even when implementing algorithms traditionally using lists.

Other considerations related to the choice between lists and vectors should also be given some thought.
Although it is true that the vector is able to grow dynamically, the dynamic growth requires data-
copying. Clearly, copying a million large data structures takes a considerable amount of time, even on
fast computers. On the other hand, inserting a large number of elements in a list doesn’t require us to
copy non-involved data. Inserting a new element in a list merely requires us to juggle some pointers.
In figure 12.2 this is shown: a new element is inserted between the second and third element, creating
a new list of four elements. Removing an element from a list is also fairly easy. Starting again from the
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Figure 12.2: Adding a new element to a list
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Figure 12.3: Removing an element from a list

situation shown in figure 12.1, figure 12.3 shows what happens if element two is removed from our list.
Again: only pointers need to be juggled. In this case it’s even simpler than adding an element: only
two pointers need to be rerouted. To summarize the comparison between lists and vectors: it’s probably
best to conclude that there is no clear-cut answer to the question what data structure to prefer. There
are rules of thumb, which may be adhered to. But if worse comes to worst, a profiler may be required
to find out what’s best.

The | i st container offers the following constructors, operators, and member functions are available:

e Constructors:

— Al i st may be constructed empty:
|ist<string> object;

As with the vect or, it is an error to refer to an element of an empty list.

— A list may be initialized to a certain number of elements. By default, if the initialization
value is not explicitly mentioned, the default value or default constructor for the actual data
type is used. For example:

list<string> object(5, string("Hello")); // initialize to 5 Hello’s
|ist<string> container(10); /1 and to 10 enpty strings

— A list may be initialized using a two iterators. To initialize a list with elements 5 until 10
(including the last one) of a vect or <st ri ng> the following construction may be used:

extern vector<string> container;
list<string> object(&container[5], &container[11]);

— A list may be initialized using a copy constructor:

extern list<string> container;
list<string> object(container);

e The |l i st does not offer specialized operators, apart from the standard operators for containers.
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e The following member functions are available:

Type &back():

this member returns a reference to the last element in the list. It is the responsibility
of the programmer to use this member only if the list is not empty.

list::iterator begin():

this member returns an iterator pointing to the first element in the list, returning
end if the list is empty.

void clear():

this member erases all elements from the list.

bool empty():
this member returns t r ue if the list contains no elements.

l[ist::iterator end():

this member returns an iterator pointing beyond the last element in the list.

l[ist::iterator erase():
this member can be used to erase a specific range of elements in the list:

x erase( pos) erases the element pointed to by pos. The iterator ++pos is returned.
x erase(first, beyond) eraseselementsindicated by the iterator range[first, beyond).
Beyond is returned.
Type & ront():

this member returns a reference to the first element in the list. It is the responsibility
of the programmer to use this member only if the list is not empty.

- ... ‘insert():

this member can be used to insert elements into the list. The return value depends
on the version of i nsert that is called:

x list::iterator insert(pos) inserts a default value of type Type at pos, pos is
returned.

« list::iterator insert(pos, val ue) insertsval ue at pos, pos is returned.

x voi d insert(pos, first, beyond) insertsthe elementsin the iterator range[ fi rst,

beyond) .
x void insert(pos, n, value) inserts n elements having value val ue at position
pos.

- void nerge(list<Type> other):

this member function assumes that the current and other lists are sorted (see be-
low, the member sort), and will, based on that assumption, insert the elements
of ot her into the current list in such a way that the modified list remains sorted.
If both list are not sorted, the resulting list will be ordered ‘as much as possible’,
given the initial ordering of the elements in the two lists. |i st <Type>:: nerge
uses Type: : oper at or < to sort the data in the list, which operator must therefore
be available. The next example illustrates the use of the mer ge member: the list
‘obj ect’ is not sorted, so the resulting list is ordered ’as much as possible’.

#i ncl ude <i ostreane

#i ncl ude <string>

#i nclude <list>

usi ng nanespace std;

void show ist(list<string> & arget)
{

for

(
list<string> :iterator from= target.begin();
from!= target.end();
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VO

VO

VO

VO

VO
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++from

cout << *from <<

cout << '\n’;

}

int main()

{
[ist<string> first;
list<string> second;
first.push_back(string("al pha"));
first.push_back(string("bravo"));
first.push _back(string("golf"));
first.push _back(string("quebec"));
second. push_back(string("oscar"));
second. push_back(string("nike"));
second. push_back(string("novenber"));
second. push_back(string("zulu"));
first.nerge(second);
showl ist(first);

}

A subtlety is that mer ge doesn’t alter the list if the list itself is used as argument:
obj ect . mer ge(obj ect) won’t change the list ‘obj ect’.

d pop_back():

this member removes the last element from the list. With an empty list nothing
happens.

d pop_front():

this member removes the first element from the list. With an empty list nothing
happens.

d push_back(val ue):

this member adds val ue to the end of the list.

d push_front(val ue):

this member adds val ue before the first element of the list.
d resize():

this member can be used to alter the number of elements that are currently stored
in the list:

resi ze(n, val ue) may be used to resize the list to a size of n. Val ue is optional. If
the list is expanded and val ue is not provided, the extra elements are initialized to the
default value of the used data type, otherwise val ue is used to initialize extra elements.

list::reverse_iterator rbegin():

this member returns an iterator pointing to the last element in the list.

voi d renove(val ue):

this member removes all occurrences of val ue from the list. In the following exam-
ple, the two strings ‘Hel | 0’ are removed from the list obj ect :

#i ncl ude <i ostreanp

#i ncl ude <string>

#i nclude <list>

usi ng nanespace std;

int main()
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{

[ist<string> object;

obj ect . push_back(string("Hello"))
obj ect . push_back(string("Wrld"));
obj ect . push_back(string("Hello"));
obj ect . push_back(string("Wrld"))

obj ect. renove(string("Hello"));

whil e (object.size())

{
cout << object.front() << ’'\n’;
obj ect.pop_front();

Gener at ed out put:
VWor | d
World
*/

list::reverse_iterator rend():

this member returns an iterator pointing before the first element in the list.

size_t size():

VO

VO

VO

this member returns the number of elements in the list.
d reverse():

this member reverses the order of the elements in the list. The element back will
become f r ont and vice versa.

d sort():

this member will sort the list. Once the list has been sorted, An example of its use is
given at the description of the uni que member function below. | i st <Type>: : sort
uses Type: : oper at or < to sort the data in the list, which operator must therefore
be available.

d splice(pos, object):

this member function transfers the contents of obj ect to the current list, starting
the insertion at the iterator position pos of the object using the spl i ce member.
Following spl i ce, obj ect is empty. For example:

#i ncl ude <i ostreanr

#i ncl ude <string>

#i nclude <list>

usi ng nanespace std;

int main()

{

list<string> object;

obj ect. push_front(string("Hello"));
obj ect. push_back(string("Wrld"));

list<string> argunent (object);

obj ect. splice(++object. begin(), argunent);

cout << "(Object contains << obj ect.size() << el ement s,
"Argument contains " << argunent.size() <<
" elements,\n";

245

<<
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- VOi
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whi l e (object.size())
{

cout << object.front() << ’'\n
obj ect. pop _front();
}

}

Alternatively, ar gunent may be followed by an iterator of ar gunent , indicating the
first element of ar gunent that should be spliced, or by two iterators begi n and end
defining the iterator-range [ begi n, end) on ar gunment that should be spliced into
obj ect.

d swap():
this member can be used to swap two lists using identical data types.
d uni que():
operating on a sorted list, this member function will remove all consecutively iden-
tical elements from the list. |i st <Type>:: uni que uses Type: : oper at or == to
identify identical data elements, which operator must therefore be available. Here’s
an example removing all multiply occurring words from the list:

#i ncl ude <i ostreanp

#i ncl ude <string>

#incl ude <list>

usi ng nanespace std;

/'l see the nerge() exanple
voi d show ist(list<string> & arget);
void show ist(list<string> & arget)

{
for
(
list<string> :iterator from= target.begin();
from!= target.end();
++from
)
cout << *from<< " ";
cout << '\n’;
}
int main()
{ .
string
array[] =
“charl ey",
"al pha",
"bravo",
"al pha"
H
[ist<string>
target
(

array, array + sizeof(array)
/ sizeof (string)

)

cout << "Initially we have:\n";
showl i st(target);
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Add —>
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*/

—>» Remove

Back Front

Figure 12.4: A queue data-structure

target.sort();
cout << "After sort() we have:\n";
show i st(target);

target.unique();
cout << "After unique() we have:\n"
showl i st(target);

CGener at ed out put :

Initially we have

charl ey al pha bravo al pha
After sort() we have:

al pha al pha bravo charl ey
After unique() we have:

al pha bravo charl ey

12.3.3 The ‘queue’ container

The queue class implements a queue data structure. Before using a queue container the header file
<queue> must have been included.

A queue is depicted in figure 12.4. In figure 12.4 it is shown that a queue has one point (the back) where
items can be added to the queue, and one point (the front) where items can be removed (read) from the
queue. A queue is therefore also called a FIFO data structure, for first in, first out. It is most often
used in situations where events should be handled in the same order as they are generated.

The following constructors, operators, and member functions are available for the queue container:

e Constructors:

- A queue may be constructed empty:

queue<string> object;

As with the vect or, it is an error to refer to an element of an empty queue.

— A queue may be initialized using a copy constructor:

extern

gueue<stri ng> cont ai ner

gqueue<string> object (container);

e The queue container only supports the basic container operators.

e The following member functions are available for queues:

- Type &back():

this member returns a reference to the last element in the queue. It is the responsi-
bility of the programmer to use the member only if the queue is not empty.
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bool enpty():
this member returns t r ue if the queue contains no elements.

Type & ront():

this member returns a reference to the first element in the queue. It is the responsi-
bility of the programmer to use the member only if the queue is not empty.

d push(val ue):

Vo
this member adds val ue to the back of the queue.

d pop():

this member removes the element at the front of the queue. Note that the element is
not returned by this member. Nothing happens if the member is called for an empty
queue. One might wonder why pop returns voi d, instead of a value of type Type
(cf. front). One reason is found in the principles of good software design: func-
tions should perform one task. Combining the removal and return of the removed
element breaks this principle. Moreover, when this principle is abandoned pop’s im-
plementation will always be flawed. Consider the prototypical implementation of a
pop member that is supposed to return the just popped value:

Type queue: : pop()

- Vo

{
Type ret(top());
erase_top();
return ret;

}

The venom, as usual, is in the tail: since queue has no control over Type’s behavior
the final statement (r et urn ret) might throw. By that time the queue’s topmost
element has already been removed from the queue and so it is lost. Thus, a Type re-
turning pop member cannot offer the strong guarantee and consequently pop should
not return the former t op element. Because of all this, we must first use f r ont , and
then pop to obtain and remove the queue’s front element.

- size_t size():

this member returns the number of elements in the queue.

Note that the queue does not support iterators or a subscript operator. The only elements that can be
accessed are its front and back element. A queue can be emptied by:

e repeatedly removing its front element;

e assigning an empty queue using the same data type to it;

e having its destructor called.

12.3.4 The ‘priority_queue’ container

Thepriority_queue class implements a priority queue data structure. Before usingapri ority_queue
container the <queue> header file must have been included.

A priority queue is identical to a queue, but allows the entry of data elements according to priority
rules. A real-life priority queue is found, e.g., at airport check-in terminals. At a terminal the passen-
gers normally stand in line to wait for their turn to check in, but late passengers are usually allowed to
jump the queue: they receive a higher priority than other passengers.

The priority queue uses oper at or < of the data type stored in the priority ueue to decide about the
priority of the data elements. The smaller the value, the lower the priority. So, the priority queue could
be used to sort values while they arrive. A simple example of such a priority queue application is the
following program: it reads words from ci n and writes a sorted list of words to cout :

#i ncl ude <i ostreanp
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#i ncl ude <string>
#i ncl ude <queue>
usi ng nanespace std

int main()

{
priority_queue<string> q;
string word;

while (cin >> word)
g. push(word);

while (qg.size())
{

cout << g.top() << ’'\n’;

d. pop();
}

Unfortunately, the words are listed in reversed order: because of the underlying <-operator the words
appearing later in the ASCII-sequence appear first in the priority queue. A solution to that problem
is to define a wrapper class around the st ri ng datatype, reversing st ri ng’s oper at or <. Here is the
modified program:

#i ncl ude <i ostreanr
#i ncl ude <string>
#i ncl ude <queue>

cl ass Text

{
std::string d_s;

publi c:
Text (std::string const &str)

d_s(str)
{}

operator std::string const &) const

{
}
bool operator<(Text const &right) const

{
}

return d_s;

return d_s > right.d_s;
1
usi ng nanespace std;

int main()

{

priority_queue<Text> q;
string word;

while (cin >> word)
g. push(word);

while (qg.size())
{
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word = qg.top();
cout << word << '\n’;

d. pop();

Other possibilities to achieve the same exist. One would be to store the contents of the priority queue
in, e.g., a vector, from which the elements can be read in reversed order.

The following constructors, operators, and member functions are available for the pri ority_queue
container:

e Constructors:

— Apriority_queue may be constructed empty:
priority_queue<string> object;

As with the vect or, it is an error to refer to an element of an empty priority queue.

— A priority queue may be initialized using a copy constructor:

extern priority_queue<string> container;
priority_queue<string> object(container);

e The priority_queue only supports the basic operators of containers.

e The following member functions are available for priority queues:

bool empty():

this member returns t r ue if the priority queue contains no elements.

voi d push(val ue):
this member inserts val ue at the appropriate position in the priority queue.
voi d pop():

this member removes the element at the top of the priority queue. Note that the
element is not returned by this member. Nothing happens if this member is called
for and empty priority queue. See section 12.3.3 for a discussion about the reason
why pop has return type voi d.

size_t size():
this member returns the number of elements in the priority queue.

Type &t op():

this member returns a reference to the first element of the priority queue. It is the
responsibility of the programmer to use the member only if the priority queue is not
empty.

Note that the priority queue does not support iterators or a subscript operator. The only element that
can be accessed is its top element. A priority queue can be emptied by:

e repeatedly removing its top element;
e assigning an empty queue using the same data type to it;

e having its destructor called.
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12.3.5 The ‘deque’ container

The deque (pronounce: ‘deck’) class implements a doubly ended queue data structure (deque). Before
using a deque container the header file <deque> must have been included.

A deque is comparable to a queue, but it allows for reading and writing at both ends. Actually, the
deque data type supports a lot more functionality than the queue, as will be clear from the following
overview of available member functions. A deque is a combination of a vect or and two queues, oper-
ating at both ends of the vector. In situations where random insertions and the addition and/or removal
of elements at one or both sides of the vector occurs frequently using a deque should be considered.

The following constructors, operators, and member functions are available for deques:

e Constructors:

- A deque may be constructed empty:

deque<string>
obj ect ;

As with the vect or, it is an error to refer to an element of an empty deque.

— A deque may be initialized to a certain number of elements. By default, if the initialization
value is not explicitly mentioned, the default value or default constructor for the actual data
type is used. For example:

deque<string> object(5, string("Hello")), // initialize to 5 Hello’s
deque<string> container(10); /1 and to 10 enpty strings

— A deque may be initialized using two iterators. To initialize a deque with elements 5 until 10
(including the last one) of a vect or <st ri ng> the following construction may be used:

extern vector<string> container;
deque<string> object(&container[5], &container[11]);

— A deque may be initialized using a copy constructor:

ext ern deque<string> cont ai ner;
deque<string> object (container);

e In addition to the standard operators for containers, the deque supports the index operator, which
may be used to retrieve or reassign random elements of the deque. Note that the indexed elements
must exist.

e The following member functions are available for deques:

Type &back():

this member returns a reference to the last element in the deque. It is the responsi-
bility of the programmer to use the member only if the deque is not empty.

deque::iterator begin():

this member returns an iterator pointing to the first element in the deque.

void clear():
this member erases all elements in the deque.

bool empty():
this member returns t r ue if the deque contains no elements.

deque::iterator end():

this member returns an iterator pointing beyond the last element in the deque.

deque::iterator erase():
the member can be used to erase a specific range of elements in the deque:

x erase( pos) erases the element pointed to by pos. The iterator ++pos is returned.
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x erase(first, beyond) eraseselementsindicated by the iterator range[first, beyond).
Beyond is returned.

- Type &front():

this member returns a reference to the first element in the deque. It is the responsi-
bility of the programmer to use the member only if the deque is not empty.

- ... ‘insert():

this member can be used to insert elements starting at a certain position. The return
value depends on the version of i nsert that is called:

x deque: :iterator insert(pos) inserts a default value of type Type at pos, pos is
returned.

x deque: :iterator insert(pos, val ue) insertsval ue at pos, pos is returned.

x void insert(pos, first, beyond) insertsthe elementsin the iterator range[ fi rst,
beyond) .

x voi d insert(pos, n, value) inserts n elements having value val ue starting at it-

erator position pos.

d pop_back():

this member removes the last element from the deque. With an empty deque nothing

happens.

d pop_front():

this member removes the first element from the deque. With an empty deque nothing

happens.

d push_back(val ue):

this member adds val ue to the end of the deque.

d push_front(val ue):

this member adds val ue before the first element of the deque.

d resize():

this member can be used to alter the number of elements that are currently stored
in the deque:

- Vo

- Vo

- Vo

- Vo

- Vo

x resize(n, val ue) may be used to resize the deque to a size of n. Val ue is optional. If
the deque is expanded and val ue is not provided, the additional elements are initialized
to the default value of the used data type, otherwise val ue is used to initialize extra
elements.

- deque: :reverse_iterator rbegin():
this member returns an iterator pointing to the last element in the deque.
- deque: :reverse_iterator rend():
this member returns an iterator pointing before the first element in the deque.
- size t size():
this member returns the number of elements in the deque.
- voi d swap(argunent):
this member can be used to swap two deques using identical data types.

12.3.6 The ‘map’ container

The map class offers a (sorted) associative array. Before using a nap container the <map> header file
must have been included.

A map is filled with key/value pairs, which may be of any container-accepted type. Since types are
associated with both the key and the value, we must specify two types in the angle bracket notation,
comparable to the specification we’ve seen with the pai r container (cf. section 12.2). The first type
represents the key’s type, the second type represents the value’s type. For example, a map in which the
key is a st ri ng and the value is a doubl e can be defined as follows:

map<string, doubl e> object;
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The key is used to access its associated information. That information is called the value. For example,
a phone book uses the names of people as the key, and uses the telephone number and maybe other
information (e.g., the zip-code, the address, the profession) as value. Since a map sorts its keys, the
key’s oper at or < must be defined, and it must be sensible to use it. For example, it is generally a bad
idea to use pointers for keys, as sorting pointers is something different than sorting the values pointed
at by those pointers.

The two fundamental operations on maps are the storage of Key/Value combinations, and the retrieval
of values, given their keys. The index operator using a key as the index, can be used for both. If the
index operator is used as lvalue, insertion will be performed. If it is used as rvalue, the key’s associated
value is retrieved. Each key can be stored only once in a map. If the same key is entered again, the new
value replaces the formerly stored value, which is lost.

A specific key/value combination can implicitly or explicitly be inserted into a map. If explicit inser-
tion is required, the key/value combination must be constructed first. For this, every map defines a
val ue_t ype which may be used to create values that can be stored in the map. For example, a value
for a map<string, int>can be constructed as follows:

map<string, int>::value_type siValue("Hello", 1);

The val ue_t ype is associated with the map<stri ng, i nt>: the type of the key is stri ng, the type
of the value is i nt . Anonymous val ue_t ype objects are also often used. E.g.,

map<string, int>::value_type("Hello", 1);

Instead of using the line map<string, int>::value_type(...) overand over again, atypedef is
frequently used to reduce typing and to improve readability:

typedef map<string, int>::value_type StringlntVal ue

Using this typedef, values for the map<stri ng, i nt>may now be constructed using:
StringlntVvalue("Hello", 1);

Alternatively, pai r s may be used to represent key/value combinations used by maps:
pair<string, int>("Hello", 1);

The following constructors, operators, and member functions are available for the map container:

e Constructors:

— A map may be constructed empty:
map<string, int> object;

Note that the values stored in maps may be containers themselves. For example, the follow-
ing defines a map in which the value is a pai r : a container nested under another container:

map<string, pair<string, string>> object;

Note the use of the two consecutive closing angle brackets. Before the advent of the C++0x
standard consecutive closing brackets in container type specifications (and generally: in the
context of template type specifications) resulted in a compilation error, as the immediate con-
catenation of the two closing angle brackets would be interpreted by the compiler as a right
shift operator (oper at or >>), which is not what we want here. In compilers supporting the
C++0x standard this construction is accepted. Compilers not yet implementing this feature
require a separating blank between two consecutive closing angle brackets.
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— A map may be initialized using two iterators. The iterators may either point to val ue_t ype
values for the map to be constructed, or to plain pai r objects. If pairs are used, their fi r st
element represents the type of the keys, and their second element represents the type of the
values. Example:

pair<string, int> pa[] =

{
pair<string,int>("one", 1),
pair<string,int>("tw", 2),
pai r<string,int>("three", 3),
b

map<string, int> object(&a[0], &pa[3]);

In this example, map<string, int>::val ue_type could have been written instead of
pai r<string, int>aswell

If begi n represents the first iterator that us used to construct a map and if end represents
the second iterator, [ begi n, end) will be used to initialize the map. Maybe contrary to
intuition, the map constructor will only enter new keys. If the last element of pa would have
been "one", 3, only two elements would have entered the map: "one", 1 and"two", 2.
The value "one", 3 would silently have been ignored.

The map receives its own copies of the data to which the iterators point as illustrated by the
following example:

#i ncl ude <i ostreanp
#i ncl ude <map>
usi ng nanespace std;

class Myd ass

{
public:
Myd ass()
{
cout << "Myd ass constructor\n”;
}
MyCl ass(const MyC ass &ot her)
{
cout << "Myd ass copy constructor\n";
}
~Myd ass()
{
cout << "Myd ass destructor\n";
}
H
int main()
{
pair<string, MyC ass> pairs[] =
{
pai r<string, Myd ass>("one", Myd ass())
b
cout << "pairs constructed\n";
map<string, MyC ass> mapsn( &pairs[0], &pairs[1]);
cout << "mapsm constructed\n";
}
| *

CGener at ed out put:
MyCl ass constructor
MyCl ass copy constructor
MyCl ass destruct or
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pairs constructed

MyCl ass copy constructor
MyCl ass copy constructor
MyCl ass destruct or
mapsm const ruct ed

MyCl ass destruct or

MyCl ass destruct or

*/

When tracing the output of this program, we see that, first, the constructor of a MyCl ass
object is called to initialize the anonymous element of the array pai r s. This object is then
copied into the first element of the array pai r s by the copy constructor. Next, the original
element is not required anymore and is destroyed. At that point the array pai r s has been
constructed. Thereupon, the map constructs a temporary pai r object, which is used to con-
struct the map element. Having constructed the map element, the temporary pai r object is
destroyed. Eventually, when the program terminates, the pai r element stored in the map is
destroyed too.

— A map may be initialized using a copy constructor:

extern map<string, int> container;
map<string, int> object(container);

e Apart from the standard operators for containers, the map supports the index operator, which
may be used to retrieve or reassign individual elements of the map. Here, the argument of the
index operator is a key. If the provided key is not available in the map, a new data element is
automatically added to the map using the default value or default constructor to initialize the
value part of the new element. This default value is returned if the index operator is used as an
rvalue.

When initializing a new or reassigning another element of the map, the type of the right-hand
side of the assignment operator must be equal to (or promotable to) the type of the map’s value
part. E.g., to add or change the value of element "t wo" in a map, the following statement can be
used:

mapsn "two"] = Myd ass();

e The nmap class has the following member functions:

map::iterator begin():

this member returns an iterator pointing to the first element of the map.

void clear():

this member erases all elements from the map.

size_t count (key):

this member returns 1 if the provided key is available in the map, otherwise 0 is
returned.

bool enpty():
this member returns t r ue if the map contains no elements.

map::iterator end():
this member returns an iterator pointing beyond the last element of the map.
- pair<map::iterator, map::iterator> equal range(key):

this member returns a pair of iterators, being respectively the return values of the
member functions | ower _bound and upper _bound, introduced below. An example
illustrating these member functions is given at the discussion of the member function
upper _bound.

- ... erase():

this member can be used to erase a specific element or range of elements from the
map:
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x bool erase(key) erases the element having the given key from the map. True is
returned if the value was removed, f al se if the map did not contain an element using

the given key.

x voi d erase(pos) erases the element pointed to by the iterator pos.

x voi d erase(first, beyond) erases all elementsindicated by the iterator range [ fi r st
beyond) .

- map::iterator find(key):

this member returns an iterator to the element having the given key. If the element
isn’t available, end is returned. The following example illustrates the use of the f i nd
member function:

#i ncl ude <i ostrean
#i ncl ude <map>
usi ng nanespace std;

int main()

{

map<string, int> object;

obj ect["one"] = 1;

map<string, int>:iterator it = object.find("one");

cout <<

it

one’ " <<
(it == object.end() ? "not " : "") << "found\n";

object.find("three");

cout << "‘three’ " <<
(it == object.end() ? "not " : "") << "found\n";

}
| *

CGener at ed out put:
‘one’ found
‘three’ not found
* [

- insert():

this member can be used to insert elements into the map. It will, however, not replace
the values associated with already existing keys by new values. Its return value
depends on the version of i nsert that is called:

x pair<map::iterator, bool> insert(keyval ue) inserts a new val ue_t ype into
the map. The return value is a pai r<map: :iterator, bool >. If the returned bool
field is t r ue, keyval ue was inserted into the map. The value f al se indicates that the
key that was specified in keyval ue was already available in the map, and so keyval ue
was not inserted into the map. In both cases the nap: :iterator field points to the
data element having the key that was specified in keyval ue. The use of this variant of
i nsert isillustrated by the following example:

#i ncl ude <i ostreanp
#i ncl ude <string>

#i ncl ude <map>
usi ng nanespace std;

i nt

{

mai n()

pair<string, int> pa[] =

{

pair<string,int>("one", 10),
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pair<string,int>("tw", 20),
pai r<string,int>("three", 30),
b
map<string, int> object(&a[0], &pa[3]);

/1 {four, 40} and ‘true’ is returned
pai r<map<string, int> :iterator, bool >
ret = object.insert
(
map<string, int>::value_type
("four", 40)
)
cout << bool al pha;
cout << ret.first->first << " " <<
ret.first->second << " " <<

ret.second << " " << object["four"] << ’'\n’;

/1 {four, 40} and ‘false’ is returned
ret = object.insert

(
map<string, int>::value_type
("four", 0)
)
cout << ret.first->first << " " <<
ret.first->second << " " <<
ret.second << " " << object["four"] << ’'\n’;
}
| *
CGener at ed out put :
four 40 true 40
four 40 fal se 40
* |

Note the somewhat peculiar constructions like
cout << ret.first->first << " " << ret.first->second << ...

Note that r et ’is equal to the pai r returned by the i nsert member function. Its fi rst’
field is an iterator into the map<string, int>, so it can be considered a pointer to a
map<string, int>::value_type. These value types themselves are pairs too, having
‘first’ and ‘second’ fields. Consequently, ‘ret. first->first’is the key of the map
value (astring),and ‘ret.first->second’is the value (ani nt).

x map::iterator insert(pos, keyval ue). This way a nap: : val ue_t ype may also
be inserted into the map. pos is ignored, and an iterator to the inserted element is
returned.

x void insert(first, beyond) inserts the (map: : val ue_t ype) elements pointed to
by the iterator range [ fi rst, beyond).

- map::iterator | ower_bound(key):

this member returns an iterator pointing to the first keyval ue element of which the
key is at least equal to the specified key. If no such element exists, the function
returns end.

- map: . reverse_iterator rbegin():
this member returns an iterator pointing to the last element of the map.
- map::reverse_iterator rend():

this member returns an iterator pointing before the first element of the map.
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- size t size():
this member returns the number of elements in the map.
- voi d swap(argunent):
this member can be used to swap two maps using identical key/value types.
- map: :iterator upper_bound(key):
this member returns an iterator pointing to the first keyval ue element having a key
exceeding the specified key. If no such element exists, the function returns end. The

following example illustrates the member functions equal _range, | ower _bound
and upper _bound:

#i ncl ude <i ostreane

#i ncl ude <map>

usi ng nanespace std

int main()
{
pair<string, int> pa[] =
{
pai r<string,int>("one", 10),
pair<string,int>("tw", 20),
pair<string,int>("three", 30),
1

map<string, int> object(&a[0], &pa[3]);
map<string, int> :iterator it;

if ((it = object.lower_bound("tw')) != object.end())
cout << "lower-bound ‘tw is available, it is: " <<
it->first << '\n’

if (object.lower_bound("twoo") == object.end())
cout << "|ower-bound ‘twoo’ not available" << '\n’';

cout << "lower-bound two: " <<
obj ect. | ower _bound("two")->first <<
" is avail abl e\ n";

if ((it = object.upper_bound("tw')) != object.end())
cout << "upper-bound ‘tw is available, it is: " <<
it->first << '\’

i f (object.upper_bound("twoo") == object.end())
cout << "upper-bound ‘twoo’ not available" << '\n’;

i f (object.upper_bound("two") == object.end())
cout << "upper-bound ‘two’ not available" << ’'\n’;

pair

<
map<string, int>: :iterator,
map<string, int>: :iterator

p = object.equal range("two");

cout << "equal range: ‘first’ points to " <<

p.first->first << ", ‘second’ is " <<
(

p. second == object.end() ?
"not avail abl e"
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p. second->first

is available, it is: two
not avail abl e

two is avail abl e
is available, it is: two
not avail abl e

) <<
"\ n’
}
| *
CGener at ed out put :
| ower - bound ‘tw
| ower - bound *twoo’
| ower - bound t wo:
upper - bound ‘tw
upper - bound *t woo’
upper - bound ‘two’
equal range: ‘first’
* |

not avail abl e

points to two, ‘second is not available

As mentioned at the beginning of this section, the map represents a sorted associative array. In a map
the keys are sorted. If an application must visit all elements in a map the begi n and end iterators
must be used. The following example shows how to make a simple table listing all keys and values
found in a map:

#i ncl ude <i ostreane
#i ncl ude <i ormani p>
#i ncl ude <map>
usi ng nanespace std;

int main()

{

pair<string, int>

pal]

{

b

pai r<string,int>("one"
pair<string,int>("two",

10),
20),

pai r<string,int>("three"

map<string, int>

obj ect (&a[ 0], &pa[3]);

for
(
map<string, int>: :iterator
it !'= object.end();
++it
)

it

30),

obj ect . begi n();

cout << setw(5) << it->first.c_str() <<
setw(5) << it->second << '\n’

}
| *
CGener at ed out put :
one 10
three 30
t wo 20

*/
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12.3.7 The ‘multimap’ container

Like the map, the mul t i map class implements a (sorted) associative array. Before using a nul ti nap
container the header file <map> must have been included.

The main difference between the map and the mul t i map is that the multimap supports multiple values
associated with the same key, whereas the map contains single-valued keys. Note that the multimap
also accepts multiple identical values associated with identical keys.

The map and the mul ti map have the same set of member functions, with the exception of the index
operator which is not supported with the multimap. This is understandable: if multiple entries of the
same key are allowed, which of the possible values should be returned for obj ect [ key] ?

Refer to section 12.3.6 for an overview of the nul t i nap member functions. Some member functions,
however, deserve additional attention when used in the context of the nul ti map container. These
members are discussed below.

e size_t map::count (key):

this member returns the number of entries in the multimap associated with the given
key.

e ... erase():

this member can be used to erase elements from the map:

- size_t erase(key) erases all elements having the given key. The number of erased ele-
ments is returned.

- void erase(pos) erases the single element pointed to by pos. Other elements possibly
having the same keys are not erased.

- void erase(first, beyond) erases all elements indicated by the iterator range [ fi r st
beyond).

e pair<nultimap::iterator, nultinmap::iterator> equal _range(key):

this member function returns a pair of iterators, being respectively the return values
of | ower _bound and upper _bound, introduced below. The function provides a simple
means to determine all elements in the nul t i map that have the same keys. An example
illustrating the use of these member functions is given at the end of this section.

e nultimap::iterator find(key):

this member returns an iterator pointing to the first value whose key is key. If the
element isn’t available, end is returned. The iterator could be incremented to visit all
elements having the same key until it is either end, or the iterator’s f i r st member is
not equal to key anymore.

enultimap::iterator insert():

this member function normally succeeds, and so a multimap::iterator is returned, in-
stead of a pair<mul timap::iterator, bool > as returned with the map container.
The returned iterator points to the newly added element.

Although the functions | ower bound and upper _bound act identically in the nmap and nul ti map
containers, their operation in a nul t i nap deserves some additional attention. The next example illus-
trates | ower _bound, upper _bound and equal _r ange applied to a nul ti map:

#i ncl ude <i ostrean»
#i ncl ude <map>
usi ng nanespace std;
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int main()
{
pair<string, int> pa[] =
{
pair<string,int>("al pha", 1),
pair<string,int>("bravo", 2),
pai r<string,int>("charley", 3),
pai r<string,int>("bravo", 6), /'l unordered ‘bravo’ val ues
pair<string,int>("delta", 5),
pair<string,int>("bravo", 4),
b

mul ti map<string, int> object(&a[0], &pa[6]);
typedef rmultimap<string, int> :iterator nsilterator;
nsilterator it = object.|ower_bound("brava");

cout << "Lower bound for ‘brava’ : " <<
it->first << ", " << it->second << '\n’;

it = object.upper_bound("bravu");

cout << "Upper bound for ‘bravu : " <<
it->first << ", " << it->second << '\n’;

pair<msilterator, nsilterator>
itPair = object.equal _range("bravo");

cout << "Equal range for ‘bravo’:\n";

for (it =itPair.first; it !'=itPair.second; ++it)
cout << it->first << ", " << jt->second << '\n’
cout << "Upper bound: " << it->first << ", " << it->second << '\n’

cout << "Equal range for ‘brav’':\n";
itPair = object.equal _range("brav");
for (it = itPair.first; it !'=itPair.second; ++it)
cout << it->first << ", " << it->second << '\n’
cout << "Upper bound: " << it->first << ", " << it->second << '\n’

CGener at ed out put :

Lower bound for ‘brava’: bravo, 2
Upper bound for ‘bravu’': charley, 3
Equal range for ‘bravo’
bravo, 2
bravo, 6
bravo, 4
Upper bound: charley, 3
Equal range for ‘brav’:
Upper bound: bravo, 2
*/

In particular note the following characteristics:

e | ower _bound and upper _bound produce the same result for non-existing keys: they both return
the first element having a key that exceeds the provided key.

e Although the keys are ordered in the mul ti map, the values for equal keys are not ordered: they
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are retrieved in the order in which they were enterd.

12.3.8 The ‘set’ container

The set class implements a sorted collection of values. Before using set containers the <set > header
file must have been included.

A set contains unique values (of a container-acceptable type). Each value is stored only once.

A specific value can be explicitly created: Every set defines a val ue_t ype which may be used to create
values that can be stored in the set. For example, a value for a set <st ri ng> can be constructed as
follows:

set<string>::value_type setValue("Hello");

The val ue_t ype is associated with the set <stri ng>. Anonymous val ue_t ype objects are also often
used. E.g.,

set<string>::value type("Hello");

Instead of using the line set <stri ng>::val ue_type(...) over and over again, a t ypedef is often
used to reduce typing and to improve readability:

typedef set<string>::value_ type StringSetVal ue
Using this typedef, values for the set <st ri ng> may be constructed as follows:
StringSet Val ue("Hell 0");
Alternatively, values of the set’s type may be used immediately. In that case the value of type Type is

implicitly converted to a set <Type>: : val ue_t ype.

The following constructors, operators, and member functions are available for the set container:

e Constructors:
- A set may be constructed empty:
set <i nt> obj ect;
— A set may be initialized using two iterators. For example:

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

set<int> object(& ntarr[0], & ntarr[5]);

Note that all values in the set must be different: it is not possible to store the same value repeat-
edly when the set is constructed. If the same value occurs repeatedly, only the first instance of
the value will be entered, the other values will be silently ignored.

Like the map, the set receives its own copy of the data it contains.

e A set may be initialized using a copy constructor:

extern set<string> container;
set <string> obj ect(container);

e The set container only supports the standard set of operators that are available for containers.
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e The set class has the following member functions:

—set::iterator begin():

this member returns an iterator pointing to the first element of the set. If the set is
empty end is returned.

void clear():

this member erases all elements from the set.

size_t count (key):

this member returns 1 if the provided key is available in the set, otherwise 0 is
returned.

bool empty():
this member returns t r ue if the set contains no elements.

- set::iterator end():
this member returns an iterator pointing beyond the last element of the set.

- pair<set::iterator, set::iterator> equal _range(key):

this member returns a pair of iterators, being respectively the return values of the
member functions | ower _bound and upper _bound, introduced below.
- ... erase():

this member can be used to erase a specific element or range of elements from the
set:

*x bool erase(val ue) erases the element having the given val ue from the set. Tr ue is
returned if the value was removed, f al se if the set did not contain an element ‘val ue’.
* voi d erase(pos) erases the element pointed to by the iterator pos.
x voi d erase(first, beyond) erases all elements indicated by the iterator range [ fi r st
beyond) .
—set::iterator find(value):

this member returns an iterator to the element having the given value. If the element
isn’t available, end is returned.

- ... ‘insert():
this member can be used to insert elements into the set . If the element already ex-

ists, the existing element is left untouched and the element to be inserted is ignored.
The return value depends on the version of i nsert that is called:

x pair<set::iterator, bool> insert(keyval ue) insertsanewset::val ue_type
into the set. The return valueis apai r<set::iterator, bool >. Ifthe returned bool
field is t r ue, val ue was inserted into the set. The value f al se indicates that the value
that was specified was already available in the set, and so the provided val ue was not
inserted into the set. In both cases the set: : it er at or field points to the data element
in the set having the specified val ue.

x set::iterator insert(pos, keyval ue). This way a set::val ue_type may also
be inserted into the set. pos is ignored, and an iterator to the inserted element is re-
turned.

x void insert(first, beyond) inserts the (set::val ue_type) elements pointed to
by the iterator range [ fi rst, beyond) into the set.

- set::iterator | ower_bound(key):

this member returns an iterator pointing to the first keyval ue element of which the
key is at least equal to the specified key. If no such element exists, the function
returns end.

- set::reverse_iterator rbegin():
this member returns an iterator pointing to the last element of the set.
- set::reverse_iterator rend:

this member returns an iterator pointing before the first element of the set.
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- size t size():
this member returns the number of elements in the set.
- voi d swap(argunent):

this member can be used to swap two sets (ar gunent being the second set) that use
identical data types.

- set::iterator upper_bound(key):

this member returns an iterator pointing to the first keyval ue element having a
key exceeding the specified key. If no such element exists, the function returns end.

12.3.9 The ‘multiset’ container

Like the set, the mul ti set class implements a sorted collection of values. Before using nul ti set
containers the header file <set > must have been included.

The main difference between the set and the nul ti set is that the multiset supports multiple entries
of the same value, whereas the set contains unique values.

The set and the nul ti set have the same set of member functions. Refer to section 12.3.8 for an
overview of the mul t i set member functions. Some member functions, however, behave slightly differ-
ent than their counterparts of the set container. Those members are mentioned here.

e size t count(val ue):

this member returns the number of entries in the multiset associated with the given
val ue.

e ... erase():

this member can be used to erase elements from the set:

- size_t erase(val ue) erases all elements having the given val ue. The number of erased
elements is returned.

- voi d erase(pos) erases the element pointed to by the iterator pos. Other elements possi-
bly having the same values are not erased.

- voi d erase(first, beyond) erases all elements indicated by the iterator range [ first,
beyond).

e pair<nultiset::iterator, nultiset::iterator> equal _range(val ue):

this member function returns a pair of iterators, being respectively the return values
of | ower _bound and upper _bound, introduced below. The function provides a simple
means to determine all elements in the nul t i set that have the same val ues.

enultiset::iterator find(value):

this member returns an iterator pointing to the first element having the specified value.
If the element isn’t available, end is returned. The iterator could be incremented to visit
all elements having the given val ue until it is either end, or the iterator doesn’t point
to ‘val ue’ anymore.

e ... insert():

this member function normally succeeds and returns a multiset::iterator rather than
apair<multiset::iterator, bool > as returned with the set container. The re-
turned iterator points to the newly added element.
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Although the functions | ower bound and upper bound act identically in the set and nul ti set con-
tainers, their operationin a mul t i set deserves some additional attention. With a nul ti set container
| ower _bound and upper _bound produce the same result for non-existing keys: they both return the
first element having a key exceeding the provided key.

Here is an example showing the use of various member functions of a multiset:

#i ncl ude <i ostreanr
#i ncl ude <set >

usi ng nanespace std;

int main()
{ .
string
sa[] =
{
"al pha",
"echo",
"hotel ",
"m ke",
"ronmeo"
b

mul tiset<string>
obj ect (&sa[ 0], &sa[5]);

obj ect.insert("echo");
obj ect.insert("echo");

mul tiset<string>: :iterator
it = object.find("echo");

for (; it !'= object.end(); ++it)
cout << *jit << " ";
cout << '\n’

cout << "Multiset::equal _range(\"ech\")\n"
pair
<

mul tiset<string>::iterator,

nmul tiset<string>: :iterator

>
itpair = object.equal _range("ech");
if (itpair.first !'= object.end())
cout << "lower_bound() points at " << *itpair.first <<’'\n’
for (; itpair.first != itpair.second; ++itpair.first)

cout << *itpair.first << ;

cout << '\n' <<
obj ect. count ("ech") <<

occurrences of 'ech’" << '\n’

cout << "Multiset::equal _range(\"echo\")\n"
itpair = object.equal _range("echo");

for (; itpair.first = itpair.second; ++itpair.first)

cout << *itpair.first << ;
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cout << ’'\n <<
obj ect . count ("echo") <<

occurrences of 'echo' " << '\n’;

cout << "Multiset::equal _range(\"echoo\")\n"
itpair = object.equal _range("echoo");

for (; itpair.first I'=itpair.second; ++itpair.first)

cout << *itpair.first << :

cout << '\n' <<
obj ect. count ("echoo") <<

occurrences of 'echoo'" << '\n’

}

| *
CGener at ed out put :
echo echo echo hotel nmi ke roneo
Mul tiset::equal _range("ech")
| ower _bound() points at echo
0 occurrences of ’'ech
Mul tiset::equal _range("echo")
echo echo echo
3 occurrences of ’echo
Mul tiset::equal _range("echoo")
0 occurrences of ’'echoo

*/

12.3.10 The ‘stack’ container

The st ack class implements a stack data structure. Before using st ack containers the header file
<st ack> must have been included.

A stack is also called a first in, last out (FILO or LIFO) data structure as the first item to enter the
stack is the last item to leave. A stack is an extremely useful data structure in situations where data
must temporarily remain available. For example, programs maintain a stack to store local variables of
functions: the lifetime of these variables is determined by the time these functions are active, contrary
to global (or static local) variables, which live for as long as the program itself lives. Another example
is found in calculators using the Reverse Polish Notation (RPN), in which the operands of operators are
kept in a stack, whereas operators pop their operands off the stack and push the results of their work
back onto the stack.

As an example of the use of a stack, consider figure 12.5, in which the contents of the stack is shown
while the expression (3 + 4) * 2 isevaluated. In the RPN this expression becomes3 4 + 2 *,and
figure 12.5 shows the stack contents after each token (i.e., the operands and the operators) is read from
the input. Notice that each operand is indeed pushed on the stack, while each operator changes the
contents of the stack. The expression is evaluated in five steps. The caret between the tokens in the
expressions shown on the first line of figure 12.5 shows what token has just been read. The next line
shows the actual stack-contents, and the final line shows the steps for referential purposes. Note that
at step 2, two numbers have been pushed on the stack. The first number (3) is now at the bottom of
the stack. Next, in step 3, the + operator is read. The operator pops two operands (so that the stack is
empty at that moment), calculates their sum, and pushes the resulting value (7) on the stack. Then, in
step 4, the number 2 is read, which is dutifully pushed on the stack again. Finally, in step 5 the final
operator * is read, which pops the values 2 and 7 from the stack, computes their product, and pushes
the result back on the stack. This result (14) could then be popped to be displayed on some medium.

From figure 12.5 we see that a stack has one location (the top) where items can be pushed onto and
popped off the stack. This top element is the stack’s only immediately visible element. It may be
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34 + 2+ 34+ 2* B4a+[2r 34+ 2[r 34+2*]

N

(1) (2) 3) (4) )

Figure 12.5: The contents of a stack while evaluating3 4 + 2 =

accessed and modified directly.

Bearing this model of the stack in mind, let’s see what we formally can do with the st ack container.
For the st ack, the following constructors, operators, and member functions are available:
e Constructors:
- A st ack may be constructed empty:
stack<string> object;
- A stack may be initialized using a copy constructor:

extern stack<string> container
st ack<string> object(container);

e Only the basic set of container operators are supported by the st ack

e The following member functions are available for stacks:

bool enpty():
this member returns t r ue if the stack contains no elements.
d push(val ue):

VO

this member places val ue at the top of the stack, hiding the other elements from
view.

d pop():
this member removes the element at the top of the stack. Note that the popped
element is not returned by this member. Nothing happens if pop is used with an

empty stack. See section 12.3.3 for a discussion about the reason why pop has return
type voi d.

size_t size():

VO

this member returns the number of elements in the stack.

Type &t op():
this member returns a reference to the stack’s top (and only visible) element. It is the
responsibility of the programmer to use this member only if the stack is not empty.

The stack does not support iterators or a subscript operator. The only elements that can be accessed is
its top element. To empty a stack:

e repeatedly remove its front element;

e assign an empty stack to it;

e have its destructor called (e.g., by ending its lifetime).
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12.3.11 Hash Tables (C++0x)

The C++0x standard officially adds hash tables to the language.

Before using hash table containers the header file <unor der ed_map> must have been included. Vari-
ants are hash-based sets and multi-sets. Before using these hash-based set containers the header file
<unor der ed_set > must have been included.

As discussed, the map is a sorted data structure. The keys in maps are sorted using the oper at or <
of the key’s data type. Generally, this is not the fastest way to either store or retrieve data. The
main benefit of sorting is that a listing of sorted keys appeals more to humans than an unsorted list.
However, a by far faster method to store and retrieve data is to use hashing.

Hashing uses a function (called the hash function) to compute an (unsigned) number from the key,
which number is thereupon used as an index in the table in which the keys are stored. Retrieval of
a key is as simple as computing the hash value of the provided key, and looking in the table at the
computed index location: if the key is present, it is stored in the table, and its value can be returned. If
it’s not present, the key is not stored.

Collisions occur when a computed index position is already occupied by another element. For these
situations the abstract containers have solutions available. A simple solution, adopted by the C++0x
standard is to use linear chaining which uses a linked list to store colliding table elements in.

In the C++0x standard the term unordered is used rather than hash to avoid name collisions with hash
tables developed before the advent of the C++0x standard. Except where unor der ed is required as
part of a type name, the term hash will be used here as it is the term commonly encountered.

Four forms of unor der ed data structures are supported: unor der ed_map, unor der ed_nul ti map,
unor dered_set,and unordered_nultiset.

Below the unor der ed_nmap container is discussed. The other containers using hashing also use hashing
but provide functionality corresponding to, respectively, the nul ti map, set and nul ti set.

Concentrating on the unor der ed_nap, its constructor needs a key type, a value type, an object comput-
ing a hash value for the key, and an object comparing two keys for equality. Predefined hash functions
are available for st d: : stri ng keys, and for all standard scalar numeric types (char, short, int
etc.). If another data type is used, a hash function object and an equality function object must be made
available (see also section 10.10). Examples follow below.

The class implementing the hash function could be called hash. Its function call operator (oper at or () )
returns the (si ze_t ) hash value of the key that it received as its argument.

A generic algorithm (see chapter 19) exists performing tests of equality (i.e., equal _t 0). These tests can
be used if the key’s data type supports the equality operator. Alternatively, an overloaded oper at or ==
or specialized function object could be constructed returning t r ue if two keys are equal and f al se
otherwise. Examples follow.

The unor der ed_map class implements an associative array in which the elements are stored according
to some hashing scheme.

Constructors, operators and member functions available for the map are also available for the unor der ed_nap.
The map and unor der ed_nap support the same set of operators and member functions. However, the

efficiency of a unor der ed_map in terms of speed should greatly exceed the efficiency of the map. Compa-

rable conclusions may be drawn for the unor der ed_set ,unor der ed_nul t i nap and the unor dered_nul ti set.

Compared to the map container, the unor der ed_nap has an additional constructor:
unor dered_map<...> hash(n);

where nis a si ze_t value. It is used to construct a unor der ed_nmap consisting of an initial number of
at least n empty slots to put key/value combinations in. This number is automatically extended when
needed.
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The hashed key type is almost always text. So, a unor der ed_map in which the key’s data type is a
std::string occurs most often. Note that although a char =* is allowed as key type this is almost
always a bad idea since two char * variables pointing to equal C-strings stored at different locations
will be considered different keys.

The following program defines a unordered_map containing the names of the months of the year and
the number of days these months (usually) have. Then, using the subscript operator the days in several
months are displayed. The equality operator used the generic algorithm equal _t o<stri ng>, which is
the default fourth argument of the unor der ed_nap constructor:

#i ncl ude <unordered_map>
#i ncl ude <i ostreane

#i ncl ude <string>

usi ng nanespace std;

int main()
{

unor der ed_map<string, int> nonths;
nont hs["j anuary"]
nont hs[ " february"]
nont hs[ " mar ch"]
nmont hs["april"]
nont hs["may"] =
nont hs["j une"]
nont hs["jul y"]
nont hs[ "august "]
nont hs[ " sept enber "]
nont hs[ "oct ober"] =
nont hs[ " novenber "
nont hs[ " decenber "

= 31,
= 28;
= 31;

= 30;

31,
= 30;
= 31,
= 31;
= 30;
31;
30;
31;

[y —

A comparable example, showing the use of explicitly defined hash and equality functions and key-type
const =:

char

cout << "septenber ->

}
| *

"april ->
"june ->
"novenber ->

CGener at ed out put :
sept enber -> 30

apri | -> 30
j une -> 30
novenber -> 30
* [

#i ncl ude
#i ncl ude
#i ncl ude
#i ncl ude

<unor der ed_rmap>
<i ostreanp
<string>
<cstring>

usi ng nanespace std;

struct Equal Cp

{

bool

{

operator()(char const =*I,

return strcnp(l

r)

<<
<<
<<

nmont hs["septenber”] << ’'\n
mont hs["april"] << ’'\n <<
nmont hs["june"] << ’'\n <<
nont hs[ "novenber"] << '\ n’

char const =*r) const

0;

<<
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}
b
struct HashCp
{
size_ t operator()(char const *str) const
{
return hash<std::string const &()(str);
}
s
int main()
{
unor der ed_map<char const =, int, HashCp, Equal Cp> nont hs;
nmont hs["april"] = 30;
nont hs[ "novenber"] = 31;
string apr("april™"); /1 different pointers, sane string
cout << "april ->" << ponths["april"] << ’'\n <<
"april -> " << nonths[apr.c_str()] << ’'\n’
}

The unor dered_nul ti map, unordered_set and unordered_nul ti set containers are used analo-
gously. For these containers the equal and hash classes must also be defined. The unor dered_nul ti map
also requires the unor der ed_map header file.

12.3.12 Regular Expressions (C++0x, ?)

The C++0x standard adds handling of regular expressions to the language. Before using regular ex-
pressions as offered by the C++ standard the header file <r egex> must have been included.

Regular expressions were already available in C++ via its C heritage as C has always offered functions
like r egconp and r egexec that are used by, e.g., the Pat t er n class of the Bobcat | i brary!.

Regular expressions are extensively documented elsewhere (e.g., regex(7), Friedl, J E.F Mast eri ng
Regul ar Expr essi ons?, O’'Reilly) and the reader is referred to these sources for a refresher on the
topic of regular expressions.

The C++0x standard adds native object based support for regular expressions by defining several new
classes and other facilities. Currently, however, regular expressions are not yet supported by the g++
library and therefore in this section only the basic building blocks the C++0x standard offers to handle
regular expressions are mentioned. Once regular expressions actually become available this section
will be updated to cover the actually available features.

Eventually, regular expressions will be represented by objects of the class r egex. Once a r egex regu-
lar expression object has been defined its member r egex_sear ch can be called to process its regular
expression. This function expects arguments representing, respectively, the text against which the reg-
ular expression will be matched; an object of the class cnmat ch representing the results of the matching
operation and an object of the class r egex representing the used regular expression. Furthermore, a
member r egex_r epl ace will be available to perform textual replacements based on regular expres-
sions.

Regular expressions using the r egex class are currently not yet available in the g++ library.

Ihttp://bobcat.sourceforge.net
2http://oreilly.com/catalog/
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12.4 The ‘complex’ container

The conpl ex container defines the standard operations that can be performed on complex numbers.
Before using conpl ex containers the header file <conpl ex> must have been included.

The complex number’s real and imaginary types are specified as the container’s data type. Examples:
conpl ex<doubl e>
compl ex<i nt >
compl ex<f | oat >

Note that the real and imaginary parts of complex numbers have the same datatypes.

When initializing (or assigning) a complex object, the imaginary part may be omitted from the initial-
ization or assignment resulting in its value being 0 (zero). By default, both parts are zero.

Below it is silently assumed that the used conpl ex type is conpl ex<doubl e>. Given this assumption,
complex numbers may be initialized as follows:

e target: A default initialization: real and imaginary parts are 0.

e target (1): The real part is 1, imaginary part is 0

e target (0, 3.5): The real partis 0, imaginary part is 3.5

e target (source):target isinitialized with the values of sour ce.

Anonymous complex values may also be used. In the next example two anonymous complex values are
pushed on a stack of complex numbers, to be popped again thereafter:

#i ncl ude <i ostreane
#i ncl ude <conpl ex>
#i ncl ude <stack>

usi ng nanespace std,;
int main()
{
st ack<compl ex<doubl e>>

cst ack;

cst ack. push( conpl ex<doubl e>(3. 14, 2.71));
cst ack. push(conpl ex<doubl e>(-3. 14, -2.71));

whi l e (cstack. size())

{
cout << cstack.top().real () << ", " <<
cstack.top().img() << "i" << ’'\n’;
cstack. pop();
}
}
| *
CGener at ed out put :
-3.14, -2.71i
3.14, 2.71
* [

The following member functions and operators are defined for complex numbers (below, val ue may be
either a primitve scalar type or a conpl ex object):
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e Apart from the standard container operators, the following operators are supported from the
conpl ex container.
- compl ex operator+(val ue):
this member returns the sum of the current conpl ex container and val ue.
- compl ex operator-(val ue):

this member returns the difference between the current conpl ex container and
val ue.

- conpl ex operator=*(val ue):
this member returns the product of the current conpl ex container and val ue.
- conpl ex operator/(val ue):
this member returns the quotient of the current conpl ex container and val ue.
- conpl ex operator+=(val ue):
this member adds val ue to the current conpl ex container, returning the new value.
- conpl ex operator-=(val ue):

this member subtracts val ue from the current conpl ex container, returning the
new value.

— compl ex operator*=(val ue):

this member multiplies the current conpl ex container by val ue, returning the new
value

- conpl ex operator/=(val ue):
this member divides the current conpl ex container by val ue, returning the new
value.
e Type real ():
this member returns the real part of a complex number.
e Type imag():
this member returns the imaginary part of a complex number.

e Several mathematical functions are available for the conpl ex container, such as abs, ar g, conj ,
cos, cosh, exp, | og, norm pol ar, pow, si n, si nh and sqrt. All these functions are free func-
tions, not member functions, accepting complex numbers as their arguments. For example,

abs( conpl ex<doubl e>(3, -5));
pow(target, conplex<int>(2, 3));

e Complex numbers may be extracted from i st r eamobjects and inserted into ost r eam objects.
The insertion results in an ordered pair (X, Y), in which X represents the real part and y the
imaginary part of the complex number. The same form may also be used when extracting a
complex number from an i st r eamobject. However, simpler forms are also allowed. E.g., when
extracting 1. 2345 the imaginary part will be set to 0.



Chapter 13

Inheritance

When programming in C, programming problems are commonly approached using a top-down struc-
tured approach: functions and actions of the program are defined in terms of sub-functions, which again
are defined in sub-sub-functions, etc.. This yields a hierarchy of code: mai n at the top, followed by a
level of functions which are called from nmai n, etc..

In C++ the relationship between code and data is also frequently defined in terms of dependencies
among classes. This looks like composition (see section 7.2), where objects of a class contain objects of
another class as their data. But the relation described here is of a different kind: a class can be defined
in terms of an older, pre-existing, class. This produces a new class having all the functionality of
the older class, and additionally defining its own specific functionality. Instead of composition, where a
given class contains another class, we here refer to derivation, where a given class is or is-implemented-
in-terms-of another class.

Another term for derivation is inheritance: the new class inherits the functionality of an existing class,
while the existing class does not appear as a data member in the interface of the new class. When
discussing inheritance the existing class is called the base class, while the new class is called the
derived class.

Derivation of classes is often used when the methodology of C++ program development is fully ex-
ploited. In this chapter we will first address the syntactic possibilities offered by C++ for deriving
classes. Following this we will address some of the specific possibilities offered by class derivation
(inheritance).

As we have seen in the introductory chapter (see section 2.4), in the object-oriented approach to problem
solving classes are identified during the problem analysis. Under this approach objects of the defined
classes represent entities that can be observed in the problem at hand. The classes are placed in a
hierarchy, with the top-level class containing limited functionality. Each new derivation (and hence
descent in the class hierarchy) adds new functionality compared to yet existing classes.

In this chapter we shall use a simple vehicle classification system to build a hierarchy of classes. The
first class is Vehi cl e, which implements as its functionality the possibility to set or retrieve the mass
of a vehicle. The next level in the object hierarchy are land-, water- and air vehicles.

The initial object hierarchy is illustrated in Figure 13.1.

This chapter mainly focuses on the technicalities of class derivation. The distinction between inheri-
tance used to create derived classes whose objects should be considered objects of the base class and
inheritance used to implement derived classes in-terms-of their base classes will be postponed until the
next chapter (14).

273
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Vehicle

Land Water Air

Auto

Figure 13.1: Initial object hierarchy of vehicles.

13.1 Related types

The relationship between the proposed classes representing different kinds of vehicles is further inves-
tigated here. The figure shows the object hierarchy: an Aut 0 is a special case of a Land vehicle, which
in turn is a special case of a Vehi cl e.

The class Vehi cl e represents the ‘greatest common divisor’ in the classification system. Vehi cl e is
given limited functionality: it can store and retrieve a vehicle’s mass:

class Vehicle

{
size_t d_nmss;
public:
Vehi cl e();
Vehi cl e(si ze_t mass);
size_t mass() const;
voi d set Mass(size_ t nass);
s

Using this class, the vehicle’s mass can be defined as soon as the corresponding object has been created.
At a later stage the mass can be changed or retrieved.

To represent vehicles travelling over land, a new class Land can be defined offering Vehi cl e’s function-
ality and adding its own specific functionality. Assume we are interested in the speed of land vehicles
and in their mass. The relationship between Vehi cl es and Lands could of course be represented by
composition but that would be awkward: composition suggests that a Land vehicle is-implemented-in-
terms-of, i.e., contains, a \Vehi cl e, while the natural relationship clearly is that the Land vehicle is a
kind of Vehi cl e.

A relationship in terms of composition would also somewhat complicate our Land class’s design. Con-
sider the following example showing a class Land using composition (only the set Mass functionality is
shown):

cl ass Land

{
Vehicle d_v; /1 conposed Vehicle

public:
voi d set Mass(size_t nmss);
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voi d Land:: set Mass(size_t nass)

{
}

d_v. set Mass(nass) ;

Using composition, the Land: : set Mass function only passes its argument on to Vehi cl e: : set Mass.
Thus, as far as mass handling is concerned, Land: : set Mass introduces no extra functionality, just
extra code. Clearly this code duplication is superfluous: a Land object is a Vehi cl e; to state that a
Land object contains a Vehi cl e is at least somewhat peculiar.

The intended relationship is represented better by inheritance. A rule of thumb for choosing between
inheritance and composition distinguishes between is-a and has-a relationships. A truck is a vehicle, so
Tr uck should probably derive from Vehi cl e. On the other hand, a truck has an engine; if you need to
model engines in your system, you should probably express this by composing an Engi ne class inside
the Tr uck class.

Following the above rule of thumb, Land is derived from the base class Vehi cl e:

cl ass Land: public Vehicle

{
size t d_speed;
public:
Land();
Land(si ze_t mmss, size_t speed);
voi d setspeed(size t speed);
size t speed() const;
b

To derive a class (e.g., Land) from another class (e.g., Vehi cl e) postfix the class name Land in its
interface by :  public Vehicle:

class Land: public Vehicle

The class Land now contains all the functionality of its base class Vehi cl e as well as its own features.
Here those features are a constructor expecting two arguments and member functions to access the
d_speed data member. Here is an example showing the possibilities of the derived class Land:

Land veh(1200, 145);

int main()

{

cout << "Vehicle weighs
"its speed is "

<< veh.mass() << ";\n"
<< veh. speed() << ’'\n’;

This example illustrates two features of derivation.

e First, mass is not mentioned as a member in Land’s interface. Nevertheless it is used in veh. nass.
This member function is an implicit part of the class, inherited from its ‘parent’ vehicle.

e Second, although the derived class Land contains the functionality of Vehi cl e, the Vehi cl e’s
private members remain private: they can only be accessed by Vehi cl €’s own member functions.
This means that Land’s member functions must use Vehi cl €’s member functions (like nass and
set Mass) to address the nass field. Here there’s no difference between the access rights granted
to Land and the access rights granted to other code outside of the class Vehi cl e. The class
Vehi cl e encapsulates the specific Vehi cl e characteristics, and data hiding is one way to realize
encapsulation.
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Encapsulation is a core principle of good class design. Encapsulation reduces the dependencies among
classes improving the maintainability and testability of classes and allowing us to modify classes with-
out the need to modify depending code. By strictly complying with the principle of data hiding a class’s
internal data organization may change without requiring depending code to be changed as well. E.g.,
a class Li nes originally storing C-strings could at some point have its data organization changed.
It could abandone its char =** storage in favor of a vect or <stri ng> based storage. When Li nes
uses perfect data hiding depending source code may use the new Li nes class without requiring any
modification at all.

As a rule of thumb, derived classes must be fully recompiled (but don’t have to be modified) when the
data organization (i.e., the data members) of their base classes change. Adding new member functions
to the base class doesn’t alter the data organization so no recompilation is needed when new member
functions are added.

There is one subtle exception to this rule of thumb: if a new member function is added to a base class
and that function happens to be the first virtual member function of the base class (cf. chapter 14 for a
discussion of the virtual member function concept) then that will also change the data organization of
the base class.

Now that Land has been derived from Vehi cl e we’re ready for our next class derivation. We'll define a
class Aut o to represent automobiles. Agreeing that an Aut o object is a Land vehicle, and that an Aut o
has a brand name it’s easy to design the class Aut o:

class Auto: public Land

{
std::string d_brandNane;
publi c:
Aut o();
Auto(size t nass, size t speed, std::string const &nane);
std::string const &brandNane() const;
b

In the above class definition, Aut o was derived from Land, which in turn is derived from Vehi cl e.
This is called nested derivation: Land is called Aut 0’s direct base class, while Vehi cl e is called Aut 0’s
indirect base class.

13.1.1 Inheritance depth: desirable?

Now that Aut 0 has been derived from Land and Land has been derived from Vehi cl e we might easily
be seduced into thinking that these class hierarchies are the way to go when designing classes. But
maybe we should temper our enthousiasm.

Repeatedly deriving classes from classes quickly results in big, complex class hierarchies that are hard
to understand, hard to use and hard to maintain. Hard to understand and use as users of our derived
class now also have to learn all its (indirect) base class features as well. Hard to maintain because
all those classes are very closely coupled. While it may be true that when data hiding is meticulously
adhered to derived classes do not have to be modified when their base classes alter their data organi-
zation, it also quickly becomes practically infeasible to change those base classes once more an more
(derived) classes depend on their current organization.

What initially looks like a big gain, inheriting the base class’s interface, thus becomes a liability. The
base class’s interface is hardly ever completely required and in the end a class may benefit from explic-
itly defining its own member functions rather than obtaining them through inheritance.

Often classes can be defined in-terms-of existing classes: some of their features are used, but others
need to be shielded off. Consider the st ack container: it is commonly implemented in-terms-of a
deque, returning deque: : back’s value as st ack: : t op’s value.
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When using inheritance to implement an i s- a relationship make sure to get the ‘direction of use’ right:
inheritance aiming at implementing an is-a relationship should focus on the base class: the base class
facilities aren’t there to be used by the derived class, but the derived class facilities should redefine
(reimplement) the base class facilities using polymorphism (which is the topic of the next chapter),
allowing code to use the derived class facilities polymorphically through the base class. We've seen this
approach when studying streams: the base class (e.g., ost r eam) is used time and again. The facilities
defined by classes derived from ost r eam(like of st r eamand ost ri ngst r eam are then used by code
only relying on the facilities offered by the ost r eamclass, never using the derived classes directly.

When designing classes always aim at the lowest possible coupling. Big class hierarchies usually indi-
cate poor understanding of robust class design. When a class’s interface is only partially used and if the
derived class is implemented in terms of another class consider using composition rather than inheri-
tance and define the appropriate interface members in terms of the members offered by the composed
objects.

13.2 The constructor of a derived class

A derived class inherits functionality from its base class (or base classes, as C++ supports multiple
inheritance, cf. section 13.5). When a derived class object is constructed it is built on top of its base
class object. As a consequence the base class must have been constructed before the actual derived class
elements can be initialized. This results in some requirements that must be observed when defining
derived class constructors.

A constructor exists to initialize the object’s data members. A derived class constructor is also responsi-
ble for the proper initialization of its base class. Looking at the definition of the class Land introduced
earlier (section 13.1), its constructor could simply be defined as follows:

Land: : Land(size_t mass, size_t speed)
{

set Mass(mass) ;

set speed( speed);

However, this implementation has several disadvantages.

e When constructing a derived class object a base class constructor will always be called before any
action is performed on the derived class object itself. By default the base class’s default constructor
will be called.

e Using the base class constructor only to reassign new values to its data members in the derived
class constructor’s body usually is inefficient, but sometimes sheer impossible as in situations
where base class reference or const data members must be initialized. In those cases a specialized
base class constructor must be used instead of the base class default constructor.

A derived class’s base class may be initialized using a dedicated base class constructor by calling the
base class constructor in the derived class constructor’s initializer clause. Calling a base class construc-
tor in a constructor’s initializer clause is called a base class initializer. The base class initializer must
be called before initializing any of the derived class’s data members and when using the base class
initializer none of the derived class data members may be used. When constructing a derived class
object the base class is constructed first and only after that construction has successfully completed
the derived class data members are available for initialization. Land’s constructor may therefore be
improved:

Land: : Land(size_t mass, size_t speed)

Vehi cl e(nass),
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d_speed(speed)
{}

Derived class constructors always by default call their base class’s default constructor. This is of course
not correct for a derived class’s copy constructor. Assuming that the class Land must be provided with
a copy constructor it may use the Land const &ot her to represent the other’s base class:

Land: : Land(Land const &ot her) /1 assume a copy constructor is needed

Vehi cl e( ot her), /'l copy-construct the base class part.
d_speed(ot her. speed) /'l copy-construct Land’s data nenbers

{}

Likewise, a derived class move constructor may have to be defined. A derived class may offer a move
constructor for two reasons:

e it supports move construction for its data members

e its base class is move-aware

The design of move constructors moving data members was covered in section 8.6. A move constructor
for a derived class whose base class is move-aware must anonimize the rvalue reference before passing
it to the base class move constructor. The st d: : nove function should be used when implementing the
move constructor to move the information in base classes or composed objects to their new destination
object.

The first example shows the move constructor for the class Aut 0, assuming it has a movable char
*d_brandNane data member and assuming that Land is a move-aware class. The second example
shows the move constructor for the class Land, assuming that it does not itself have movable data
members, but that its Vehi cl e base class is move-aware:

Aut o: : Aut o( Aut o const &&t np)

Land(std:: nove(tmp)), /1 anonim ze ‘tnp’
d_brandNane(t np. d_brandNane) /1 nove the char *'s val ue
{
const _cast<Auto &>(tnp).d_brandNane = O;
}
Land(Land const &&t np)
Vehi cl e(std:: move(tnp)), /'l nove-aware Vehicle
d_speed(tnp. d_speed) /1 plain copying of plain data

{}

13.2.1 Merely using base class constructors (C++0x, ?)

The C++0x standard allows derived classes to be constructed without explicitly defining derived class
constructors. In those cases the available base class constructors are called.

This feature is either used or not. It is not possible to omit some of the derived class constructors,
using the corresponding base class constructors instead. To use this feature for classes that are derived
from multiple base classes (cf. section 13.5) all the base class constructors must have different signa-
tures. Considering the complexities that are involved here it’s probably best to avoid using base class
constructors for classes using multiple inheritance.

The construction of derived class objects can be delegated to base class constructor(s) using the follow-
ing syntax:
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cl ass Based ass

{
publi c:
/'l BaseC ass constructor(s)
b
cl ass Derivedd ass: public Based ass
{
public:
usi ng BaseC ass: : BaseC ass; // No DerivedCd ass constructors
/1 are defined
b

13.3 The destructor of a derived class

Destructors of classes are automatically called when an object is destroyed. This also holds true for
objects of classes derived from other classes. Assume we have the following situation:

cl ass Base

{
publi c:
~Base();
H
cl ass Derived: public Base
{
publi c:
~Derived();
H
int main()
{
Derived derived
}

At the end of nai n, the deri ved object ceases to exists. Hence, its destructor (~Deri ved) is called.
However, since deri ved is also a Base object, the ~Base destructor is called as well. The base class
destructor is never explicitly called from the derived class destructor.

Constructors and destructors are called in a stack-like fashion: when der i ved is constructed, the ap-
propriate base class constructor is called first, then the appropriate derived class constructor is called.
When the object deri ved is destroyed, its destructor is called first, automatically followed by the ac-
tivation of the Base class destructor. A derived class destructor is always called before its base class
destructor is called.

When the construction of a derived class objects did not successfully complete (i.e., the constructor
threw an exception) then its destructor is not called. However, the destructors of properly constructed
base classes will be called if a derived class constructor throws an exception. This, of course, is it should
be: a properly constructed object will also be destroyed, eventually. Example:

#i ncl ude <i ostreanr
struct Base

{
~Base()

{
}

std::cout << "Base destructor\n";
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b
struct Derived: public Base
{
Deri ved()
{
throw 1; /1 at this time Base has been constructed
}
H
int main()
{
try
{
Derived d;
}
catch(...)
{}
}
| *
This program di spl ays ‘B destructor’
*/

13.4 Redefining member functions

Derived classes may redefine base class members. Let’s assume that a vehicle classification system
must also cover trucks, consisting of two parts: the front part, the tractor, pulls the rear part, the
trailer. Both the tractor and the trailer have their own masss, and the mass function should return the
combined mass.

The definition of a Tr uck starts with a class definition. Our initial Tr uck class is derived from Aut o
but it is then expanded to hold one more si ze_t field representing the additional mass information.
Here we choose to represent the mass of the front part of the truck in the Aut o class and to store the
mass of the trailer in an additional field:

class Truck: public Auto

{
size t d_trailer_nass;
public:
Truck();
Truck(size t tractor_w, size t speed, char const xnane,
size_t trailer_wt);
void setMass(size t tractor_wt, size t trailer_wt);
size t nass() const;
b

Truck: : Truck(size_t tractor_wt, size_t speed, char const =*name,
size_t trailer_wt)

Auto(tractor_wt, speed, nane)

d trailer_mss = trailer_w;

Note that the class Tr uck now contains two functions already present in the base class Aut 0: set Mass
and mass.
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e The redefinition of set Mass poses no problems: this function is simply redefined to perform ac-
tions which are specific to a Tr uck object.

e The redefinition of set Mass, however, will hide Aut 0: : set Mass. For a Tr uck only the set Mass
function having two si ze_t arguments can be used.

e The Vehi cl €’s set Mass function remains available for a Tr uck, but it must now be called ex-
plicitly, as Aut o: : set Mass is hidden from view. This latter function is hidden, even though
Aut 0: : set Mass has only one si ze_t argument. To implement Truck: : set Mass we could
write:

void Truck::setMass(size t tractor wt, size t trailer_w)

{
d trailer_mss = trailer_w;
Aut 0: : set Mass(tractor_w); /1 note: Auto:: is required

}

e Outside of the class Aut 0: : set Mass is accessed using the scope resolution operator. So, if a
Truck truck needs to set its Aut 0 mass, it must use

truck. Aut o: : set Mass(x);

e An alternative to using the scope resolution operator is to add a member having the same function
prototype as the base class member to the derived class’s interface. This derived class member
could be implemented inline to call the base class member. E.g., we add the following member to
the cl ass Truck:

/1 in the interface:
voi d set Mass(size_t tractor_wt);

/1 below the interface:
inline void Truck::setMass(size t tractor_w)

{
}

Aut 0: : set Mass(tractor_w);

Now the single argument set Mass member function can be used by Tr uck objects without using
the scope resolution operator. As the function is defined inline, no overhead of an additional
function call is involved.

e To prevent hiding the base class members a usi ng declaration may be added to the derived class
interface. The relevant section of Tr uck’s class interface then becomes:

class Truck: public Auto

{
public:
usi ng Auto:: set Mass;
void setMass(size_t tractor_wt, size t trailer_wt);
1

A using declaration imports (all overloaded versions of) the mentioned member function directly
into the derived class’s interface. If a base class member has a signature that is identical to a de-
rived class member then compilation will fail (a usi ng Aut o: : mass declaration cannot be added
to Tr uck’s interface). Now code may uset r uck. set Mass(5000) aswellast r uck. set Mass( 5000,
2000) .

Using declarations obey access rights. To prevent non-class members from using set Mass( 5000)
without a scope resultion operator but allowing derived class members to do so the usi ng Aut o: : set Mass
declaration should be put in the class Tr uck’s private section.
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e The function nass is also already defined in Aut 0, as it was inherited from Vehi cl e. In this case,

the class Tr uck should redefine this member function to allow for the extra (trailer) mass in the
Tr uck:

size_t Truck::mass() const

{
return
( /1 sum of :
Aut o: : mass() + /1 tractor part plus
d trailer_nmass /1 the trailer
)
}
Example:
int main()
{

Land veh(1200, 145);
Truck lorry(3000, 120, "Juggernaut", 2500);

[ orry. Vehicl e:: set Mass(4000) ;

cout << ’'\n’ << "Truck weighs " <<
lorry.Vehicle::mass() << '\n’ <<

"Truck + trailer weighs " << lorry.mss() <<

"Speed is " << lorry.speed() << ’'\n <<

"Name is " << lorry.nanme() << '\n’;

"\n' <<

The class Truck was derived from Aut 0. However, one might question this class design. Since a
truck is conceived of as a combination of an tractor and a trailer it is probably better defined using
composition. This changes our point of view from a Tr uck being an Aut o (and some strangely appearing
data members) to a Tr uck consisting of an Aut o (the tractor) and a Vehi cl e (the trailer). Truck’s
interface will be very specific, not requiring users to study Aut o’s and Vehi cl €’s interfaces and it
opens up possibilities for defining ‘road trains’: tractors towing multiple trailers. Here is an example of
such an alternate class setup:

class Truck
{
Auto d_lorry;
Vehicle d trailer; /1 use vector<Vehicle> for road trains

public:
Truck();
Truck(size_t tractor_wt, size_t speed, char const *nane,
size_t trailer_wt);

void setMass(size t tractor_wt, size t trailer_wt);
voi d set Tractor Mass(size t tractor_w);
void setTrail erMass(size t trailer_w);
size_t mass() const;
size_t tractorMass() const;
size t trailerMass() const;
/1 consider:
Auto const &tractor() const;
Vehicle const &railer() const;
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13.5 Multiple inheritance

Up to now, a class has always been derived from a single base class. In addition to single inheritance
C++ also supports multiple inheritance. In multiple inheritance a class is derived from several base
classes and hence inherits functionality from multiple parent classes at the same time.

When using multiple inheritance it should be defensible to consider the newly derived class an instan-
tiation of both base classes. Otherwise, composition is more appropriate. In general, linear derivation
(using only one base class) is used much more frequently than multiple derivation. Good class design
dictates that a class should have a single, well described responsibility and that principle often conflicts
with multiple inheritance where we can state that objects of class Der i ved are both Basel and Base?2
objects.

But then, consider the prototype of an object for which multiple inheritance was used to its extreme:
the Swiss army knife! This object is a knife, it is a pair of scissors, it is a can-opener, it is a corkscrew,
it is ....

The ‘Swiss army knife’ is an extreme example of multiple inheritance. In C++ there are some good
reasons, not violating the ‘one class, one responsibility’ principle that will be covered in the next chapter.
In this section the technical details of constructing classes using multiple inheritance are discussed.

How to construct a ‘Swiss army knife’ in C++? First we need (at least) two base classes. For example,
let’s assume we are designing a toolkit allowing us to construct an instrument panel of an aircraft’s
cockpit. We design all kinds of instruments, like an artificial horizon and an altimeter. One of the
components that is often seen in aircraft is a nav-com set: a combination of a navigational beacon
receiver (the ‘nav’ part) and a radio communication unit (the ‘com’-part). To define the nav-com set, we
start by designing the NavSet class (assume the existence of the classes | nt ercom VHF_Di al and
Message):

cl ass NavSet
{
public:
NavSet (I ntercom & ntercom VHF_Dial &dial);

size_t activeFrequency() const;
size_t standByFrequency() const;

voi d set St andByFrequency(size t freq);
size_t toggl eActiveStandby();

voi d set Vol unme(size_t level);

voi d i dent Enphasi s(bool on_off);

i
Next we design the class Confet :

cl ass Conftet
{
public:
ConBSet (I ntercom & ntercon;

size_t frequency() const;
size_t passiveFrequency() const;

voi d set Passi veFrequency(size t freq);
size_t toggl eFrequencies();

voi d set Audi oLevel (size_t |evel);
voi d power On(bool on_off);
voi d testState(bool on_off);
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void transmt(Message &nressage);

b

Using objects of this class we can receive messages, transmitted though the | nt er com but we can
also transmit messages using a Message object that’s passed to the ConSet object using its t ransmi t
member function.

Now we’re ready to construct our NavComset:

cl ass NavContet: public Confet, public NavSet
{
public:
NavContet (I ntercom & ntercom VHF_Dial &dial);
b

Done. Now we have defined a NavConfSet which is both a NavSet and a ConBSet : the facilities of both
base classes are now available in the derived class using multiple inheritance.

Please note the following:

e The keyword publ i ¢ is present before both base class names (NavSet and ConfSet ). By default
inheritance uses private derivation and the keyword publ i ¢ must be repeated before each of the
base class specifications. Base classes are not required to use the same derivation type. One base
class could have publ i ¢ derivation and another base class could use pri vat e derivation.

e The multiply derived class NavContSet introduces no additional functionality of its own, but
merely combines two existing classes into a new aggregate class. Thus, C++ offers the possibility
to simply sweep multiple simple classes into one more complex class.

e Here is the implementation of The NavConBSet constructor:
NavContet : : NavConSet (I ntercom & ntercom VHF_Dial &dial)

Contet (i ntercom,
NavSet (i ntercom dial)

{}

The constructor requires no extra code: Its purpose is to activate the constructors of its base
classes. The order in which the base class initializers are called is not dictated by their calling
order in the constructor’s code, but by the ordering of the base classes in the class interface.

e The NavConSet class definition requires no additional data members or member functions: here
(and often) the inherited interfaces provide all the required functionality and data for the multiply
derived class to operate properly.

Of course, while defining the base classes, we made life easy on ourselves by strictly using differ-
ent member function names. So, there is a function set Vol une in the NavSet class and a function
set Audi oLevel in the ConBSet class. A bit cheating, since we could expect that both units in fact have
a composed object Anpl i fi er, handling the volume setting. A revised class might offer an Anpl i fi er
&anplifier() const member function, and leave it to the application to set up its own interface to
the amplifier. Alternatively, a revised class could define members for setting the volume of either the
NavSet or the ConfSet parts.

In situations where two base classes offer identically named members special provisions need to be
made to prevent ambiguity:

e The intended base class can explicitly be specified using the base class name and scope resolution
operator:

NavConSet navcon(intercom dial);
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navcom NavSet : : set Vol unme(5) ; /'l sets the NavSet vol une | evel
navcom Contet : : set Vol unme(5) ; /'l sets the Contet vol une | evel

e The class interface is provided with member functions that can be called unambiguously. These
additional members are usually defined i nl i ne:

cl ass NavContet: public ConfSet, public NavSet

{
public:
NavConSet (I ntercom & ntercom VHF_Dial &dial);
voi d conVol une(si ze t vol une);
voi d navVol une(size_t vol une);
i
inline void NavContet: : comVol ume(si ze_t vol une)
{
Contet : : set Vol une(vol une) ;
}
inline void NavContet: : navVol ume(si ze_t vol une)
{
NavSet : : set Vol une(vol une) ;
}

e If the NavConfet class is obtained from a third party, and cannot be modified, a disambiguating
wrapper class may be used:

cl ass MyNavConSet: public NavConftet

{
public:
MyNavContet (I nt ercom & ntercom VHF _Dial &dial);
voi d conVol une(size_t vol une);
voi d navVol une(size t vol une);
b

inline MyNavConBet:: MyNavConBet (I ntercom & ntercom VHF_Dial &dial)

NavContet (i ntercom dial);

i{LI i ne voi d MyNavConSBet : : conVol une(si ze t vol une)
{ Contet : : set Vol une(vol une) ;

i}nl i ne voi d MyNavConStet : : navVol une(si ze_t vol une)
{ NavSet : : set Vol une(vol une) ;

}

13.6 Public, protected and private derivation

With inheritance public derivation is frequently used. When public derivation is used the access rights
of the base class’s interface remains unaltered in the derived class. But the type of inheritance may
also be defined as private or protected.

Protected derivation is used when the keyword pr ot ect ed is put in front of the derived class’s base
class:

class Derived: protected Base
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When protected derivation is used all the base class’s public and protected members become protected
members in the derived class. The derived class may access all the base class’s public and protected
members. Classes in turn derived from the derived class will view the base class’s members as pro-
tected, and other code (outside of the inheritance tree) will not be able to access the base class’s mem-
bers.

Private derivation is used when the keyword pri vat e is put in front of the derived class’s base class:
cl ass Derived: private Base

When private derivation is used all the base class’s members turn into private members in the derived
class. The derived class members may access all base class public and protected members but base
class members cannot be used elsewhere.

Public derivation should be used to define an i s- a relationship between a derived class and a base
class: the derived class object is-a base class object allowing the derived class object to be used poly-
morphically as a base class object in code expecting a base class object. Private inheritance is used in
situations where a derived class object is defined in-terms-of the base class where composition cannot
be used. There’s little documented use for protected inheritance, but one could maybe encounter pro-
tected inheritance when defining a base class that is itself a derived class and needs to make its base
class members available to classes derived from itself.

Combinations of inheritance types do occur. For example, when designing a stream-class it is usu-
ally derived from st d: : i streamor std:: ost ream However, before a stream can be constructed, a
st d:: streanbuf must be available. Taking advantage of the fact that the inheritance order is de-
fined in the class interface, we use multiple inheritance (see section 13.5) to derive the class from both
st d:: streanbuf and (then) from st d: : ost r eam To the class’s users it is a st d: : ost r eamand not
a std::streanbuf. So private derivation is used for the latter, and public derivation for the former
class:

class Derived: private std::streanbuf, public std::ostream

13.6.1 Promoting access rights

When private or protected derivation is used, users of derived class objects are denied access to the
base class members. Private derivation denies access to all base class members to users of the derived
class, protected derivation does the same, but allows classes that are in turn derived from the derived
class to access the base class’s public and protected members.

In some situations this scheme is too restrictive. Consider a class RandSt r eamderived privately from
a class RandBuf which is itself derived from st d: : st r eanbuf and also publicly from i stream

cl ass RandBuf: public std::streanbuf

{
/1 inmplenents a buffer for random nunbers
H
cl ass RandStream private RandBuf, public std::istream
{
/1 inmplenents a streamto extract random val ues from
H

Such a class could be used to extract, e.g., random numbers using the standard i st r eaminterface.

Although the RandSt r eamclass is constructed with the functionality of i st r eam objects in mind,
some of the members of the class st d: : st r eanbuf may be considered useful by themselves. E.g., the
function st reanbuf: :i n_avai |l returns a lower bound to the number of characters that can be read
immediately. The standard way to make this function available is to define a shadow member calling
the base class’s member:
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cl ass RandStream private RandBuf, public std::istream

{
/1 inmplenents a streamto extract random val ues from
public:
std::streansize in_avail ();
H
inline std::streansize RandStream :in_avail ()
{
return std::streanbuf::in_avail ();
}

This looks like a lot of work for just making available a member from the protected or private base
classes. If the intent is to make available the i n_avai | member access promotion can be used. Access
promotion allows us to specify which members of private (or protected) base classes become available
in the protected (or public) interface of the derived class. Here is the above example, now using access
promotion:

cl ass RandStream private RandBuf, public std::istream

{
/1 inmplenents a streamto extract random val ues from
public:
using std::streanbuf::in_avail;
H

It should be noted that access promotion makes available all overloaded versions of the declared base
class member. So, if st r eanbuf would offer not only i n_avai | but also, e.g.,i n_avail (size t =*)
both members would become part of the public interface.

13.7 Conversions between base classes and derived classes

When public inheritance is used to define classes, an object of a derived class is at the same time an
object of the base class. This has important consequences for object assignment and for the situation
where pointers or references to such objects are used. Both situations will be discussed now.

13.7.1 Conversions with object assignments

Continuing our discussion of the NavComclass, introduced in section 13.5, we now define two objects, a
base class and a derived class object:

ConSet comn(i ntercon;
NavConfet navcon(i ntercon®, dial 2);

The object navcomis constructed using an | nt er comand a VHF_Di al object. However, a NavConfSet
is at the same time a ConBSet , allowing the assignment from navcom(a derived class object) o com(a
base class object):

com = navcom

The effect of this assignment will be that the object comwill now communicate with i nt er con2. As a
Contset does not have a VHF_Di al , the navconis di al is ignored by the assignment. When assigning
a base class object from a derived class object only the base class data members are assigned, other
data members are dropped, a phenomenon called slicing. In situations like these slicing probably does
not have serious consequences, but when passing derived class objects to functions defining base class
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parameters or when returning derived class objects from functions returning base class objects slicing
also occurs and might have unwelcome side-effects.

The assignment from a base class object to a derived class object is problematic. In a statement like
navcom = conj

it isn’t clear how to reassign the NavConfet’s VHF_Di al data member as they are missing in the
ConBSet object com Such an assignment is therefore refused by the compiler. Although derived class
objects are also base class objects, the reverse does not hold true: a base class object is not also a derived
class object.

The following general rule applies: in assignments in which base class objects and derived class objects
are involved, assignments in which data are dropped are legal (called slicing). Assignments in which
data remain unspecified are not allowed. Of course, it is possible to overload an assignment operator to
allow the assignment of a derived class object from a base class object. To compile the statement

navcom = com

the class NavConfSet must have defined an overloaded assignment operator accepting a ConSet object
for its argument. In that case it’s up to the programmer to decide what the assignment operator will
do with the missing data.

13.7.2 Conversions with pointer assignments
We return to our Vehi cl e classes, and define the following objects and pointer variable:

Land | and(1200, 130);

Aut o aut o(500, 75, "Daf");

Truck truck(2600, 120, "Mercedes", 6000);
Vehicl e »vp;

Now we can assign the addresses of the three objects of the derived classes to the Vehi cl e pointer:

vp = &l and;
vp = &auto;
vp = &t ruck;

Each of these assignments is acceptable. However, an implicit conversion of the derived class to the
base class Vehi cl e is used, since vp is defined as a pointer to a Vehi cl e. Hence, when using vp only
the member functions manipulating nass can be called as this is the Vehi cl e’s only functionality. As
far as the compiler can tell this is the object vp points to.

The same holds true for references to Vehi cl es. If, e.g., a function is defined having a Vehi cl e
reference parameter, the function may be passed an object of a class derived from Vehi cl e. Inside
the function, the specific Vehi cl e members remain accessible. This analogy between pointers and
references holds true in general. Remember that a reference is nothing but a pointer in disguise: it
mimics a plain variable, but actually it is a pointer.

This restricted functionality has an important consequence for the class Tr uck. Followingvp = &t ruck,
vp points to a Tr uck object. So, vp- >mass() will return 2600 instead of 8600 (the combined mass of
the cabin and of the trailer: 2600 + 6000), which would have been returned by t r uck. mass().

When a function is called using a pointer to an object, then the type of the pointer (and not the type
of the object) determines which member functions are available and will be executed. In other words,
C++ implicitly converts the type of an object reached through a pointer to the pointer’s type.
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If the actual type of the object pointed to by a pointer is known, an explicit type cast can be used to
access the full set of member functions that are available for the object:

Truck truck;
Vehi cl e »vp;

vp = &t ruck; /1l vp now points to a truck object
Truck =trp;

trp = reinterpret_cast<Truck *>(vp);
cout << "Make: " << trp->nane() << ’'\n’;

Here, the second to last statement specifically casts a Vehi cl e * variable toa Truck =*. Asusual (with
type casts), this code is not without risk. It will only work if vp really points to a Tr uck. Otherwise the
program may produce unexpected results.

13.8 Using non-default constructors with newl]

An often heard complaint is that operator new| | calls the default constructor of a class to initialize the
allocated objects. For example, to allocate an array of 10 strings we can do

new string[ 10];

but it is not possible to use another constructor. Assuming that we’d want to initialize the strings with
the text hel | o wor | d, we can’t write something like:

new string("hello world")[10];

The initialization of a dynamically allocated object usually consists of a two-step process: first the array
is allocated (implicitly calling the default constructor); second the array’s elements are initialized, as
in the following little example:

string *sp = new string[10];
fill(sp, sp + 10, string("hello world"));

These approaches all suffer from ‘double initializations’, comparable to not using member initializers
in constructors.

One way to avoid double initialization is to use inheritance. Inheritance can profitably be used to
call non-default constructors in combination with operator new|{ ] . The approach capitalizes on the
following:

e A base class pointer may point to a derived class object;

e A derived class without (non-static) data members has the same size as its base class.
The above also suggests s possible approach:

e Derive a simple, member-less class from the class we'’re interested in;
e Use the appropriate base class initializer in its default constructor;

e Allocate the required number of derived class objects, and assign new| ] ’s return expression to a
pointer to base class objects.
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Here is a simple example, producing 10 lines containing the text hel | o wor| d:

#i ncl ude <i ostreanp
#i ncl ude <string>

#i ncl ude <al gorithne
#i nclude <iterator>

usi ng nanespace std;

struct Xstr: public string

{
Xstr()
. string("hello world")
{}
i
int main()
{
string *sp = new Xstr[10];
copy(sp, sp + 10, ostream.iterator<string>(cout, "\n"));
}

Of course, the above example is fairly unsophisticated, but it’s easy to polish the example: the class
Xstr can be defined in an anonymous namespace, accessible only to a function get Stri ng() which
may be given a si ze_t nQbj ect s parameter, allowing users to specify the number of hel | 0 wor | d-
initialized strings they would like to allocate.

Instead of hard-coding the base class arguments it’s also possible to use variables or functions providing
the appropriate values for the base class constructor’s arguments. In the next example a local class
Xstr is defined inside a function nSt ri ngs(si ze_t nCbj ects, char const *fnane), expecting
the number of st ri ng objects to allocate and the name of a file whose subsequent lines are used
to initialize the objects. The local class is invisible outside of the function nStri ngs, so no special
namespace safeguards are required.

As discussed in section 7.7, members of local classes cannot access local variables from their surround-
ing function. However, they can access global and static data defined by the surrounding function.

Using a local class neatly allows us to hide the implementation details within the function nSt ri ngs,
which simply opens the file, allocates the objects, and closes the file again. Since the local class is
derived from st ri ng, it can use any st r i ng constructor for its base class initializer. In this particular
case it calls the string(char const *) constructor, providing it with subsequent lines of the just
opened stream via its static member function next Li ne(). This latter function is, as it is a static
member function, available to Xstr default constructor’s member initializers even though no Xstr
object is available by that time.

#i ncl ude <fstreanpr
#i ncl ude <i ostreanp
#i ncl ude <string>

#i ncl ude <al gorithne
#i ncl ude <iterator>

usi ng nanespace std;
string *nStrings(size_t size, char const *fnane)
{

static ifstreamin;

struct Xstr: public string
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{

Xstr()
string(nextLine())
{}
static char const =*nextLine()
{
static string line;
getline(in, line);
return line.c_str();
}

i
i n. open(fnane);
string *sp = new Xstr[10];

in.close();
return sp;
}
int main()
{
string *sp = nStrings(10, "nstrings.cc");
copy(sp, sp + 10, ostream.iterator<string>(cout, "\n"));
}

When this program is run, it displays the first 10 lines of the file nstri ngs. cc.

Note that the above implementation can’t safely be used in a multithreaded environment. In that case
a mutex should be used to protect the three statements just before the function’s return statement.

A completely different way to avoid the double initialization (not using inheritance) is to use placement
new (cf. section 8.1.5): simply allocate the required amount of memory followed by the proper in-place
allocation of the objects, using the appropriate constructors. The following example can also be used
in multithreaded environments. The approach uses a pair of static const ruct / dest r oy members to
perform the required initialization.

In the program shown below const r uct expects a i st r eamthat provides the initialization strings for
objects of a class St ri ng simply containing a st d: : stri ng object. Const ruct first allocates enough
memory for the n St ri ng objects plus room for an initial si ze_t value. This initial si ze_t value is
then initialized with n. Next, in a f or statement, lines are read from the provided stream and the
lines are passed to the constructors, using placement new calls. Finally the address of the first St ri ng
object is returned.

The member dest r oy handles the destruction of the objects. It retrieves the number of objects to
destroy from the si ze_t it finds just before the location of the address of the first object to destroy. The
objects are then destroyed by explicitly calling their destructors. Finally the raw memory, originally
allocated by const r uct is returned.

#i ncl ude <fstreanp
#i ncl ude <i ostreanr
#i ncl ude <string>
usi ng nanespace std;

class String

{

union Ptrs

{
voi d *vp;
String xsp;
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size_t *np

b
std::string d_str;
publi c:
String(std::string const &txt)
d_str(txt)
{}
~String()
{
cout << "destructor: " << d_str << ’'\n’
}
static String *construct(istream& n, size_t n)
{
Ptrs p = {operator new(n * sizeof (String) + sizeof(size_t))};
*p. npt+ = n;
string |ine;
for (size_t idx = 0; idx !'=n; ++idx)
{
getline(in, line);
new(p.sp + idx) String(line);
}
return p.sp;
}
static void destroy(String *sp)
{
Ptrs p = {sp};
--p.np;
for (size_t n ==*p.np; n--; )
sp++->~String();
operator delete (p.vp);
}
b
int main()
{
String *sp = String::construct(cin, 5);
String::destroy(sp);
}
| *

After providing 5 |ines containing, respectively
al fa, bravo, charlie, delta, echo

t he program di spl ays:
destructor: alfa
destructor: bravo
destructor: charlie
destructor: delta
destructor: echo

* [



Chapter 14

Polymorphism

Using inheritance classes may be derived from other classes, called base classes. In the previous chap-
ter we saw that base class pointers may be used to point to derived class objects. We also saw that
when a base class pointer points to an object of a derived class it is the the type of the pointer rather
than the type of the object it points to what determines which member functions are visible. So when a
Vehi cl e *vp, points to an Aut 0 object Aut 0’s speed or br andNane members can’t be used.

In the previous chapter two fundamental ways classes may be related to each other were discussed:
a class may be implemented-in-terms-of another class and it can be stated that a derived class is-a
base class. The former relationship is usually implemented using composition, the latter is usually
implemented using a special form of inheritance, called polymorphism, the topic of this chapter.

An is-a relationship between classes allows us to apply the Liskov Substitution Principle (LSP) accord-
ing to which a derived class object may be passed to and used by code expecting a pointer or reference to
a base class object. In the C++ Annotations so far the LSP has been applied many times. Every time an
ostringstream ofstreamor fstreamwas passed to functions expecting an ost r eamwe’ve been
applying this principle. In this chapter we’ll discover how to design our own classes accordingly.

LSP is implemented using a technique called polymorphism: although a base class pointer is used it
will perform actions defined in the (derived) class of the object it actually points to. So, a Vehi cl e *vp
might behave like an Aut 0 * when pointing to an Aut o'.

Polymorphism is implemented using a feature called late binding. It’s called that way because the
decision which function to call (a base class function or a function of a derived class) cannot be made
compile-time, but is postponed until the program is actually executed: only then it is determined which
member function will actually be called.

In C++ late binding is not the default way functions are called. By default static binding (or early
binding) is used. With static binding the functions that are called are determined by the compiler,
merely using the class types of objects, object pointers or object refences.

Late binding is an inherently different (and slightly slower) process as it is decided run-time, rather
than compile-time what function will be called. As C++ supports both late- and early-binding C++
programmers are offered an option as to what kind of binding to use. Choices can be optimized to
the situations at hand. Many other languages offering object oriented facilities (e.g., Java) only or by
default offer late binding. C++ programmers should be keenly aware of this. Expecting early binding
and getting late binding may easily produce nasty bugs.

Let’s look at a simple example to start appreciating the differences between late and early binding. The
example merely illustrates. Explanations of why things are as shown will shortly be provided.

Consider the following little program:

IIn one of the StarTrek movies, Capt. Kirk was in trouble, as usual. He met an extremely beautiful lady who, however, later
on changed into a hideous troll. Kirk was quite surprised, but the lady told him: “Didn’t you know I am a polymorph?”

293
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#i ncl ude <i ostrean
usi ng nanespace std;

cl ass Base

{
pr ot ect ed:
void hello()
{
cout << "base hello\n";
}
public:
voi d process()
{
hel l o();
}
b
class Derived: public Base
{
pr ot ect ed:
voi d hello()
{
cout << "derived hello\n";
}
s
int main()
{
Derived derived
derived. process();
}

The important characteristic of the above program is the Base: : pr ocess function, calling hel | 0. As
pr ocess is the only member that is defined in the public interface it is the only member that can be
called by code not belonging to the two classes. The class Der i ved, derived from Base clearly inherits
Base’s interface and so pr ocess is also available in Deri ved. So the Deri ved object in nai n is able
to call pr ocess, but not hel | 0.

So far, so good. Nothing new, all this was covered in the previous chapter. One may wonder why
Deri ved was defined at all. It was presumably defined to create an implementation of hel | o that’s
appropriate for Der i ved but differing from Base: : hel | 0’s implementation. Deri ved’s author’s rea-
soning was as follows: Base’s implementation of hel | 0 is not appropriate; a Der i ved class object can
remedy that by providing an appropriate implementation. Furthermore our author reasoned:

“since the type of an object determines the interface that is used, pr ocess must call Deri ved: : hel | o
as hel | 0 is called via pr ocess from a Der i ved class object”.

Unfortunately our author’s reasoning is flawed, due to static binding. When Base: : process was
compiled static binding caused the compiler to fixate the hel | o call to Base: : hel | o().

The author intended to create a Deri ved class that i s- a Base class. That only partially succeeded:
Base’s interface was inherited, but after that Der i ved has relinquished all control over what happens.
Once we're in pr ocess we're only able to see Base’s member implementations. Polymorphism offers a
way out, allowing us to redefine (in a derived class) members of a base class allowing these redefined
members to be used from the base class’s interface.

This is the essence of LSP: public inheritance should not be used to reuse the base class members
(in derived classes) but to be reused (by the base class, polymorphically using derived class members
reimplementing base class members).

Take a second to appreciate the implications of the above little program. The hel | 0 and pr ocess mem-
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bers aren’t too impressive, but the implications of the example are. The pr ocess member could imple-
ment directory travel, hel | o could define the action to perform when encountering a file. Base: : hel | o
might simply show the name of a file, but Deri ved: : hel | o0 might delete the file; might only list its
name if its younger than a certain age; might list its name if it contains a certain text; etc., etc.. Up to
now Der i ved would have to implement pr ocess’s actions itself; Up to now code expecting a Base class
reference or pointer could only perform Base’s actions. Polymorphism allows us to reimplement mem-
bers of base classes and to use those reimplemented members in code expecting base class references
or pointers. Using polymorphism existing code may be reused by derived classes reimplementing the
appropriate members of their base classes. It’s about time to uncover how this magic can be realized.

Polymorphism, which is not the default in C++, solves the problem and allows the author of the classes
to reach its goal. For the curious reader: prefix voi d hel | o() in the Base class with the keyword
vi rtual and recompile. Running the modified program produces the intended and expected deri ved
hel | 0. Why this happens is explained next.

14.1 Virtual functions

By default the behavior of a member function called via a pointer or reference is determined by the
implementation of that function in the pointer’s or reference’s class. E.g., a Vehi cl e * will activate
Vehi cl e’s member functions, even when pointing to an object of a derived class. This is known as as
early or static binding: the function to call is determined compile-time. In C++ late or dynamic binding
is realized using virtual member functions.

A member function becomes a virtual member function when its declaration starts with the keyword
vi rtual . It is stressed once again that in C++, different from several other object oriented languages,
this is not the default situation. By default static binding is used.

Once a function is declared vi r t ual in a base class, it remains virtual in all derived classes; even when
the keyword vi rt ual is not repeated in derived classes.

In the vehicle classification system (see section 13.1) the two member functions mass and set Mass
might be declared vi r t ual . Concentrating on mass The relevant sections of the class definitions of the
class Vehi cl e and Tr uck are shown below. Also, we show the implementations of the member function
Mass:

class Vehicle

{
public:
virtual int nass() const;
H
class Truck: // inherited from Vehicle through Auto and Land

{
s
int Vehicle::nmass() const

{
}

int Truck::mass() const

{
}

/1 not altered

return d_nass;

return Auto::nmass() + d_trailer_w;

The keyword vi rt ual only appears in the (Vehi cl e) base class. There is no need (but there is also
no penalty) to repeat it in derived classes. Once a class member has been declared vi rt ual is will
be vi rtual in all derived classes. A member function may be declared vi rt ual anywhere in a class
hierarchy. The compiler will be perfectly happy if mass is declared vi rt ual in Aut o, rather than in



296 CHAPTER 14. POLYMORPHISM

Vehi cl e. The specific characteristics of virtual member functions would then only be available for
Aut o objects and for objects of classes derived from Aut 0. For a Vehi cl e pointer static binding would
remain to be used. The effect of late binding is illustrated below:

Vehi cl e v(1200); /1 vehicle with mass 1200
Truck t (6000, 115, /1 truck with cabin nass 6000, speed 115,
"Scani a", 15000); /1 make Scania, trailer nmass 15000
Vehicl e *vp; /1 generic vehicle pointer
int main()
{
vp = &v; /'l see (1) bel ow

cout << vp->nmass() << '\n’;

vp = &; /'l see (2) bel ow
cout << vp->nmass() << '\n’;

cout << vp->speed() << '\n’; /1 see (3) below

Now that mass is defined vi r t ual , late binding will be used:

e at (1), Vehi cl e: : mass is called.
e at (2) Truck: : nass is called.

e at (3) a syntax error is generated. The member speed is no member of Vehi cl e, and hence not
callable via a Vehi cl ex.

The example illustrates that when a pointer to a class is used only the members of that class can
be called. These functions may or may not be vi rtual . A member’s vi rtual characteristic only
influences the type of binding (early vs. late), not the set of member functions that is visible to the
pointer.

Through virtual members derived classes may redefine the behavior performed by functions called from
base class members or from pointers or references to base class objects. This redefinition of base class
members by derived classes is called overriding members.

14.2 Virtual destructors

When an object ceases to exist the object’s destructor is called. Now consider the following code frag-
ment (cf. section 13.1):

Vehicle *vp = new Land(1000, 120);

del ete vp; /'l object destroyed

Here del et e is applied to a base class pointer. As the base class defines the available interface del et e
vp calls ~Vehi cl e and ~Land remains out of sight. Assuming that Land allocates memory a memory
leak results. Freeing memory is not the only action destructors can perform. In general they may
perform any action that’s necessary when an object ceases to exist. But here none of the actions defined
by ~Land will be performed. Bad news....

In C++ this problem is solved by virtual destructors. A destructor can be declared vi rt ual . When
a base class destructor is declared virtual the destructor of the actual class pointed to by a base class
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pointer bp will be called when executing del et e bp. Thus, late binding is realized for destructors
even though the destructors of derived classes have unique names. Example:

class Vehicle
{
public:
virtual ~Vehicle(); /1 all derived class destructors are
/'l now virtual as well

b

By declaring a virtual destructor, the above del et e operation (del et e vp) will correctly call Land’s
destructor, rather than Vehi cl e’s destructor.

Once a destructor is called it will perform as usual, whether or not it is a virtual destructor. So, ~Land
will first execute its own statements and will then call ~Vehi | e. Thus, the above del et e vp statement
will use late binding to call ~Vehi cl e and from this point on the object destruction proceeds as usual.

Destructors should always be defined vi rt ual in classes designed as a base class from which other
classes are going to be derived. Often those destructors themselves have no tasks to perform. In these
cases the virtual destructor is given an empty body. For example, the definition of Vehi cl e: : ~Vehi cl e()
may be as simple as:

Vehi cl e: : ~Vehi cl e()
{}

Resist the temptation to define destructors (even empty destructors) inline as this will complicate class
maintenance. Section 14.9 discusses the reason behind this rule of thumb.

14.3 Pure virtual functions

The base class Vehi cl e is provided with its own concrete implementations of its virtual members
(mass and set Mass). However, virtual member functions not necessarily Aave to be implemented in
base classes.

When the implementations of virtual members are omitted from base classes the class imposes require-
ments upon derived classes. The derived classes are required to provide the ‘missing implementations’

This approach, in some languages (like C#, Delphi and Java) known as an interface, defines a protocol.
Derived classes must obey the protocol by implementing the as yet not implemented members. If a class
contains at least one member whose implementation is missing no objects of that class can be defined.

Such incompletely defined classes are always base classes. They enforce a protocol by merely declaring
names, return values and arguments of some of their members. These classes are call abstract classes
or abstract base classes. Derived classes become non-abtract classes by implementing the as yet not
implemented members.

Abstract base classes are the foundation of many design patterns (cf. Gamma et al. (1995)) , allowing
the programmer to create highly reusable software. Some of these design patterns are covered by the
C++ Annotations (e.g, the Template Method in section 23.3), but for a thorough discussion of design
patterns the reader is referred to Gamma et al.’s book.

Members that are merely declared in base classes are called pure virtual functions. A virtual member
becomes a pure virtual member by postfixing = 0 to its declaration (i.e., by replacing the semicolon
ending its declaration by ‘= 0;’). Example:

#i ncl ude <i osfwd>
cl ass Base
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publi c:
virtual ~Base();
virtual std::ostream & nsertlnto(std::ostream &ut) const = 0;
i
inline std::ostream &operator<<(std::ostream &ut, Base const &base)

{
}

return base.insertlnto(out);

All classes derived from Obj ect must implement the i nsert | nt o member function, or their objects
cannot be constructed. This is neat: all objects derived from Obj ect can now always be inserted into
ost r eamobjects.

Could the virtual destructor of a base class ever be a pure virtual function? The answer to this question
is no. First of all, there is no need to enforce the availability of destructors in derived classes as
destructors are provided by default (unless a destructor is declared with the = del et e attribute using
the new C++0x standard). Second, if it is a pure virtual member its implementation does not exist,
but derived class destructors will eventually call their base class destructors. How could they call base
class destructors if their implementations are lacking? More about this in the next section.

Often, but not necessarily, pure virtual member functions are const member functions. This allows
the construction of constant derived class objects. In other situations this might not be necessary (or
realistic), and non-constant member functions might be required. The general rule for const member
functions also applies to pure virtual functions: if the member function alters the object’s data members,
it cannot be a const member function.

Abstract base classes frequently don’t have data members. However, once a base class declares a pure
virtual member it must be declared identically in derived classes. If the implementation of a pure
virtual function in a derived class alters the derived class object’s data, then that function cannot be
declared as a const member. Therefore, the author of an abstract base class should carefully consider
whether a pure virtual member function should be a const member function or not.

14.3.1 Implementing pure virtual functions

Pure virtual member functions may be implemented. To implement a pure virtual member function:
pure virtual implementation member function, provide it with its normal = 0; specification, but im-
plement it as well. Since the = 0; ends in a semicolon, the pure virtual member is always at most a
declaration in its class, but an implementation may either be provided outside from its interface (maybe
using i nl i ne).

Pure virtual member functions may be called from derived class objects or from its class or derived
class members by specifying the base class and scope resolution operator together with the member to
be called. Example:

#i ncl ude <i ostreanr

cl ass Base

{
publi c:

virtual ~Base();

virtual void pureinm() = 0;
b
Base: : ~Base()
{}
voi d Base: : pureinp()
{

std::cout << "Base::pureinp() called\n"
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}

cl ass Derived: public Base

{
public:
virtual void pureinp();

H
inline void Derived:: pureinp()
{

Base: : purei np();
std::cout << "Derived::pureinp() called\n";

}

int main()

{
Derived derived;
derived. purei np();
derived. Base: : purei np();
Derived *dp = &derived,
dp->pur ei np() ;
dp- >Base: : purei nmp();

}

/1 CQutput:

/1 Base: : pureinmp() called

/1 Derived: : pureinp() called

/1 Base: : pureinp() called

/1 Base: : pureinmp() called

/1 Derived: : pureinp() called

/1 Base: : pureinmp() called

Implementing a pure virtual member has limited use. One could argue that the pure virtual member
function’s implementation may be used to perform tasks that can already be performed at the base
class level. However, there is no guarantee that the base class virtual member function will actually
be called. Therefore a base class specific tasks could as well be offered by a separate member, without
blurring the distinction between a member doing some work and a pure virtual member enforcing a
protocol.

14.4 Virtual functions and multiple inheritance

In chapter 6 we encountered the class f st r eam one class offering features of i f st r eamand of st r eam
In chapter 13 we learned that a class may be derived from multiple base classes. Such a derived class
inherits the properties of all its base classes. Polymorphism can also be used in combination with
multiple inheritance.

Consider what would happen if more than one ‘path’ leads from the derived class up to its (base) classes.
This is illustrated in the next (fictitious) example where a class Der i ved is doubly derived from Base:

cl ass Base

{
int d field;
public:
voi d setfield(int val);
int field() const;
i

inline void Base::setfield(int val)

{
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I Land I I Air I

L

Auto

Figure 14.1: Duplication of a base class in multiple derivation.

d field = val;
}
inline int Base::field() const
{
return d_field,
}
class Derived: public Base, public Base
{
b

Due to the double derivation, Base’s functionality now occurs twice in Der i ved. This results in am-
biguity: when the function set fi el d() is called for a Deri ved class object, which function will that
be as there are two of them? The scope resolution operator won’t come to the rescue and so the C++
compiler will not be able to compile the above example and will (correctly) identify an error.

The above code clearly duplicates its base class in the derivation, which can of course easily be avoided
by not doubly deriving from Base (or by using composition (!)). But duplication of a base class can
also occur through nested inheritance, where an object is derived from, e.g., an Aut 0 and from an
Ai r (cf. section 13.1). Such a class would be needed to represent, e.g., a flying car?. An Ai r Aut o
would ultimately contain two Vehi cl es, and hence two mass fields, two set Mass() functions and two
mass() functions. Is this what we want?

14.4.1 Ambiguity in multiple inheritance

Let’s investigate closer why an Ai r Aut 0 introduces ambiguity, when derived from Aut o and Ai r.

e An Ai r Aut 0 is an Aut 0, hence a Land, and hence a Vehi cl e.

e However, an Al r Aut 0 is also an Ai r, and hence a Vehi cl e.

The duplication of Vehi cl e data is further illustrated in Figure 14.1. The internal organization of an
Ai r Aut 0 is shown in Figure 14.2 The C++ compiler detects the ambiguity in an Ai r Aut o0 object, and
will therefore not compile statements like:

Ai r Aut o j Bond;
cout << jBond.mass() << '\n’;

Which member function mass to call cannot be determined by the compiler but the programmer has
two possibilities to resolve the ambiguity for the compiler:

2such as the one in James Bond vs. the Man with the Golden Gun...
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AirAuto

Figure 14.2: Internal organization of an Ai r Aut 0 object.

e First, the function call where the ambiguity originates can be modified. The ambiguity is resolved
using the scope resolution operator:

/1 let’s hope that the mass is kept in the Auto
/1 part of the object..
cout << jBond. Auto::mass() <<

\n';

The scope resolution operator and the class name are put right before the name of the member
function.

e Second, a dedicated function mass could be created for the class Ai r Aut o:

int AirAuto::nass() const

{
}

return Auto::mass();

The second possibility is preferred as it does not require the compiler to flag an error; nor does it require
the programmer using the class Ai r Aut o to take special precautions.

However, there exists a more elegant solution, discussed in the next section.

14.4.2 Virtual base classes

As illustrated in Figure 14.2, an Ai r Aut 0 represents two Vehi cl es. This not only results in an am-
biguity about which function to use to access the nass data, but it also defines two mass fields in an
Ai r Aut 0. This is slightly redundant, since we can assume that an Ai r Aut o0 has but one mass.

It is, however, possible to define an Ai r Aut 0 as a class consisting of but one Vehi cl e and yet using
multiple derivation. This is realized by defining the base classes that are multiply mentioned in a
derived class’s inheritance tree as a virtual base class.

For the class Ai r Aut 0 this implies a small change when deriving an Ai r Aut o from Land and Ai r
classes:

class Land: virtual public Vehicle

{
Il etc
b
class Auto: public Land
{
/1 etc
b

class Air: virtual public Vehicle
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Land
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Figure 14.3: Internal organization of an Ai r Aut 0 object when the base classes are virtual.

{
/] etc
b
class AirAuto: public Auto, public Air
{
H

Virtual derivation ensures that a Vehi cl e is only added once to a derived class. This means that the
route along which a Vehi cl e is added to an Ai r Aut 0 is no longer depending on its direct base classes;
we can only state that an Ai r Aut 0 is a Vehi cl e. The internal organization of an Ai r Aut 0 after virtual
derivation is shown in Figure 14.3.

When a class Thi r d inherits from a base class Second which in turn inherits from a base class Fi r st
then the Fi r st class constructor called by the Second class constructor is also used when this Second
constructor is used when constructing a Thi r d object. Example:

class First

{
publi c:
First(int x);
b
class Second: public First
{
public:
Second(i nt Xx)
Fi rst(x)
{}
b
class Third: public Second
{
public:
Third(int x)
Second( x) /1 calls First(x)
{}
H

The above no longer holds true when Second uses virtual derivation. When Second uses virtual
derivation its base class constructor is ignored when Second’s constructor is called from Thi r d. Instead
Second will by default call Fi r st ’s default constructor. This is illustrated by the next example:

class First

{
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public:
First()
{
cout << "First()\n";
}
First(int x);
b
cl ass Second: public virtual First /'l note: virtua
{
public:
Second(int x)
First(x)
{}
H
class Third: public Second
{
public:
Third(int x)
Second( x)
{}
s
int main()
{
Third third(3); /1 displays ‘First()’
}

When constructing Thi r d Fi r st ’s default constructor is used by default. Thi r d’s constructor, however,
may overrule this default behavior by explicitly specifying the constructor to use. Since the Fi r st ob-
ject must be available before Second can be constructed it must be specified first. To call Fi r st (i nt)
when constructing Thi rd(i nt) the latter constructor can be defined as follows:

class Third: public Second

{
publi c:
Third(int x)
First(x), /'l now First(int) is called.
Second( x)
{}
b

This behavior may seem puzzling when simple linear inheritance is used but it makes sense when
multiple inheritance is used with base classes using virtual inheritance. Consider Ai r Aut o: when Ai r
and Aut o both virtually inherit from Vehi | e will Ai r and (Auto) both initialize the common Vehi cl e
object? If so, which one will be called first? What if Ai r and Aut o use different Vehi cl e constructors?
All these questions can be avoided by passing the responsibility for the initialization of a common base
class to the class eventually using the common base class object. In the above example Thi r d. Hence
Thi r d is provided an opportunity to specify the constructor to use when initializing Fi r st .

Multiple inheritance may also used to inherit from classes that do not all use virtual inheritance.
Assume we have two classes, Deri vedl and Deri ved2, both (possibly virtually) derived from Base.

We will address the question which constructors will be called when calling a constructor of the class
Final: public Derivedl, public Derived2.

To distinguish the involved constructors Basel indicates the Base class constructor called as base
class initializer for Der i vedl (and analogously: Base?2 called from Der i ved2). A plain Base indicates
Base’s default constructor.
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Deri vedl and Deri ved2 indicate the base class initializers used when constructing a Fi nal object.

Now we'’re ready to distinguish the various cases when constructing an object of the class Fi nal :
public Derivedl, public Derived2

e classes:

Derivedl: public Base
Derived2: public Base

This is normal, non virtual multiple derivation. The following constructors are called in
the order shown:

Basel,
Deri vedl,
Base?2,
Derived2

e classes:

Derivedl: public Base
Derived2: virtual public Base

Only Deri ved2 uses virtual derivation. Deri ved2’s base class constructor is ignored.
Instead, Base will be called and it will be called prior to any other constructor:

Base,
Basel,
Derivedl,
Derived2

As only one class uses virtual derivation, there will still be two Base class objects in the
eventual Fi nal class.

e classes:

Derivedl: virtual public Base
Derived2: public Base

Only Deri vedl uses virtual derivation. Deri vedl’s base class constructor is ignored.
Instead, Base will be called and it will be called prior to any other constructor. Different
from the first (non-virtual) case Base is now called, rather than Basel:

Base,

Deri vedl,
Base2,
Derived2

e classes:

Derivedl: virtual public Base
Derived2: virtual public Base

Both base classes use virtual derivation and so only one Base class object will be present
in the Fi nal class object. The following constructors are called in the order shown:

Base,
Deri vedl,
Derived2

Virtual derivation is, in contrast to virtual functions, a pure compile-time issue. Virtual inheritance
merely defines how the compiler defines a class’s data organization and construction process.
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14.4.3 When virtual derivation is not appropriate

Virtual inheritance can be used to merge multiply occurring base classes. However, situations may
be encountered where multiple occurrences of base classes is appropriate. Consider the definition of a
Tr uck (cf. section 13.4):

class Truck: public Auto

{
int d_trailer_nass;
publi c:
Truck();
Truck(int engine_wt, int sp, char const *nm
int trailer_wt);
void setMass(int engine wt, int trailer_w);
int mass() const;
}

Truck: : Truck(int engine_w, int sp, char const *nm
int trailer_w)

Aut o(engi ne_wt, sp, nm

{
d trailer_mss = trailer_w;
}
int Truck::mass() const
{
return /1 sum of :
Aut o: : mass() + /1 engi ne part plus
trailer_ w; /1 the trailer
}

This definition shows how a Tr uck object is constructed to contain two mass fields: one via its deriva-
tion from Aut 0 and one viaits owni nt d_trail er _mass data member. Such a definition is of course
valid, but it could also be rewritten. We could derive a Tr uck from an Aut o and from a Vehi cl e,
thereby explicitly requesting the double presence of a Vehi cl e; one for the mass of the engine and
cabin, and one for the mass of the trailer. A slight complication is that a class organization like

class Truck: public Auto, public Vehicle

is not accepted by the C++ compiler. As a Vehi cl e is already part of an Aut 0, it is therefore not needed
once again. This organzation may, however be forced using a small trick. By creating an additional
class inheriting from Vehi cl e and deriving Tr uck from that additional class rather than directly from
Vehi cl e the problem is solved. Simply derive a class Tr ai | er Veh from Vehi cl e, and then Tr uck
from Aut 0 and Tr ai | er Veh:

class TrailerVeh: public Vehicle

{
publi c:
Trail erVeh(int wt)
Vehi cl e(wt)

{}
b
class Truck: public Auto, public TrailerVeh
{

publi c:
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Truck();
Truck(int engine_wt, int sp, char const *nm int trailer_wt);
void setMass(int engine_wt, int trailer_wt);
int mass() const;
H
inline Truck:: Truck(int engine_wt, int sp, char const *nm
int trailer_w)

Aut o(engi ne_wt, sp, nm,
Trail erVeh(trailer_wt)

{}
inline int Truck::mss() const
{
return /1 sum of :
Aut o:: mass() + /1 engi ne part plus
Trail erVeh: : mass(); /1 the trailer
}

14.5 Run-time type identification

C++ offers two ways to (run-time) retrieve the type of objects and expressions. The possibilities of C++’s
run-time type identification are limited compared to languages like Java. Usually static type checking
and static type identification is used in C++. Static type checking is possibly safer and certainly more
efficient than run-time type identification and should therefore be preferred over run-time type iden-
tification. But situations exist where run-time type identification is appropriate. C++ offers run-time
type identification through the dynamic cast and t ypei d operators.

e Adynam c_cast is used to convert a base class pointer or reference to a derived class pointer or
reference. This is also known as down-casting.

e The t ypei d operator returns the actual type of an expression.

These operators can be used with objects of classes having at least one virtual member function.

14.5.1 The dynamic_cast operator

The dynani c_cast <> operator is used to convert a base class pointer or reference to, respectively, a
derived class pointer or reference. This is also called down-casting the the direction of the cast is down
the inheritance tree.

A dynamic cast is performed run-time. A prerequisite for using a dynamic cast is the existence of at
least one virtual member function in the base class.

In the following example a pointer to the class Der i ved is obtained from the Base class pointer bp:

cl ass Base

{
publi c:
virtual ~Base();
H
class Derived: public Base
{
publi c:
char const *toString();
H

inline char const =*Derived::toString()
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return "Derived object";

}
int main()
{
Base *bp;
Derived =dp,
Derived d;
bp = &d;
dp = dynam c_cast <Derived *>(bp);
if (dp)
cout << dp->toString() << '\n’
el se
cout << "dynami c cast conversion failed\n";
}

In the condition of the above i f statement the success of the dynamic cast is verified. This verification
must be performed run-time, as the actual class of the objects to which the pointer points is only known
then. If a base class pointer is provided, the dynamic cast operator returns 0 on failure and a pointer
to the requested derived class on success.

Assume a vect or <Base *> is used. Such a vector’s pointers may point to objects of various classes,
all derived from Base. A dynamic cast returns a pointer to the specified class if the base class pointer
indeed points to an object of the specified class and returns 0 otherwise. So we could determine the
actual class of an object a pointer points to by performing a series of checks to find the actual derived
class to which a base class pointer points. Example:

cl ass Base

{
publi c:
virtual ~Base();
b
cl ass Derivedl: public Base;
cl ass Derived2: public Base;

int main()

{

vector<Base *> vb(initializeBase());
Base *bp = vb.front();

i f (dynam c_cast<Derivedl *>(bp))

cout << "bp points to a Derivedl class object\n";
el se if (dynam c_cast<Derived2 *>(bp))

cout << "bp points to a Derived2 class object\n";

Alternatively, a reference to a base class object may be available. In this case the dynamni c_cast
operator will throw an exception if the down casting fails. Example:

#i ncl ude <i ostreane

cl ass Base

{
public:
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virtual ~Base();
virtual char const *toString();

}
inline char const *Base::toString()
{
return "Base::toString() called";
}
cl ass Derivedl: public Base
{}:
class Derived2: public Base
{}:
Base: : ~Base()
{}
voi d process(Base &b)
{
try
{
std::cout << dynam c_cast<Derivedl & (b).toString() << '\n’;
}
catch (std::bad_cast)
{}
try
{
std::cout << dynam c_cast<Derived2 &(b).toString() << '\n’;
}
catch (std::bad_cast)
{
std::cout << "Bad cast to Derived2\n";
}
}
int main()
{
Derivedl d;
process(d);
}
| *
CGener at ed out put :
Base: :toString() called
Bad cast to Derived2
*/

In this example the value std:: bad_cast is used. A std::bad_cast exception is thrown if the
dynamic cast of a reference to a derived class object fails.

Note the form of the cat ch clause: bad_cast is the name of a type. Section 17.4.1 describes how such
a type can be defined.

The dynamic cast operator is a useful tool when an existing base class cannot or should not be modified
(e.g., when the sources are not available), and a derived class may be modified instead. Code receiving
a base class pointer or reference may then perform a dynamic cast to the derived class to access the
derived class’s functionality.

One may wonder what the difference is between a dynani c_cast and arei nterpret_cast. One of
the differences is of course that the dynam c¢_cast can operate on references while ther ei nt er pret _cast
can only operate on pointers. But is there a difference when both arguments are pointers?

When the r ei nt er pret _cast is used, we tell the compiler that it literally should re-interpret a block
of memory as something else. A reinterpret cast could be used to access the individual bytes of an i nt .
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An i nt consists of si zeof (i nt) bytes, and these bytes can be accessed by reinterpreting the location
of the i nt value as a char *. When using a rei nter pret _cast the compiler can no longer offer
safeguards against stupidity. The compiler will happily r ei nt er pret _cast anint * toadouble =*,
but the resulting dereference will produce at the very least a questionable value.

The dynam c_cast also reinterprets a block of memory, but here a run-time safeguard is provided. The
dynamic cast fails when the requested type doesn’t match the actual type of the object we're pointing
at. The dynam c_cast ’s purpose is also much more restricted than ther ei nt er pr et _cast ’s purpose,
as it can only be used for downcasting to derived classes having virtual members.

In the end a dynamic cast is a cast, and casts should be avoided. When the need for dynamic casting
arises ask yourself whether the base class has appropriately been designed. In situations where code
expects a base class reference or pointer the base class interface should be all that is required and
using a dynamic cast should not be necessary. Maybe the base class’s virtual interface can be modified
so as to prevent the use of dynamic casts. Start frowning when encountering code using dynamic casts.
When using dynamic casts in your own code always properly document why the dynamic cast was
appropriately used and could not have been avoided.

14.5.2 The ‘typeid’ operator

As with the dynam c_cast operator, t ypei d is usually applied to references to base class objects that
refer to derived class objects. Typei d should only be used with base classes offering virtual members.
Before using t ypei d the <t ypei nf 0> header file must have been included.

The t ypei d operator returns an object of type t ype_i nf 0. Different compilers may offer different im-
plementations of the class t ype_i nf o, but at the very least t ypei d must offer the following interface:

class type_info

{
public:
virtual ~type_info();
i nt operator==(type_info const &other) const;
int operator!=(type_info const &other) const;
bool before(type_info const & hs) const
char const *nane() const;
private:
type_info(type_info const &other);
type_info &operator=(type_i nfo const &other);
b

Note that this class has a private copy constructor and a private overloaded assignment operator. This
prevents code from constructing t ype_i nf o objects and prevents code from assigning t ype_i nf o ob-
jects to each other. Instead, t ype_i nf o objects are constructed and returned by the t ypei d operator.

If the t ypei d operator is passed a base class reference it is able to return the actual name of the type
the reference refers to. Example:

cl ass Base;
class Derived: public Base;

Derived d;
Base &br = d;

cout << typeid(br).nanme() << ’'\n’;

In this example the t ypei d operator is given a base class reference. It prints the text “Der i ved”, being
the class name of the class br actually refers to. If Base does not contain virtual functions, the text
“Base” is printed.



310 CHAPTER 14. POLYMORPHISM

The t ypei d operator can be used to determine the name of the actual type of expressions, not just of
class type objects. For example:

cout << typeid(12).nanme() << '\n’; [l prints: int
cout << typeid(12.23).nane() << '’'\n’; // prints: double

Note, however, that the above example is suggestive at most. It may print i nt and doubl e, but this
is not necessarily the case. If portability is required, make sure no tests against these static, built-in
text-strings are required. Check out what your compiler produces in case of doubt.

In situations where the t ypei d operator is applied to determine the type of a derived class, a base class
reference should be used as the argument of the t ypei d operator. Consider the following example:

cl ass Base; /1l contains at |east one virtual function
cl ass Derived: public Base;

Base *bp = new Derived, /1l base class pointer to derived object

if (typeid(bp) == typeid(Derived *)) /1 1. false

it (typeid(bp) == typei d(Base +)) /1 2 true
it (typeid(bp) == typeid(Derived)) /1 3: false
it (typeid(bp) == typei d(Base)) /1 4 false
if (i&q.oei d(*bp) == typeid(Derived)) /[l 5. true
it (typeid(+bp) == typei d(Base)) /1 6: false

Base &br = =xbp;
if (typeid(br) == typeid(Derived)) /[l 7: true

if (iypei d(br) == typei d(Base)) /1 8: false

Here, (1) returnsfal se asaBase * isnotaDerived *.(2) returnstrue, as the two pointer types
are the same, ( 3) and (4) return f al se as pointers to objects are not the objects themselves.

On the other hand, if * bp is used in the above expressions, then (1) and ( 2) return f al se as an object
(or reference to an object) is not a pointer to an object, whereas (5) now returns t r ue: *bp actually
refers to a Der i ved class object, and t ypei d( *bp) will returnt ypei d( Deri ved) . A similar result is
obtained if a base class reference is used: 7 returning t r ue and 8 returning f al se.

The t ype_i nfo: : before(type_i nfo const & hs) member is used to determine the collating or-
der of classes. This is useful when comparing two types for equality. The function returns a nonzero
value if *t hi s precedes r hs in the hierarchy or collating order of the used types. When a derived class
is compared to its base class the comparison returns 0, otherwise a non-zero value. E.g.:

cout << typeid(ifstream.before(typeid(istream) << ’'\n" << // not O
typei d(istrean).before(typeid(ifstrean)) << ’'\n’; /1 0

With built-in types the implementor may implement that non-0 is returned when a ‘wider’ type is
compared to a ‘smaller’ type and 0 otherwise:

cout << typeid(double).before(typeid(int)) << ’'\n” << [/ not O
typeid(int).before(typeid(double)) << '\n’; /10
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When two equal types are compared, 0 is returned:
cout << typeid(ifstream.before(typeid(ifstream) << '’'\n’; /1 0

When a 0-pointer is passed to the oper at or typei d abad_t ypei d exception is thrown.

14.6 Inheritance: when to use to achieve what?

Inheritance should not be applied automatically and thoughtlessly. Often composition can be used
instead, improving on a class’s design by reducing coupling. When inheritance is used public inheri-
tance should not automatically be used but the type of inheritance that is selected should match the
programmer’s intent.

We’ve seen that polymorphic classes on the one hand offer interface members defining the function-
ality that can be requested of base classes and on the other hand offer virtual members that can be
overridden. One of the signs of good class design is that member functions are designed according to
the principle of ‘one function, one task’. In the current context: a class member should either be a
member of the class’s public or protected interface or it should be available .as a virtual member for
reimplementation by derived classes. Often this boils down to virtual members that are defined in the
base class’s private section. Those functions shouldn’t be called by code using the base class, but they
exist to be overridden by derived classes using polymorphism to redefine the base class’s behavior.

The underlying principle was mentioned before in the introductional paragraph of this chapter: ac-
cording to the Liskov Substitution Principle (LSP) an is-a relationship between classes (indicating that
a derived class object is a base class object) implies that a derived class object may be used in code
expecting a base class object.

In this case inheritance is used not to let the derived class use the facilities already implemented by
the base class but to reuse the base class polymorphically by reimplementing the base class’s virtual
members in the derived class.

In this section we’ll discuss the reasons for using inheritance. Why should inheritance (not) be used? If
it is used what do we try to accomplish by it?

Inheritance often competes with composition. Consider the following two alternative class designs:

class Derived: // derived from Base

{ ... b
cl ass Conposed
{

Base d_base;
b

Why and when prefer Deri ved over Conposed and vice versa? What kind of inheritance should be
used when designing the class Deri ved?

e Since Conposed and Der i ved are offered as alternatives we are looking at the design of a class
(Deri ved or Conposed) that is-implemented-in-terms-of another class.

e Since Conposed does itself not make Base’s interface available, Der i ved shouldn’t do so either.
The underlying principle is that private inheritance should be used when deriving from Base
when Der i ved is-implemented-in-terms-of.

e Should we use inheritance or composition? Here are some arguments:

— In general terms composition results in looser coupling and should therefore be preferred
over inheritance.
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— Composition allows us to define classes having multiple members of the same type (think
about a class having multiple st d: : st ri ng members) which can not be realized using in-
heritance.

- Composition allows us to separate the class’s interface from its implementation. This allows
us to modify the class’s data organization without the need to recompile code using our class.
This is also known as the bridge design pattern or the compiler firewal or pimpl (pointer to
the implementation) idiom.

- If Base offers members in its protected interface that must be used when implementing
Der i ved inheritance must also be used. Again: since we’re implementing-in-terms-of the
inheritance type should be pri vat e.

- Protected inheritance may be considered when the derived class (D) itself is intended as a
base class that should only make the members of its own base class (B) available to classes
that are derived from it (i.e., D).

Private inheritance should also be used when a derived class is-a certain type of base class, but in order
to initialize that base class an object of another class type must be available. Example: a new i stream
class-type (say: a stream | RandSt r eamfrom which random numbers can be extracted) will be derived
from st d: : i stream Although an i st r eamcan be constructed empty, receiving its st r eanbuf later
using its r dbuf member it is clearly preferable to initialize the i st r eambase class right away.

Assuming that a Randbuffer: public std::streanbuf has been created for generating random
numbers then | RandSt r eamcan be derived from Randbuffer and std:: ostream That way the
ost r eambase class can be initialized using the Randbuf f er base class.

As a RandSt r eamis definitely not a Randbuf f er public inheritance is not appropriate. In this case
| RandSt r eamis-implemented-in-terms-of a Randbuf f er and so private inheritance should be used.

| RandSt r eanis class interface should therefore start like this:

class I RandStream private Randbuffer, public std::istream

{

publi c:
| RandStrean(int | owest, int highest) /1 defines the range
Randbuf f er (1 owest, hi ghest),
std::istrean(this) /'l passes &Randbuffer
{}

H

Public inheritance should be reserved for classes for which the LSP holds true. In those cases the
derived classes can always be used instead of the base class from which they derive by code merely
using base class references, pointers or members (I.e., conceptually the derived class is-a base class).
This most often applies to classes derived from base classes offering virtual members. To separate the
user interface from the redefinable interface the base class’s public interface should not contain virtual
members (except for the virtual destructor) and the virtual members should all be in the base class’s
private section. Such virtual members can still be overridden by derived classes (this should not come
as a surprise, considering how polymorphism is implemented) and this design offers the base class full
control over the context in which the redefined members are used. Often the public interface merely
calls a virtual member, but those members can always be redefined to perform additional duties.

The prototypical form of a base class therefore looks like this:

cl ass Base
{
publi c:
virtual ~Base()
voi d process(); /1 calls a virtual member
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private:
virtual void processlinp(); // overridden by derived cl asses

b

Alternatively a base class may offer a non-virtual destructor, which should then be protected. It
shouldn’t be public to prevent deleting objects through their base class pointers (in which case vir-
tual destructors should be used). It should be protected to allow derived class destructors to call their
base class destructors. Such base classes should, for the same reasons, have non-public constructors
and overloaded assignment operators.

14.7 The ‘streambuf’ class

The class st d: : st reanbuf receives the character sequences processed by streams and defines the
interface between the stream objects and the devices (like a file on disk). A st r eanbuf object is usually
not directly constructed, but usually it is used as base class of some derived class implementing the
communication with some concrete device.

The primary reason for existence of the class st reanbuf is to decouple the st reamclasses from the
devices they operate upon. The rationale here is to add an extra layer between the classes allowing us
to communicate with devices and the devices themselves. This implements a chain of command which
is seen regularly in software design.

The chain of command is considered a generic pattern when designing reusable software, encountered
also in, e.g., the TCP/IP stack.

A streanbuf can be considered yet another example of the chain of command pattern. Here the
program talks to st r eamobjects, which in turn forward their requests to st r eanbuf objects, which
in turn communicate with the devices. Thus, as we will see shortly, we are able to do in user-software
what had to be done via (expensive) system calls before.

The class st r eanbuf has no public constructor, but does make available several public member func-
tions. In addition to these public member functions, several member functions are only available to
classes derived from st r eanbuf . In section 14.7.2 a predefined specialization of the class st r eanbuf
is introduced. All public members of st r eanbuf discussed here are also available in f i | ebuf .

The next section shows the st r eanbuf members that may be overridden when deriving classes from
st r eanbuf . Chapter 23 offers concrete examples of classes derived from st r eanbuf .

The class st r eanbuf is used by streams performing input operations and by streams performing out-
put operations and their member functions can be ordered likewise. The type st d: : st r eansi ze used
below may, for all practical purposes, be considered equal to the type si ze t.

Public members for input operations

e std::streansize in_avail ():

This member function returns a lower bound on the number of characters that can be
read immediately.

e int sbumpc():

The next available character or EOF is returned. The returned character is removed from
the st r eanbuf object. If no input is available, sbunpc will call the (protected) member
uf | ow (see section 14.7.1 below) to make new characters available. EOF is returned if
no more characters are available.

e int sgetc():

The next available character or ECF is returned. The character is not removed from the
st r eanbuf object.
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e int sgetn(char xbuffer, std::streansize n):

At most n characters are retrieved from the input buffer, and stored in buf f er. The
actual number of characters read is returned. The (protected) member xsget n (see
section 14.7.1 below) is called to obtain the requested number of characters.

e int snextc():

The current character is removed from the input buffer and returned as the next avail-
able character or EOF is returned. The character is not removed from the st r eanbuf
object.

e int sputback(char c):

Inserts c into the st r eanbuf ’s buffer to be returned as the next character to read from
the streanmbuf object. Caution should be exercised when using this function: often
there is a maximum of just one character that can be put back.

e int sungetc():

Returns the last character read to the input buffer, to be read again at the next in-
put operation. Caution should be exercised when using this function: often there is a
maximum of just one character that can be put back.

Public members for output operations

e int pubsync():

Synchronizes (i.e., flush) the buffer by writing any information currently available in
the st reanbuf’s buffer to the device. Normally only used by classes derived from
st reanbuf.

e int sputc(char c):

Character c is inserted into the st r eanbuf object. If, after writing the character, the
buffer is full, the function calls the (protected) member function over f | owto flush the
buffer to the device (see section 14.7.1 below).

e int sputn(char const xbuffer, std::streansize n):

At most n characters from buf f er are inserted into the st r eanbuf object. The actual
number of characters inserted is returned. This member function calls the (protected)
member xsput n (see section 14.7.1 below) to insert the requested number of characters.

Public members for miscellaneous operations
The next three members are normally only used by classes derived from st r eanbuf .
e i 0S::pos_type pubseekoff(ios::off_type offset, ios::seekdir way, io0s::opennode
nmode = ios::in |ios::out):

Sets the offset of the next character to be read or written to of f set, relative to the
standard i os: : seekdi r values indicating the direction of the seeking operation.

e i 0S::pos_type pubseekpos(ios::pos_type offset, ios::opennmode nbde = io0s::in
|ios::out):

Sets the absolute position of the next character to be read or written to pos.
e streanbuf =xpubsetbuf(char+ buffer, std::streansize n):

The st r eanbuf object will use the buf f er accomodating at least n characters.
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14.7.1 Protected ‘streambuf’ members

The protected members of the class st r eanbuf are important for understanding and using st r eanbuf
objects. Athough there are both protected data members and protected member functions defined in the
cl ass streanbuf the protected data members are not mentioned here as using them would violates
the principle of data hiding. As st r eanbuf ’s set of member functions is quire extensive directly using
its data members is probably hardly ever necessary. This section not even lists all protected member
functions but lists only those that are useful for constructing specializations.

St r eanbuf objects control a buffer, used for input and/or output, for which begin-, actual- and end-
pointers have been defined, as depicted in figure 14.4.

St r eanbuf offers one protected constructor:

e streanbuf::streanbuf():

Default (protected) constructor of the cl ass streanbuf.

Several protected member functions are available for input operations. The member functions marked
vi rt ual may or course be redefined in derived classes:

char =*eback():

St r eanbuf maintains three pointers controlling its input buffer: eback points to the
‘end of the putback’ area: characters can safely be put back up to this position. See also
figure 14.4. Eback points to the beginning of the input buffer.

char =egptr():

Egpt r points just beyond the last character that can be retrieved from the input buffer.
See also figure 14.4. If gpt r equals egpt r the buffer must be refilled. This should be
implemented by calling under f | ow, see below.

voi d gbump(int n):

The object’s gpt r (see below) is advanced over n positions.

char =gptr():

Gpt r points to the next character to be retrieved from the object’s input buffer. See also
figure 14.4.

virtual int pbackfail (int c):

This member function may be overridden by derived classes to do something intelligent
when putting back character c fails. One might consider restoring the old read pointer
when input buffer’s begin has been reached. This member function is called when unget-
ting or putting back a character fails. In particular, it is called when

- gptr() == 0: no buffering used,
- gptr() == eback(): no more room to push back,

— xgptr() != c: a different character than the next character to be read must be
pushed back.

Ifc == endO Fil e() then the input device must be reset by one character position.
Otherwise ¢ must be prepended to the characters to be read. The function should return
EOF on failure. Otherwise 0 can be returned.

e void setg(char *beg, char *next, char *beyond):

This member function initializes an input buffer. beg points to the beginning of the
input area, next points to the next character to be retrieved, and beyond points to the
location just beyond the input buffer’s last character. Ususally next is at least beg +
1, to allow for a put back operation. No input buffering is used when this member is
called as set g(0, 0, 0). See also the member uf | ow, below.
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Input

put back

T " retrieve T

eback () gptr () egptr ()

Output

T | insert > T

pbase () pptr () epptr ()

Figure 14.4: Input- and output buffer pointers of the class ‘streambuf’
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e virtual streansize showranyc():

(Pronounce: s-how-many-c) This member function may be overridden by derived classes.
It must return a guaranteed lower bound on the number of characters that can be
read from the device before uf | owor under f | owreturns EOF. By default 0 is returned
(meaning no or some characters will be returned before the latter two functions return
EOF). When a positive value is returned then the next call of u( nder) f I ow will not
return ECF.

evirtual int uflow():

This member function may be overridden by derived classes to reload an input buffer
with fresh characters. Its default implementation is to call under f | ow (see below). If
under fl ow() fails, EOF is returned. Otherwise, the next character available character
is returned as *gptr () following a gbunp(-1). Ufl ow also moves the pending char-
acter that is returned to the backup sequence. This is different from underfl ow(),
which merely returns the next available character, but does not alter the input pointer
positions.

When no input buffering is required this function, rather than under f | ow, can be over-
ridden to produce the next available character from the device to read from.

e virtual int underflow():

This member function may be overridden by derived classes to read another character
from the device. The default implementation is to return EOF.

It is called when

— there is no input buffer (eback() == 0)
- gptr() >= egptr(): the input buffer is exhausted.
Often, when buffering is used, the complete buffer is not refreshed as this would make

it impossible to put back characters immediately following a reload. Instead, buffers are
often refreshed in halves. This system is called a split buffer.

Classes derived from st reanbuf for reading normally at least override under f | ow.
The prototypical example of an overridden under f | owfunction looks like this:

i nt underfl ow()

{
if (not refill TheBuffer()) // assune a nenber d_buffer is available
return EOF
/'l reset the input buffer pointers
setg(d_buffer, d_buffer, d_buffer + d_nCharsRead);
/1 return the next avail abl e character
/1 (the cast is used to prevent
/1l msinterpretations of Oxff characters
/'l as EOF)
return static_cast<unsigned char>(*gptr());
}

e virtual streansize xsgetn(char *buffer, streansize n):

This member function may be overridden by derived classes to retrieve at once n char-
acters from the input device. The default implementation is to call sbunpc for every
single character meaning that by default this member (eventually) calls under f | owfor
every single character. The function returns the actual number of characters read or
enfOfFile(). If ECF is returned the st r eanbuf will stop reading the device.

The following protected members are available for output operations. Again, some members may be
overridden by derived classes:
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evirtual int overflowint c):

This member function may be overridden by derived classes to flush the characters cur-
rently stored in the output buffer to the output device, and then to reset the output
buffer pointers so as to represent an empty buffer. Its parameter c is initialized to the
next character to be processed. If no output buffering is used overfl owis called for
every single character that is written to the st r eanbuf object. No output buffering is
accomplised by setting the buffer pointers (using, set p, see below) to 0. The default
implementation returns ECOF, indicating that no characters can be written to the device.
Classes derived from st r eanbuf for writing normally at least override over f | ow. The
prototypical example of an overridden over f | owfunction looks like this:

i nt OFdStreanbuf::overflow(int c)

{
sync(); /1 flush the buffer
if (c !'= EOF) /1 wite a character?
{
*pptr() = static_cast<char>(c); // put it into the buffer
pbunmp(1); /1 advance the buffer’s pointer
}
return c;
}

e char *pbase():

St r eanbuf maintains three pointers controlling its output buffer: pbase points to the
beginning of the output buffer area. See also figure 14.4.

e char xepptr():

St r eanbuf maintains three pointers controlling its output buffer: eppt r points just be-
yond the output buffer’s last available location. See also figure 14.4. If ppt r (see below)
equals eppt r the buffer must be flushed. This is implemented by calling over f | ow, see
before.

e void pbunp(int n):

The location returned by ppt r (see below) is advanced by n. The next character to write
will be entered at that location.

e char xpptr():

St r eanbuf maintains three pointers controlling its output buffer: pptr points to the
location in the output buffer where the next available character should be written. See
also figure 14.4.

e void setp(char *beg, char =*beyond):

St r eanbuf ’s output buffer is initialized to the locations passed to set p. Beg points to
the beginning of the output buffer and beyond points just beyond the last available lo-
cation of the output buffer. Use set p(0, 0) to indicate that i(no buffering)
shoul d be used. In that case tt(overflow) is called for every single
character to wite to the device.

streansi ze xsputn(char const xbuffer, streansize n):

This member function may be overridden by derived classes to write a series
of at most n characters to the output buffer. The actual number of inserted
characters is returned. If ECF is returned writing to the device stops. The de-
fault implementation calls sput ¢ for each individual character, so redefining
this member is only necessary if a more efficient implementation is required.

Several protected members are related to buffer management and positioning:

- virtual streanbuf =*setbuf(char xbuffer, streansize n):

This member function may be overridden by derived classes to install a buffer. The
default implementation is to do nothing. It is called by pubset buf .
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- virtual pos_type seekoff(off_type offset, ios::seekdir way,
i 0s::opennode node = ios::in |ios::out)

This member function may be overridden by derived classes to reset the next pointer

for input or output to a new relative position (usingi 0s: : beg, i 0s::cur ori os::end).
The default implementation indicates failure by returning -1. The function is called
when tell g or tellp are called. When derived class supports seeking, then it
should also define this function to handle repositioning requests. It is called by
pubseekof f . The new position or an invalid position (i.e., -1) is returned.

- virtual pos_type seekpos(pos_type offset, ios::opennode node =
ios::in |ios::out):
This member function may be overridden by derived classes to reset the next pointer

for input or output to a new absolute position (i.e, relative to i os: : beg). The default
implementation indicates failure by returning -1.

—virtual int sync():

This member function may be overridden by derived classes to flush the output buffer
to the output device or to reset the input device just betond the position of the char-
acter that was returned last. It returns 0 on success, -1 on failure. The default im-
plementation (not using a buffer) is to return 0, indicating successful syncing. This
member is used to ensure that any characters that are still buffered are written to
the device or to put unconsumed characters back to the device when the st r eanbuf
object ceases to exist.

When classes are derived from st r eanbuf at least under f | owshould be overridden by classes intend-
ing to read information from devices, and over f | owshould be overridden by classes intending to write
information to devices. Several examples of classes derived from st r eanbuf are provided in chapter
23.

Fst r eamclass type objects use a combined input/output buffer. This is a result from that i st r eamand
ost r eambeing virtually derived from i 0s, which class contains the st r eanbuf . To construct a class
supporting both input and output using separate buffers, the st r eanbuf itself may define two buffers.
When seekof f is called for reading, a node parameter can be set toi 0s: : i n, otherwise toi 0s: : out .
Thus the derived class knows whether it should access the r ead buffer or the wri t e buffer. Of course,
under f | owand over f | owdo not have to inspect the mode flag as they by implication know on which
buffer they should operate.

14.7.2 The class ‘filebuf’

The cl ass fi | ebuf is a specialization of st r eanbuf used by the file st r eamclasses. Before using a
fil ebuf the header file <f st r ean> must have been included.

In addition to the (public) members that are available through the cl ass streanbuf,fil ebuf offers
the following (public) members:
e filebuf():

Fi | ebuf offers a public constructor. It initializes a plain f i | ebuf object that is not yet
connected to a stream.

e bool is_open():

Tr ue is returned if the f i | ebuf is actually connected to an open file, f al se otherwise.
See the open member, below.

e fil ebuf xopen(char const *nane, io0s::opennode node):

This member function associates the f i | ebuf object with a file whose name is provided.
The file is opened according to the provided opennode.
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e filebuf xclose():

This member function closes the association between the fi | ebuf object and its file.
The association is automatically closed when the f i | ebuf object ceases to exist.

14.8 A polymorphic exception class

Earlier in the C++ Annotations (section 9.3.1) we hinted at the possibility of designing a class Excepti on
whose pr ocess member would behave differently, depending on the kind of exception that was thrown.
Now that we’ve introduced polymorphism we can further develop this example.

It will probably not come as a surprise that our class Except i on should be a polymorphic base class
from which special exception handling classes can be derived. In section 9.3.1 a member severity
was used offering functionality that may be replaced by members of the Except i on base class.

The base class Except i on may be designed as follows:

#i f ndef | NCLUDED EXCEPTI ON_H_
#defi ne | NCLUDED EXCEPTI ON_H_
#i ncl ude <i ostreans

#i ncl ude <string>

cl ass Exception

{
std::string d_reason;
public:
Exception(std::string const &reason);
virtual ~Exception();
std::ostream & nsertlnto(std::ostream &out) const;
voi d handl e() const;
private:
virtual void action() const;
b
inline void Exception::action() const
{
t hr ow;
}

i nline Exception::Exception(std::string const & eason)

d_reason(reason)

{}
inline void Exception::handl e() const
{
action();
}

inline std::ostream &xception::insertlnto(std::ostream &out) const

{
}

inline std::ostream &operator<<(std::ostream &ut, Exception const &e)

{
}

return out << d_reason;

return e.insertlnto(out);
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#endi f
Objects of this class may be inserted into ost r eans but the core element of this class is the virtual
member function act i on, by default rethrowing an exception.

A derived class WAr ni ng simply prefixes the thrown warning text by the text War ni ng: , but a derived
class Fat al overrides Excepti on:: acti on by calling st d: : t er m nat e, forcefully terminating the
program.

Here are the classes V\ar ni ng and Fat al

#i f ndef WARNI NGEXCEPTI ON_H_
#defi ne WARNI NGEXCEPTI ON_H_

#i ncl ude "exception. h"

cl ass Warning: public Exception

{
public:
War ni ng(std::string const & eason)
Exception("Warning: " + reason)
{}
I
#endi f
#i f ndef FATAL_H_
#define FATAL H_
#i ncl ude "exception. h"
class Fatal: public Exception
{
publi c:
Fatal (std::string const &reason);
private:
virtual void action() const;
H

inline Fatal::Fatal (std::string const &reason)

Excepti on(reason)

{}

inline void Fatal::action() const

{
std::cout << "Fatal::action() termnates" << '\n’;
std::termnate();

}

#endi f

When the example program is started without arguments it will throw a Fat al exception, otherwise it
will throw a War ni ng exception. Of course, additional exception types could also easily be defined:

#i ncl ude "war ni ng. h"
#include "fatal . h"
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Excepti on: : ~Exception()
{}

usi ng nanespace std;

int main(int argc, char *=xargv)

try
{
try
{
if (argc == 1)
throw Fatal ("M ssing Argunment™)
el se
t hrow Warni ng("the argunent is ignored");
}
catch (Exception const &e)
{
cout << e << ’'\n’
e. handl e();
}
}
catch(...)
{
cout << "caught rethrown exception\n";
}
/1
/1
/1 void initial ExceptionHandl er (Excepti on const xe)
/1 {
/1 cout << *e << ’'\n’; /'l show the plain-text information
/1
/1 i f
/1 (
/1 I'dynam c_cast <MessageExcepti on const *>(e)
/1 &&
/1 I'dynam c_cast <War ni ngExcepti on const *>(e)
/1 )
/1 t hr ow; /'l Pass on other types of Exceptions
/1
/1 e->process(); /'l Process a nmessage or a warning
/1 del ete e;
/1 }

14.9 How polymorphism is implemented

This section briefly describes how polymorphism is implemented in C++. It is not necessary to under-
stand how polymorphism is implemented if you just want to use polymorphism. However, we think it’s
nice to know how polymorphism is possible. Also, knowing how polymorphism is implemented clarifies
why there is a (small) penalty to using polymorphism in terms of memory usage and efficiency.

The fundamental idea behind polymorphism is that the compiler does not know which function to call
compile-time. The appropriate function will be selected run-time. That means that the address of the
function must be available somewhere, to be looked up prior to the actual call. This ‘somewhere’ place
must be accessible to the object in question. So when a Vehi cl e *vp points to a Tr uck object, then
vp- >mass() calls Tr uck’s member function. the address of this function is obtained through the actual
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Objects Tables Actual functions

>
B Vehicle: :setWeight ()
—> Vehicle: :getWeight ()
Auto

e —
Figure 14.5: Internal organization objects when virtual functions are defined.

Truck: :getWeight ()

Truck

object to which vp points.

Polymorphism is commonly implemented as follows: an object containing virtual member functions
also contains, usually as its first data member a hidden data member, pointing to an array containing
the addresses of the class’s virtual member functions. The hidden data member is usually called the
vpointer, the array of virtual member function addresses the vtable.

The class’s vtable is shared by all objects of that class. The overhead of polymorphism in terms of
memory consumption is therefore:

e one vpointer data member per object pointing to:

e one vtable per class.

Consequently, a statement like vp- >nass first inspects the hidden data member of the object pointed to
by vp. In the case of the vehicle classification system, this data member points to a table containing two
addresses: one pointer to the function mass and one pointer to the function set Mass (three pointers
if the class also defines (as it should) a virtual destructor). The actually called function is determined
from this table.

The internal organization of the objects having virtual functions is illustrated in figures Figure 14.5
and Figure 14.6 (originals provided by Gui | | aunme Caurnon?).

As shown by figures Figure 14.5 and Figure 14.6, objects potentially using virtual member functions
must have one (hidden) data member to address a table of function pointers. The objects of the classes
Vehi cl e and Aut o0 both address the same table. The class Tr uck, however, overrides nass. Conse-
quently, Tr uck needs its own vtable.

A small complication arises when a class is derived from multiple base classes, each defining virtual
functions. Consider the following example:

cl ass Basel

{
public:
virtual ~Basel();
voi d funl(); /1 calls vOne and vTwo
private:
virtual void vOne();
virtual void vTwo();
H
cl ass Base2
{

3mailto:Guillaume.Caumon@ensg.inpl-nancy.fr



324 CHAPTER 14. POLYMORPHISM

Base
v_table > Base::vfl ()
——>» Base::vi2 ()
Base
v_table >
Derived ——> Derived::v£f2 ()

Figure 14.6: Complementary figure, provided by Guillaume Caumon

public:
virtual ~Base2();
void fun2(); /1 calls vThree
private:
virtual void vThree();
b
cl ass Derived: public Basel, public Base2
{
public:
virtual ~Derived();
private:
virtual ~vOne();
virtual ~vThree();
H

In the example Der i ved is multiply derived from Basel and Base2, each supporting virtual functions.
Because of this, Deri ved also has virtual functions, and so Deri ved has a vt abl e allowing a base
class pointer or reference to access the proper virtual member.

When Deri ved: : funlis called (or a Basel pointer pointing to f unl calls f unl)f unl will call Der i ved:

and Basel: : vTwo. Likewise, when Der i ved: : f un2 is called Deri ved: : vThr ee will be called.

The complication occurs with Deri ved’s vtable. When f unl is called its class type determines the
vtable to use and hence which virtual member to call. So when vOne is called from f unil, it is pre-
sumably the second entry in Deri ved’s vtable, as it must match the second entry in Basel’s vtable.
However, when f un2 calls vThr ee it apparently is also the second entry in Der i ved’s vtable as it must
match the second entry in Base2’s vtable.

Of course this cannot be realized by a single vtable. Therefore, when multiple inheritance is used (each
base class defining virtual members) another approach is followed to determine which virtual function
to call. In this situation (cf. figure Figure 14.7) the class Der i ved receives two vt abl es, one for each
of its base classes and each Der i ved class object harbors two hidden vpointers, each one pointing to its
corresponding vtable.

Since base class pointers, base class references, or base class interface members unambiguously refer
to one of the base classes the compiler can determine which vpointer to use.

The following therefore holds true for classes multiply derived from base classes offering virtual mem-
ber functions:

:vOne
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'Basel' vtable 'Base2' vtable

'Derived' vtable

erived'<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>