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A Tour of C++: Containers and Algorithms

Why waste time learning
when ignorance is instantaneous?

– Hobbes

• Libraries
Standard Library Overview; The Standard-library Headers and Namespace

• Strings
• Stream I/O

Output; Input; ssttrr iinngg I/O; I/O of User-defined Types
• Containers

vv eeccttoorr; lliisstt; mmaapp; uunnoorrddeerreedd__mmaapp; Container Overview
• Algorithms

Use of Iterators; Iterator Types; Stream Iterators; Predicates; Algorithm Overview;
Container Algorithms

• Advice

4.1 Libraries [tour3.lib]

No significant program is written in just a bare programming language. First, a set of sup-
porting libraries is developed. These then form the basis for further work. Most programs
are tedious to write in the bare language, whereas just about any task can be rendered sim-
ple by the use of good libraries.

Continuing from Chapter 2 and Chapter 3, this chapter and the next give a quick tour
of key standard-library facilities. The assumption is that you have programmed before. If
not, please consider reading a textbook, such as Programming: Principles and Practice
using C++ [Stroustrup, 2009], before continuing here. Even if you have programmed
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94 A Tour of C++: Containers and Algorithms Chapter 4

before, the libraries you used or the applications you wrote may be very different from the
style of C++ presented here. If you find this ‘‘lightning tour’’ confusing, another approach
could be to skip to the more systematic and bottom up language presentation starting in
Chapter 6. Similarly, a more systematic description of the standard library starts in Chap-
ter 30.

I very briefly present useful standard-library types, such as ssttrr iinngg, oossttrreeaamm, vv eeccttoorr, mmaapp
(this chapter), uunniiqquuee__ppttrr, tthhrreeaadd, rreeggee xx, and ccoommppllee xx (Chapter 5), as well as the most com-
mon ways of using them. Doing this allows me to give better examples in the following
chapters. As in Chapter 2 and Chapter 3, you are strongly encouraged not to be distracted
or discouraged by an incomplete understanding of details. The purpose of this chapter is
to give you a taste of what is to come and to convey a basic understanding of the most use-
ful library facilities.

The standard library facilities described in this book are part of every complete C++
implementation. In addition to the standard C++ library, most implementations offer
‘‘graphical user interface’’ systems (GUIs), Web interfaces, database interfaces, etc. Simi-
larly, most application development environments provide ‘‘foundation libraries’’ for cor-
porate or industrial ‘‘standard’’ dev elopment and/or execution environments. Here, I do
not describe such systems and libraries. The intent is to provide a self-contained descrip-
tion of C++ as defined by the standard and to keep the examples portable, except where
specifically noted. Naturally, a programmer is encouraged to explore the more extensive
facilities available on most systems.

4.1.1 Standard-library Overview [tour3.post]

The facilities provided by the standard library can be classified like this:
[1] Basic run-time language support (e.g., for allocation and run-time type informa-

tion); see §30.3.
[2] The C standard library (with very minor modifications to minimize violations of

the type system); see Chapter 41.
[3] Strings and I/O streams (with support for international character sets and local-

ization); see Chapter 35, Chapter 37, and Chapter 38. I/O streams is an extensi-
ble framework to which users can add their own streams, buffering strategies,
and character sets.

[4] A framework of containers (such as vv eeccttoorr, lliisstt, and mmaapp) and algorithms (such as
fifinndd(()), ssoorr tt(()), and mmeerrggee(())); see §4.4, §4.5 ,Chapter 31, Chapter 32, and Chapter 33.
This framework, conventionally called the STL [Stepanov,1994], is extensible so
that users can easily add their own containers and algorithms.

[5] Support for numerical computation (such as standard mathematical functions,
complex numbers, vectors with arithmetic operations, and random number gen-
erators); see §3.2.1.1 and Chapter 39.

[6] Support for regular expression matching; see §5.5 and Chapter 36.
[7] Support for concurrent processing, including tthhrreeaadds and lloocc kks; see §5.3 and

Chapter 40. The concurrency support is foundational so that users can add sup-
port for new models of concurrency as libraries.
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Section 4.1.1 Standard-library Overview 95

[8] Utilities to support template metaprogramming (e.g., type traits; §5.4.2, §28.2.4,
§34.7), STL-style generic programming (e.g., ppaaiirr; §5.4.3, §34.2.4.1), and gen-
eral programming (e.g., cclloocc kk; §5.4.1, §34.6).

[9] ‘‘Smart pointers’’ for resource management (e.g., uunniiqquuee__ppttrr and sshhaarreedd__ppttrr;
§5.2.1, §34.3) and an interface to garbage collectors (§34.8).

[10] Special-purpose containers, such as aarrrr aayy (§34.2.1), bbiittsseett (§34.2.2), and ttuuppllee
(§34.2.4.2).

The main criterion for including a class in the library was that it would somehow be used
by almost every C++ programmer (both novices and experts), that it could be provided in
a general form that did not add significant overhead compared to a simpler version of the
same facility, and that simple uses should be easy to learn (relative to the inherent com-
plexity of the task performed). Essentially, the C++ standard library provides the most
common fundamental data structures together with the fundamental algorithms used on
them.

4.1.2 The Standard-library Headers and Namespace [tour3.name]

Every standard library facility is provided through some standard header. For example:

##iinncclluuddee<<ssttrr iinngg>>
##iinncclluuddee<<lliisstt>>

This makes the standard ssttrr iinngg and lliisstt available.
The standard library is defined in a namespace (§2.4.2, §14.3.1) called ssttdd. To use

standard library facilities, the ssttdd:::: prefix can be used:

ssttdd::::ssttrr iinngg ss {{""FFoouurr lleeggss GGoooodd;; ttwwoo lleeggss BBaaaaaadd!!""}};;
ssttdd::::lliisstt<<ssttdd::::ssttrr iinngg>> ssllooggaannss {{""WWaarr iiss ppeeaaccee"",, ""FFrreeeeddoomm iiss SSllaavveerryy"",, ""IIggnnoorraannccee iiss SSttrreennggtthh""}};;

For simplicity, I will rarely use the ssttdd:::: prefix explicitly in examples. Neither will I
always ##iinncclluuddee the necessary headers explicitly. To compile and run the program frag-
ments here, you must ##iinncclluuddee the appropriate headers (as listed in §4.4.5, §4.5.5, and
§30.2) and make the names they declare accessible. For example:

##iinncclluuddee<<ssttrr iinngg>> //// make the standard string facilities accessible
uussiinngg nnaammeessppaaccee ssttdd;; //// make std names available without std:: prefix

ssttrr iinngg ss {{""CC++++ iiss aa ggeenneerraall−−ppuurrppoossee pprrooggrraammmmiinngg llaanngguuaaggee""}};; //// ok: string is std::string

It is generally in poor taste to dump every name from a namespace into the global
namespace. However, in this book, I use the standard library almost exclusively and it is
good to know what it offers.

Here is a table of selected standard-library headers, all supplying declarations in
namespace ssttdd:

The C++ Programming Language, 4th edition ©2013 by Pearson Education, Inc. Reproduced in draft form with the permission of the publisher.
D R A F T
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Selected Standard Library Headers

<<aallggoorr iitthhmm>> ccooppyy(()), fifinndd(()), ssoorr tt(()) §32.2 §iso.25
<<aarrrr aayy>> aarrrraayy §34.2.1 §iso.23.3.2
<<ccmmaatthh>> ssqqrrtt(()), ppoo ww(()) §39.3 §iso.26.8
<<ccoommppllee xx>> ccoommpplleexx, ssqqrr tt(()), ppoo ww(()) §39.4 §iso.26.8
<<ffssttrreeaamm>> ffssttrreeaamm, iiffssttrreeaamm, ooffssttrreeaamm §37.2.1 §iso.27.9.1
<<ffuuttuurree>> ffuuttuurree, pprroommiissee §5.3.5 §iso.30.6
<<iioossttrreeaamm>> iissttrreeaamm, oossttrreeaamm, cciinn, ccoouutt §37.1 §iso.27.4
<<iitteerr aattoorr>> bbaacckk__iinnsseerrtteerr(()), rree vveerrssee__iitteerraattoorr, bbeeggiinn(()) §33.2 §iso.24.3
<<lliimmiittss>> nnuummeerriicc__lliimmiittss §39.2 §iso.18.3
<<lliisstt>> lliisstt §31.4.2 §iso.23.3.5
<<mmaapp>> mmaapp, mm uullttiimmaapp §31.4.3 §iso.23.4.4
<<mmeemmoorr yy>> uunniiqquuee__ppttrr, sshhaarreedd__ppttrr, aallllooccaattoorr §5.2.1 §iso.20.6
<<mm uutteexx>> mmuutteexx, ttiimmeedd__mm uutteexx, rreeccuurrssiivv ee__mmuutteexx §40.6.1 §iso.30.4
<<rreeggee xx>> rreeggeexx, ssmmaattcchh Chapter 36 §iso.28.8
<<sseett>> sseett, mm uullttiisseett §31.4.3 §iso.23.4.6
<<ssssttrreeaamm>> iissttrrssttrreeaamm, oossttrrssttrreeaamm §37.2.2 §iso.27.8
<<ssttrr iinngg>> ssttrriinngg, bbaassiicc__ssttrr iinngg Chapter 35 §iso.21.3
<<tthhrreeaadd>> tthhrreeaadd §5.3.1 §iso.30.3
<<uunnoorrddeerreedd__mmaapp>> uunnoorrddeerreedd__mmaapp, uunnoorrddeerreedd__mm uullttiimmaapp §31.4.3.2 §iso.23.5.4
<<uuttiilliittyy>> mmoovvee(()), ss wwaapp(()), ppaaiirr §34.9 §iso.20.1
<<vv aallaarrrraayy>> vvaallaarrrraayy, sslliiccee, ggsslliiccee §39.5 §iso.26.6
<<vv eeccttoorr>> vveeccttoorr §31.2 §iso.23.3.6

This listing is far from complete, see §30.2 for more information.

4.2 Strings [tour3.string]

The standard library provides a ssttrr iinngg type to complement the string literals. The ssttrr iinngg
type provides a variety of useful string operations, such as concatenation. For example:

ssttrr iinngg ccoommppoossee((ccoonnsstt ssttrriinngg&& nnaammee,, ccoonnsstt ssttrriinngg&& ddoommaaiinn))
{{

rreettuurr nn nnaammee ++ ’’@@’’ ++ ddoommaaiinn;;
}}

aauuttoo aaddddrr == ccoommppoossee((""ddmmrr"",,""bbeellll−−llaabbss..ccoomm""));;

Here, aaddddrr is initialized to the character sequence ddmmrr@@bbeellll−−llaabbss ..ccoomm. ‘‘Addition’’ of
strings means concatenation. You can concatenate a ssttrr iinngg, a string literal, a C-style string,
or a character to a ssttrr iinngg. The standard ssttrr iinngg has a move constructor so returning even long
ssttrr iinnggs by value is efficient (§3.3.2).

In many applications, the most common form of concatenation is adding something to
the end of a ssttrr iinngg. This is directly supported by the ++== operation. For example:
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Section 4.2 Strings 97

vv ooiidd mm22((ssttrriinngg&& ss11,, ssttrriinngg&& ss22))
{{

ss11 == ss11 ++ ’’\\nn’’;; //// append newline
ss22 ++== ’’\\nn’’;; //// append newline

}}

The two ways of adding to the end of a ssttrr iinngg are semantically equivalent, but I prefer the
latter because it is more explicit about what it does, more concise, and possibly more effi-
ciently implemented.

A ssttrr iinngg is mutable. In addition to == and ++==, subscripting (using [[]]) and substring opera-
tions are supported. The standard-library ssttrr iinngg is described in Chapter 35. Among other
useful features, it provides the ability to manipulate substrings. For example:

ssttrr iinngg nnaammee == ""NNiieellss SSttrroouussttrruupp"";;

vv ooiidd mm33(())
{{

ssttrr iinngg ss == nnaammee..ssuubbssttrr((66,,1100));; //// s = "Stroustr up"
nnaammee ..rreeppllaaccee((00,,55,,""nniicchhoollaass""));; //// name becomes "nicholas Stroustrup"
nnaammee[[00]] == ’’NN’’;; //// name becomes "Nicholas Stroustrup"

}}

The ssuubbssttrr(()) operation returns a ssttrr iinngg that is a copy of the substring indicated by its argu-
ments. The first argument is an index into the ssttrr iinngg (a position), and the second argument
is the length of the desired substring. Since indexing starts from 00, ss gets the value SSttrroouuss--
ttrr uupp.

The rreeppllaaccee(()) operation replaces a substring with a value. In this case, the substring
starting at 00 with length 55 is NNiieellss; it is replaced by NNiicchhoollaass. Thus, the final value of nnaammee
is NNiicchhoollaass SSttrroouussttrruupp. Note that the replacement string need not be the same size as the
substring that it is replacing.

Naturally, ssttrr iinnggs can be compared against each other and against string literals. For
example:

ssttrr iinngg iinnccaannttaattiioonn;;

vv ooiidd rreessppoonndd((ccoonnsstt ssttrriinngg&& aannsswweerr))
{{

iiff ((aannsswweerr ==== iinnccaannttaattiioonn)) {{
//// perfor m magic

}}
eellssee iiff ((aannsswweerr ==== ""yyeess"")) {{

//// ...
}}
//// ...

}}

The ssttrr iinngg library is described in Chapter 35. The most common techniques for imple-
menting ssttrr iinngg are presented in the SSttrr iinngg example (§19.3).
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98 A Tour of C++: Containers and Algorithms Chapter 4

4.3 Stream I/O [tour3.streams]

The standard library provides formatted character input and output through the iioossttrreeaamm
library. The input operations are typed and extensible to handle user-defined types. This
section is a very brief introduction to the use of iioossttrreeaamms; Chapter 37 is a reasonably com-
plete description of the iioossttrreeaamm library facilities.

Other forms of user interaction, such as graphical I/O, are handled through libraries
that are not part of the ISO standard and therefore not described here.

4.3.1 Output [tour3.ostream]

The I/O stream library defines output for every built-in type. Further, it is easy to define
output of a user-defined type (§4.3.4). The operator <<<< (‘‘put to’’) is used as an output
operator on objects of type oossttrreeaamm; ccoouutt is the standard output stream and cceerrrr is the stan-
dard stream for reporting errors. By default, values written to ccoouutt are converted to a
sequence of characters. For example, to output the decimal number 1100, we can write:

vv ooiidd ff(())
{{

ccoouutt <<<< 1100;;
}}

This places the character 11 followed by the character 00 on the standard output stream.
Equivalently, we could write:

vv ooiidd gg(())
{{

iinntt ii {{1100}};;
ccoouutt <<<< ii;;

}}

Output of different types can be combined in the obvious way:

vv ooiidd hh((iinntt ii))
{{

ccoouutt <<<< ""tthhee vvaalluuee ooff ii iiss "";;
ccoouutt <<<< ii;;
ccoouutt <<<< ’’\\nn’’;;

}}

For hh((1100)), the output will be

tthhee vvaalluuee ooff ii iiss 1100

People soon tire of repeating the name of the output stream when outputting several
related items. Fortunately, the result of an output expression can itself be used for further
output. For example:

vv ooiidd hh22((iinntt ii))
{{

ccoouutt <<<< ""tthhee vvaalluuee ooff ii iiss "" <<<< ii <<<< ’’\\nn’’;;
}}
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Section 4.3.1 Output 99

This hh22(()) produces the same output as hh(()).
A character constant is a character enclosed in single quotes. Note that a character is

output as a character rather than as a numerical value. For example:

vv ooiidd kk(())
{{

iinntt bb == ’’bb’’;; //// note: char implicitly converted to int
cchhaarr cc == ’’cc’’;;
ccoouutt <<<< ’’aa’’ <<<< bb <<<< cc;;

}}

The integer value of the character ’’bb’’ is 9988 (in the ASCII encoding used on the C++ imple-
mentation that I used), so this will output aa9988cc.

4.3.2 Input [tour3.istream]

The standard library offers iissttrreeaamms for input. Like oossttrreeaamms, iissttrreeaamms deal with character
string representations of built-in types and can easily be extended to cope with user-
defined types.

The operator >>>> (‘‘get from’’) is used as an input operator; cciinn is the standard input
stream. The type of the right-hand operand of >>>> determines what input is accepted and
what is the target of the input operation. For example:

vv ooiidd ff(())
{{

iinntt ii;;
cciinn >>>> ii;; //// read an integer into i

ddoouubb llee dd;;
cciinn >>>> dd;; //// read a double-precision floating-point number into d

}}

This reads a number, such as 11223344, from the standard input into the integer variable ii and a
floating-point number, such as 1122..3344ee55, into the double-precision floating-point variable dd.

4.3.3 ssttrr iinngg I/O [tour3.stringio]

Often, we want to read a sequence of characters. A convenient way of doing that is to
read into a ssttrr iinngg. For example:

iinntt mmaaiinn(())
{{

ssttrr iinngg ssttrr;;
ccoouutt <<<< ""PPlleeaassee eenntteerr yyoouurr nnaammee\\nn"";;
cciinn >>>> ssttrr;;
ccoouutt <<<< ""HHeelllloo,, "" <<<< ssttrr <<<< ""!!\\nn"";;

}}

If you type in EErr iicc the response is

HHeelllloo ,, EErriicc!!
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By default, a whitespace character (§7.3.2), such as a space, terminates the read, so if you
enter EErr iicc BBllooooddaaxxee pretending to be the ill-fated king of York, the response is still

HHeelllloo ,, EErriicc!!

You can read a whole line (including the terminating newline character) using the ggeettlliinnee(())
function. For example:

iinntt mmaaiinn(())
{{

ccoouutt <<<< ""PPlleeaassee eenntteerr yyoouurr nnaammee\\nn"";;
ssttrr iinngg ssttrr;;
ggeettlliinnee((cciinn,,ssttrr));;
ccoouutt <<<< ""HHeelllloo,, "" <<<< ssttrr <<<< ""!!\\nn"";;

}}

With this program, the input EErr iicc BBllooooddaaxxee yields the desired output:

HHeelllloo ,, EErriicc BBllooooddaaxxee!!

The newline that terminated the line is discarded, so cciinn is ready for the next input line.
The standard strings have the nice property of expanding to hold what you put in them;

you don’t hav e to precalculate a maximum size. So, if you enter a couple of megabytes of
semicolons, the program will echo pages of semicolons back at you.

4.3.4 I/O of User-defined Types [tour3.udtio]

In addition to the I/O of built-in types and standard ssttrr iinnggs, the iioossttrreeaamm library allows pro-
grammers to define I/O for their own types. For example, consider a simple type EEnnttrr yy that
we might use to represent entries in a telephone book:

ssttrr uucctt EEnnttrryy {{
ssttrr iinngg nnaammee;;
iinntt nnuummbbeerr;;

}};;

We can define a simple output operator to write an EEnnttrr yy using a {"name",number} format
similar to the one we use for initialization in code:

oossttrreeaamm&& ooppeerraattoorr<<<<((oossttrreeaamm&& ooss,, ccoonnsstt EEnnttrryy&& ee))
{{

rreettuurr nn ooss <<<< ""{{\\"""" <<<< ee..nnaammee <<<< ""\\"",, "" <<<< ee..nnuummbbeerr <<<< ""\\""}}"";;
}}

A user-defined output operator takes its output stream (by reference) as its first argument
and returns it as its result. See §37.4.2 for details.

The corresponding input operator is more complicated because it has to check for cor-
rect formatting and deal with errors:
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iissttrreeaamm&& ooppeerraattoorr>>>>((iissttrreeaamm&& iiss,, EEnnttrryy&& ee))
//// read { "name" , number } pair. Note: for matted with { " " , and }

{{
cchhaarr cc,, cc22;;
iiff ((iiss>>>>cc &&&& cc====’’{{’’ &&&& iiss>>>>cc22 &&&& cc22====’’""’’)) {{ //// star t with a { "

ssttrr iinngg nnaammee;; //// the default value of a string is the empty string: ""
wwhhiillee ((iiss..ggeett((cc)) &&&& cc!!==’’""’’)) //// anything before a " is part of the name

nnaammee++==cc;;

iiff ((iiss>>>>cc &&&& cc====’’,,’’)) {{
iinntt nnuummbbeerr == 00;;
iiff ((iiss>>>>nnuummbbeerr>>>>cc &&&& cc====’’}}’’)) {{ //// read the number and a }

ee == {{nnaammee,,nnuummbbeerr}};; //// assign to the entry
rreettuurr nn iiss;;

}}
}}

}}
iiss ..sseettff((iiooss__bbaassee::::ffaaiillbbiitt));; //// register the failure in the stream
rreettuurr nn iiss;;

}}

An input operation returns a reference to its iissttrreeaamm which can be used to test if the opera-
tion succeeded. For example, when used as a condition cciinn>>>>cc means, did we succeed at
reading from cciinn into cc?

The iiss>>>>cc skips whitespace by default, but iiss ..ggeett((cc)) does not so that this EEnnttrr yy-input
operator ignores (skips) whitespace outside the name string, but not within it. For exam-
ple:

{{ ""JJoohhnn MMaarrwwoooodd CClleeeessee"" ,, 112233445566 }}
{{""MMiicchhaaeell EEddwwaarrdd PPaalliinn"",,998877665544}}

We can read such a pair of values from input into an EEnnttrr yy like this:

ff oorr ((EEnnttrryy eeee;; cciinn>>>>eeee;; )) //// read from cin into ee
ccoouutt <<<< eeee <<<< ’’\\nn’’;; //// wr ite ee to cout

See §37.4.1 for more technical details and techniques for writing input operators for user-
defined types. See §5.5 and Chapter 36 for a more systematic technique for recognizing
patterns in streams of characters (regular expression matching).

4.4 Containers [tour3.stl]

Much computing involves creating collections of values and then manipulating such col-
lections. Reading characters into a ssttrr iinngg and printing out the ssttrr iinngg is a simple example. A
class with the main purpose of holding objects is commonly called a container. Providing
suitable containers for a given task and supporting them with useful fundamental opera-
tions are important steps in the construction of any program.
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To illustrate the standard library containers, consider a simple program for keeping
names and telephone numbers. This is the kind of program for which different approaches
appear ‘‘simple and obvious’’ to people of different backgrounds. The EEnnttrr yy class from
§4.3.4 can be used to hold a simple phone book entry. Here, we deliberately ignore many
real-world complexities, such as the fact that many phone numbers do not have a simple
representation as a 32-bit iinntt.

4.4.1 vv eeccttoorr [tour3.vector]

The most useful standard library container is vv eeccttoorr. A vv eeccttoorr is a sequence of elements of
a giv en type. The elements are stored contiguously in memory:

6

vv eeccttoorr:
eelleemm:

sszz:
0: 1: 2: 3: 4: 5:

The VV eeccttoorr examples in §3.2.3 and §3.4 give an idea of the implementation of vv eeccttoorr and
§13.6 and §31.2 provide an exhaustive discussion.

We can initialize a vv eeccttoorr with a set of values of its element type:

vv eeccttoorr<<EEnnttrryy>> pphhoonnee__bbooookk == {{
{{""DDaa vviidd HHuummee"",,112233445566}},,
{{""KKaarr ll PPooppppeerr"",,223344556677}},,
{{""BBeerr ttrraanndd AArrtthhuurr WWiilllliiaamm RRuusssseellll"",,334455667788}}

}};;

Elements can be accessed through subscripting:

vv ooiidd pprriinntt__bbooookk((vveeccttoorr<<EEnnttrryy>>&& bbooookk))
{{

ff oorr ((iinntt ii == 00;; ii!!==bbooookk..ssiizzee(());; ++++ii))
ccoouutt <<<< bbooookk[[ii]] <<<< ’’\\nn’’;;

}}

As usual, indexing starts at 00 so that bbooookk[[00]] holds the entry for DDaa vviidd HHuummee. The vv eeccttoorr
member function ssiizz ee(()) gives the number of elements.

The elements of a vv eeccttoorr (obviously) constitute a range, so we can use the simpler
range-for loop (§2.2.5):

vv ooiidd pprriinntt__bbooookk((vveeccttoorr<<EEnnttrryy>>&& bbooookk))
{{

ff oorr ((ccoonnsstt aauuttoo&& xx :: bbooookk)) //// for "auto" see §2.2.2
ccoouutt <<<< xx <<<< ’’\\nn’’;;

}}

When we define a vv eeccttoorr, we giv e it an initial size (initial number of elements):
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Section 4.4.1 vv eeccttoorr 103

vv eeccttoorr<<iinntt>> vv11 == {{11,, 22,, 33,, 44 }};; //// size is 4
vv eeccttoorr<<ssttrriinngg>> vv22;; //// size is 0;
vv eeccttoorr<<SShhaappee∗∗>> vv33((2233));; //// size is 23; initial element value: nullptr
vv eeccttoorr<<ddoouubbllee>> vv44((3322,,99..99));; //// size is 32; initial element value: 9.9

An explicit size is enclosed in ordinary parentheses, e.g., ((2233)), and by default the elements
are initialized to the element type’s default value (e.g., nn uullllppttrr for pointers and 00 for num-
bers). If you don’t want the default value, you can specify one as a second argument (e.g.,
99..99 for the 3322 elements of vv44).

The initial size can be changed. One of the most useful operations on a vv eeccttoorr is
ppuusshh__bbaacc kk(()), which adds a new element at the end of a vv eeccttoorr, increasing its size by 1. For
example:

ff oorr ((EEnnttrryy ee;; cciinn>>>>ee;;))
pphhoonnee__bbooookk..ppuusshh__bbaacc kk((ee));;

This reads EEnnttrr yys from the standard input into pphhoonnee__bbooookk until either the end of input (e.g.,
the end of a file) is reached or the input operation encounters a format error. The standard-
library vv eeccttoorr is implemented so that growing a vv eeccttoorr by repeated ppuusshh__bbaacc kk(())s is efficient.

A vv eeccttoorr is a single object that can be assigned. For example:

vv ooiidd ff((vveeccttoorr<<EEnnttrryy>>&& vv))
{{

vv eeccttoorr<<EEnnttrryy>> vv22 == pphhoonnee__bbooookk;;
vv == vv22;;
//// ...

}}

Assigning a vv eeccttoorr involves copying its elements. Thus, after the initialization and assign-
ment in ff(()), vv and vv22 each holds a separate copy of every EEnnttrr yy in the phone book. When a
vv eeccttoorr holds many elements, such innocent-looking assignments and initializations can be
prohibitively expensive. Where copying is undesirable, references or pointers (§7.2; §7.7)
or move operations (§3.3.2; §17.5.2) should be used.

4.4.1.1 Elements [tour3.elements]

Like all standard-library containers, vv eeccttoorr is a container of elements of some type TT; that
is, a vv eeccttoorr<<TT>>. Just about any type qualifies as an element type: built-in numeric types
(such as cchhaarr, iinntt, and ddoouubb llee), user-defined types (such as ssttrr iinngg, EEnnttrr yy, lliisstt<<iinntt>>, and
MMaattrr iixx<<ddoouubbllee,,22>>) and pointers (such as ccoonnsstt cchhaarr∗∗, SShhaappee∗∗, and ddoouubb llee∗∗). When you insert
a new element, its value is copied into the container. For example, when you put an inte-
ger with the value 77 into a container, the resulting element really has the value 77. The ele-
ment is not a reference or a pointer to some object containing 77. This makes for nice com-
pact containers with fast access. For people who care about memory sizes and run-time
performance this is critical.
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4.4.1.2 Range Checking [tour3.range]

The standard library vv eeccttoorr does not guarantee range checking (§31.2.2). For example:

vv eeccttoorr<<EEnnttrryy>> pphhoonnee__bbooookk((11000000));;

iinntt ii == pphhoonnee__bbooookk[[22000011]]..nnuummbbeerr;; //// 2001 is out of range

That initialization is likely to place some random value in ii rather than giving an error.
This is undesirable and out-of-range errors are a common problem. Consequently, I often
use a simple range-checking adaptation of vv eeccttoorr:

tteemmppllaattee<<ttyyppeennaammee TT>>
ccllaassss VVeecc :: ppuubblliicc ssttdd::::vveeccttoorr<<TT>> {{
ppuubb lliicc::

uussiinngg vveeccttoorr<<TT>>::::vveeccttoorr;; //// use the constructors from vector
//// (under the name Vec); see §20.3.5.1

TT&& ooppeerraattoorr[[]]((iinntt ii)) {{ rreettuurrnn vveeccttoorr<<TT>>::::aatt((ii));; }} //// range-checked
ccoonnsstt TT&& ooppeerraattoorr[[]]((iinntt ii)) ccoonnsstt {{ rreettuurrnn vveeccttoorr<<TT>>::::aatt((ii));; }} //// range-checked

//// for const objects; §3.2.1.1
}};;

VV eecc inherits everything from vv eeccttoorr except for the subscript operations that it redefines to
do range checking. The aatt(()) operation is a vv eeccttoorr subscript operation that throws an excep-
tion of type oouutt__ooff__rr aannggee if its argument is out of the vv eeccttoorr’s range (§2.4.3.1, §31.2.2).

An out-of-range access will throw an exception that the user can catch. For example:

vv ooiidd ff((VVeecc<<EEnnttrryy>>&& bbooookk))
{{

ttrr yy {{
bbooookk[[bbooookk..ssiizz ee(())]] == {{""JJooee"",,999999999999}};; //// will throw an exception

}}
ccaattcchh ((oouutt__ooff__rraannggee)) {{

ccoouutt <<<< ""rraannggee eerrrroorr\\nn"";;
}}

}}

The exception will be thrown, and then caught (§2.4.3.1; Chapter 13). If the user doesn’t
catch an exception, the program will terminate in a well-defined manner rather than pro-
ceeding or failing in an undefined manner. One way to minimize surprises from uncaught
exceptions is to use a mmaaiinn(()) with a ttrr yy-block as its body:
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iinntt mmaaiinn(())
ttrr yy {{

//// your code
}}
ccaattcchh ((oouutt__ooff__rraannggee)) {{

cceerrrr <<<< ""rraannggee eerrrroorr\\nn"";;
}}
ccaattcchh ((......)) {{

cceerrrr <<<< ""uunnkknnoowwnn eexxcceeppttiioonn tthhrroowwnn\\nn"";;
}}

This provides default exception handlers so that if we fail to catch some exception, an
error message is printed on the standard error-diagnostic output stream cceerrrr (§37.1).

Some implementations save you the bother of defining VV eecc (or equivalent) by providing
a range-checked version of vv eeccttoorr (e.g., as a compiler option).

4.4.2 lliisstt [tour3.list]

The standard-library offers a doubly-linked list called lliisstt:

4

lliisstt:

links links links links

We use a lliisstt for sequences where we want to insert and delete elements without moving
other elements. Insertion and deletion of phone book entries could be common, so a lliisstt
could be appropriate for representing a simple phone book. For example:

lliisstt<<EEnnttrr yy>> pphhoonnee__bbooookk == {{
{{""DDaa vviidd HHuummee"",,112233445566}},,
{{""KKaarr ll PPooppppeerr"",,223344556677}},,
{{""BBeerr ttrraanndd AArrtthhuurr WWiilllliiaamm RRuusssseellll"",,334455667788}}

}};;

When we use a linked list, we tend not to access elements using subscripting the way we
commonly do for vectors. Instead, we might search the list looking for an element with a
given non-zero value. To do this, we take advantage of the fact that a lliisstt is a sequence as
described in §4.5:

iinntt ggeett__nnuummbbeerr((ccoonnsstt ssttrriinngg&& ss))
{{

ff oorr ((ccoonnsstt aauuttoo&& xx :: pphhoonnee__bbooookk))
iiff ((xx..nnaammee====ss))

rreettuurr nn xx..nnuummbbeerr;;
rreettuurr nn 00;; //// use 0 to represent "number not found"

}}

The search for ss starts at the beginning of the list and proceeds until either ss is found or the
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end is reached.
Sometimes, we need to identify an element in a lliisstt. For example, we may want to

delete it or insert a new entry before it. To do that we use an iterator: a lliisstt iterator identi-
fies an element of a lliisstt and can be used to iterate through a lliisstt (hence its name). Every
standard library container provides the functions bbeeggiinn(()) and eenndd(()), which return an iterator
to the first and to one-past-the-last element, respectively (§4.5; §33.1.1). Using iterators
explicitly, we can – less elegantly – write the ggeett__nn uummbbeerr(()) function like this:

iinntt ggeett__nnuummbbeerr((ccoonnsstt ssttrriinngg&& ss))
{{

ff oorr ((aauuttoo pp == pphhoonnee__bbooookk..bbeeggiinn(());; pp!!==pphhoonnee__bbooookk..eenndd(());; ++++pp))
iiff ((pp−−>>nnaammee====ss))

rreettuurr nn pp−−>>nnuummbbeerr;;
rreettuurr nn 00;; //// use 0 to represent "number not found"

}}

In fact, this is roughly the way the terser and less error-prone range-ff oorr loop is imple-
mented by the compiler. Giv en an iterator pp, ∗∗pp is the element to which it refers, ++++pp
advances pp to refer to the next element, and when pp refers to a class with a member mm then
pp−−>>mm is equivalent to ((∗∗pp))..mm.

Adding elements to a lliisstt and removing elements from a lliisstt is easy:

vv ooiidd ff((ccoonnsstt EEnnttrryy&& eeee,, lliisstt<<EEnnttrryy>>::::iitteerraattoorr pp,, lliisstt<<EEnnttrryy>>::::iitteerraattoorr qq))
{{

pphhoonnee__bbooookk..iinnsseerr tt((pp,,eeee));; //// add ee before the element referred to by p
pphhoonnee__bbooookk..eerr aassee((qq));; //// remove the element referred to by q

}}

For a more complete description of iinnsseerr tt(()) and eerr aassee(()),, see §31.3.7.
Note that these lliisstt examples could be written identically using vv eeccttoorr and (surprisingly,

unless you understand machine architecture) perform better with a small vv eeccttoorr than with a
small lliisstt. When all we want is a sequence of elements, we have a choice between using a
vv eeccttoorr and a lliisstt. Unless you have a reason not to, use a vv eeccttoorr. A vv eeccttoorr performs better for
traversal (e.g., fifinndd(()) and ccoouunntt(())) and for sorting and searching operations (e.g., ssoorr tt(()) and
bbiinnaarr yy__sseeaarrcchh(())).

4.4.3 mmaapp [tour3.map]

Writing code to look up a name in a list of (name,number) pairs is quite tedious. In addi-
tion, a linear search is inefficient for all but the shortest lists. The standard library offers a
search tree called mmaapp:
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4

mmaapp:

links
kk eeyy:

vv aalluuee:
links

links

links

In other contexts, a mmaapp is known as an associative array or a dictionary. It is implemented
as a balanced binary tree.

The standard-library mmaapp (§31.4.3) is a container of pairs of values optimized for
lookup. For example:

mmaapp<<ssttrr iinngg,,iinntt>> pphhoonnee__bbooookk {{
{{""DDaa vviidd HHuummee"",,112233445566}},,
{{""KKaarr ll PPooppppeerr"",,223344556677}},,
{{""BBeerr ttrraanndd AArrtthhuurr WWiilllliiaamm RRuusssseellll"",,334455667788}}

}};;

When indexed by a value of its first type (called the key) a mmaapp returns the corresponding
value of the second type (called the value or the mapped type). For example:

iinntt ggeett__nnuummbbeerr((ccoonnsstt ssttrriinngg&& ss))
{{

rreettuurr nn pphhoonnee__bbooookk[[ss]];;
}}

In other words, subscripting a mmaapp is essentially the lookup we called ggeett__nn uummbbeerr(()). If a
kk eeyy isn’t found, it is entered into the mmaapp with a default value for its vv aalluuee. The default
value for an integer type is 00; the value I just happened to choose represents an invalid
telephone number.

If we wanted to avoid entering invalid numbers into our phone book, we could use
fifinndd(()) and iinnsseerr tt(()) instead of [[]] (§31.4.3.1).

4.4.4 UUnnoorrddeerreedd__mmaapp [tour3.unorderedmap]

The cost of a mmaapp lookup is OO((lloogg((nn)))) where nn is the number of elements in the mmaapp. That’s
pretty good. For example, for a mmaapp with 1,000,000 elements, we perform only about 20
comparisons and indirections to find an element. However, in many cases, we can do bet-
ter by using a hashed lookup rather than comparison using an ordering function, such as <<.
The standard library hashed containers are referred to as ‘‘unordered’’ because they don’t
require an ordering function:
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repuunnoorrddeerreedd__mmaapp:

hash table:

For example, we can use an uunnoorrddeerreedd__mmaapp from <<uunnoorrddeerreedd__mmaapp>> to implement our phone
book:

uunnoorrddeerreedd__mmaapp<<ssttrr iinngg,,iinntt>> pphhoonnee__bbooookk {{
{{""DDaa vviidd HHuummee"",,112233445566}},,
{{""KKaarr ll PPooppppeerr"",,223344556677}},,
{{""BBeerr ttrraanndd AArrtthhuurr WWiilllliiaamm RRuusssseellll"",,334455667788}}

}};;

Like for a mmaapp, we can subscript an uunnoorrddeerreedd__mmaapp:

iinntt ggeett__nnuummbbeerr((ccoonnsstt ssttrriinngg&& ss))
{{

rreettuurr nn pphhoonnee__bbooookk[[ss]];;
}}

The standard-library uunnoorrddeerreedd__mmaapp provides a default hash function for ssttrr iinnggs. If neces-
sary, you can provide your own (§31.4.3.4).

4.4.5 Container Overview [tour3.stdcontainer]

A mmaapp, a lliisstt, and a vv eeccttoorr can each be used to represent a phone book. However, each has
strengths and weaknesses. For example, subscripting and traversing a vv eeccttoorr is cheap and
easy. On the other hand, vv eeccttoorr elements are moved when we insert or remove elements;
lliisstt has exactly the opposite properties. A mmaapp resembles a lliisstt of (key,value) pairs except
that it is optimized for finding values based on keys. Please note that a vv eeccttoorr is usually
more efficient than a lliisstt for short sequences of small elements (even for iinnsseerr tt(()) and
eerr aassee(())). I recommend the standard-library vv eeccttoorr as the default type for sequences of ele-
ments: You need a reason to choose another.

The standard library provides some of the most general and useful container types to
allow the programmer to select a container that best serves the needs of an application:
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Standard Container Summary

vv eeccttoorr<<TT>> A variable-sized vector (§31.2)
lliisstt<<TT>> A doubly-linked list (§31.4.2)
ff oorrwwaarrdd__lliisstt<<TT>> A singly-linked list (§31.4.2)
sseett<<TT>> A set (§31.4.3)
mm uullttiisseett<<TT>> A set in which a value can occur many times (§31.4.3)
mmaapp<<KK,,VV>> An associative array (§31.4.3)
mm uullttiimmaapp<<KK,,VV>> A map in which a key can occur many times (§31.4.3)
uunnoorrddeerreedd__mmaapp<<KK,,VV>> A map using a hashed lookup (§31.4.3.2)
uunnoorrddeerreedd__mm uullttiimmaapp<<KK,,VV>> A multimap using a hashed lookup (§31.4.3.2)
uunnoorrddeerreedd__sseett<<TT>> A set using a hashed lookup (§31.4.3.2)
uunnoorrddeerreedd__mm uullttiisseett<<TT>> A multiset using a hashed lookup (§31.4.3.2)

The unordered containers are optimized for lookup with a key (often a string); in other
words, they are implemented using hash tables.

The standard containers are described in §31.2. The containers are defined in
namespace ssttdd and presented in headers <<vv eeccttoorr>>, <<lliisstt>>, <<mmaapp>>, etc. (§4.1.2, §30.2). In
addition, the standard library provides container adapters qquueeuuee<<TT>> (§31.5.2), ssttaacc kk<<TT>>
(§31.5.1), ddeeqquuee<<TT>> (§31.2), and pprr iioorriittyy__qquueeuuee<<TT>> (§31.5.3). The standard library also
provides more specialized container-like types, such as a fixed-sized array aarrrr aayy<<TT,,NN>>
(§34.2.1) and bbiittsseett<<NN>> (§34.2.2).

The standard containers and their basic operations are designed to be similar from a
notational point of view. Furthermore, the meanings of the operations are equivalent for
the various containers. Basic operations apply to every kind of container for which they
make sense and can be efficiently implemented. For example,

• bbeeggiinn(()) and eenndd(()) give iterators to the first and one-beyond-last elements, respectively
• ppuusshh__bbaacc kk(()) can be used (efficiently) to add elements to the end of a vv eeccttoorr as well as

for a lliisstt
• ssiizz ee(()) returns the number of elements.

This notational and semantic uniformity enables programmers to provide new container
types that can be used in a very similar manner to the standard ones. The range-checked
vector, VV eeccttoorr (§2.3.2, §2.4.3.1), is an example of that. The uniformity of container inter-
faces also allows us to specify algorithms independently of individual container types.

4.5 Algorithms [tour3.algorithms]

A data structure, such as a list or a vector, is not very useful on its own. To use one, we
need operations for basic access such as adding and removing elements (as is provided for
lliisstt and vv eeccttoorr). Furthermore, we rarely just store objects in a container. We sort them,
print them, extract subsets, remove elements, search for objects, etc. Consequently, the
standard library provides the most common algorithms for containers in addition to pro-
viding the most common container types. For example, the following sorts a vv eeccttoorr and
places a copy of each unique vv eeccttoorr element on a lliisstt:
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bbooooll ooppeerraattoorr<<((ccoonnsstt EEnnttrryy&& xx,, ccoonnsstt EEnnttrryy&& yy)) //// less than
{{

rreettuurr nn xx..nnaammee<<yy..nnaammee;; //// order Entrys by their Names
}}

vv ooiidd ff((vveeccttoorr<<EEnnttrryy>>&& vveecc,, lliisstt<<EEnnttrryy>>&& llsstt))
{{

ssoorr tt((vveecc..bbeeggiinn(()),,vveecc..eenndd(())));; //// use < for order
uunniiqquuee__ccoopp yy((vveecc..bbeeggiinn(()),,vveecc..eenndd(()),,llsstt..bbeeggiinn(())));; //// don’t copy adjacent equal elements

}}

The standard algorithms are described in Chapter 32. They are expressed in terms of
sequences of elements. A sequence is represented by a pair of iterators specifying the first
element and the one-beyond-the-last element:

elements:

begin() end()iterators:

In the example, ssoorr tt(()) sorts the sequence from vv ee..bbeeggiinn(()) to vv ee..eenndd(()) – which just happens to
be all the elements of a vv eeccttoorr. For writing, you need only to specify the first element to be
written. If more than one element is written, the elements following that initial element
will be overwritten. Thus, to avoid errors, llsstt must have at least as many elements as there
are unique values in vv eecc.

If we wanted to place the unique elements in a new container, we could have written:

lliisstt<<EEnnttrr yy>> ff((vveeccttoorr<<EEnnttrryy>>&& vveecc))
{{

lliisstt<<EEnnttrr yy>> rreess;;
ssoorr tt((vveecc..bbeeggiinn(()),,vveecc..eenndd(())));;
uunniiqquuee__ccoopp yy((vveecc..bbeeggiinn(()),,vveecc..eenndd(()),,bbaacckk__iinnsseerrtteerr((rreess))));; //// append to res
rreettuurr nn rreess;;

}}

A bbaacc kk__iinnsseerr tteerr(()) adds elements at the end of a container, extending the container to make
room for them (§33.2.2). Thus, the standard containers plus bbaacc kk__iinnsseerr tteerr(())s eliminate the
need to use error-prone, explicit C-style memory management using rreeaalllloocc(()) (§31.5.1).
The standard-library lliisstt has a move constructor (§3.3.2 ,§17.5.2) that makes returning rreess
by value efficient (even for lliisstts of thousands of elements).

If you find the pair-of-iterators style of code, such as ssoorr tt((vvee..bbeeggiinn(()),,vvee..eenndd(()))) tedious,
you can define container version of the algorithms and write ssoorr tt((vvee)) (§4.5.6).
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4.5.1 Use of Iterators [tour3.iteruse]

When you first encounter a container, a  few iterators referring to useful elements can be
obtained; bbeeggiinn(()) and eenndd(()) are the best examples of this. In addition, many algorithms
return iterators. For example, the standard algorithm fifinndd looks for a value in a sequence
and returns an iterator to the element found:

bbooooll hhaass__cc((ccoonnsstt ssttrriinngg&& ss,, cchhaarr cc)) //// does s contain the character c?
{{

aauuttoo pp == fifinndd((ss..bbeeggiinn(()),,ss..eenndd(()),,cc));;
iiff ((pp!!==ss..eenndd(())))

rreettuurr nn ttrruuee;;
eellssee

rreettuurr nn ffaallssee;;
}}

Note that fifinndd returns eenndd(()) to indicate ‘‘not found.’’ An equivalent, shorter, definition of
hhaass__cc(()) is:

bbooooll hhaass__cc((ccoonnsstt ssttrriinngg&& ss,, cchhaarr cc)) //// does s contain the character c?
{{

rreettuurr nn fifinndd((ss..bbeeggiinn(()),,ss..eenndd(()),,cc))!!==ss..eenndd(());;
}}

A more interesting exercise would be to find the location of all occurrences of a character
in a string. We can return the set of occurrences as a vv eeccttoorr of ssttrr iinngg iterators. Assuming
that we would like to modify the locations found, we pass a non-const string:

vv eeccttoorr<<ssttrriinngg::::iitteerraattoorr>> fifinndd__aallll((ssttrriinngg&& ss,, cchhaarr cc)) //// find all occurrences of c in s
{{

vv eeccttoorr<<ssttrriinngg::::iitteerraattoorr>> rreess;;
ff oorr ((aauuttoo pp == ss..bbeeggiinn(());; pp!!==ss..eenndd(());; ++++pp))

iiff ((∗∗pp====cc))
rreess ..ppuusshh__bbaacckk((pp));;

rreettuurr nn rreess;;
}}

We iterate through the string using a conventional loop, moving the iterator pp forward one
element at a time using ++++ and looking at the elements using the dereference operator ∗∗.
We could test fifinndd__aallll(()) like this:

vv ooiidd tteesstt(())
{{

ssttrr iinngg mm {{""MMaarryy hhaadd aa lliittttllee llaammbb""}};;
ff oorr ((aauuttoo pp :: fifinndd__aallll((mm,,’’aa’’))))

iiff ((∗∗pp!!==’’aa’’))
cceerrrr <<<< ""aa bbuugg!!\\nn"";;

}}

That call of fifinndd__aallll(()) could be graphically represented like this:
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M a r y h a d a l i t t l e l a m b

The arrows indicate the values of the result vv eeccttoorr.
Iterators and standard algorithms will work equivalently on every standard container

for which their use makes sense. Consequently, we could generalize fifinndd__aallll(()):

tteemmppllaattee<<ttyyppeennaammee CC,, ttyyppeennaammee VV>>
vv eeccttoorr<<ttyyppeennaammee CC::::iitteerraattoorr>> fifinndd__aallll((CC&& cc,, VV vv)) //// find all occurrences of v in c
{{

vv eeccttoorr<<ttyyppeennaammee CC::::iitteerraattoorr>> rreess;;
ff oorr ((aauuttoo pp == cc..bbeeggiinn(());; pp!!==cc..eenndd(());; ++++pp))

iiff ((∗∗pp====vv))
rreess ..ppuusshh__bbaacckk((pp));;

rreettuurr nn rreess;;
}}

The ‘‘ttyyppeennaammee’’ is needed to inform the compiler that CC’s iitteerr aattoorr is supposed to be a type
and not a value of some type, say, the integer 77. We can hide this implementation detail by
introducing a type alias (§3.4.5) for IItteerr aattoorr:

tteemmppllaattee<<ttyyppeennaammee TT>>
uussiinngg IItteerraattoorr<<TT>> == ttyyppeennaammee TT::::iitteerraattoorr;;

tteemmppllaattee<<ttyyppeennaammee CC,, ttyyppeennaammee VV>>
vv eeccttoorr<<IItteerraattoorr<<CC>>>> fifinndd__aallll((CC&& cc,, VV vv)) //// find all occurrences of v in c
{{

vv eeccttoorr<<IItteerraattoorr<<CC>>>> rreess;;
ff oorr ((aauuttoo pp == cc..bbeeggiinn(());; pp!!==cc..eenndd(());; ++++pp))

iiff ((∗∗pp====vv))
rreess ..ppuusshh__bbaacckk((pp));;

rreettuurr nn rreess;;
}}

We can now write:

vv ooiidd tteesstt(())
{{

ssttrr iinngg mm {{""MMaarryy hhaadd aa lliittttllee llaammbb""}};;
ff oorr ((aauuttoo pp :: fifinndd__aallll((mm,,’’aa’’)))) //// p is a str ing::iterator

iiff ((∗∗pp!!==’’aa’’))
cceerrrr <<<< ""ssttrriinngg bbuugg!!\\nn"";;

lliisstt<<ddoouubb llee>> lldd {{11..11,, 22..22,, 33..33,, 11..11}};;
ff oorr ((aauuttoo pp :: fifinndd__aallll((lldd,,11..11))))

iiff ((∗∗pp!!==11..11))
cceerrrr <<<< ""lliisstt bbuugg!!\\nn"";;

The C++ Programming Language, 4th edition ©2013 by Pearson Education, Inc. Reproduced in draft form with the permission of the publisher.
D R A F T



Section 4.5.1 Use of Iterators 113

vv eeccttoorr<<ssttrriinngg>> vvss {{ ""rreedd"",, ""bblluuee"",, ""ggrreeeenn"",, ""ggrreeeenn"",, ""oorraannggee"",, ""ggrreeeenn"" }};;
ff oorr ((aauuttoo pp :: fifinndd__aallll((vvss,,""ggrreeeenn""))))

iiff ((∗∗pp!!==""gg rreeeenn""))
cceerrrr <<<< ""vveeccttoorr bbuugg!!\\nn"";;

ff oorr ((aauuttoo pp :: fifinndd__aallll((vvss,,""ggrreeeenn""))))
∗∗pp == ""vveerrtt"";;

//// ...
}}

Iterators are used to separate algorithms and containers. An algorithm operates on its data
through iterators and knows nothing about the container in which the elements are stored.
Conversely, a container knows nothing about the algorithms operating on its elements; all
it does is to supply iterators upon request (e.g., bbeeggiinn(()) and eenndd(())). The result is very gen-
eral and flexible software.

4.5.2 Iterator Types [tour3.iter]

What are iterators really? Any particular iterator is an object of some type. There are,
however, many different iterator types, because an iterator needs to hold the information
necessary for doing its job for a particular container type. These iterator types can be as
different as the containers and the specialized needs they serve. For example, a vv eeccttoorr’s
iterator could be an ordinary pointer, because a pointer is quite a reasonable way of refer-
ring to an element of a vv eeccttoorr:

P i e t H e i nvector:

piterator:

Alternatively, a vv eeccttoorr iterator could be implemented as a pointer to the vv eeccttoorr plus an
index:

P i e t H e i nvector:

(start == p, position == 3)iterator:

Using such an iterator would allow range checking.
A lliisstt iterator must be something more complicated than a simple pointer to an element

because an element of a lliisstt in general does not know where the next element of that lliisstt is.
Thus, a lliisstt iterator might be a pointer to a link:
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link link link link ...list:

piterator:

P i e telements:

What is common for all iterators is their semantics and the naming of their operations.
For example, applying ++++ to any iterator yields an iterator that refers to the next element.
Similarly, ∗∗ yields the element to which the iterator refers. In fact, any object that obeys a
few simple rules like these is an iterator (§33.1.4). Furthermore, users rarely need to know
the type of a specific iterator; each container ‘‘knows’’ its iterator types and makes them
available under the conventional names iitteerr aattoorr and ccoonnsstt__iitteerr aattoorr. For example,
lliisstt<<EEnnttrr yy>>::::iitteerraattoorr is the general iterator type for lliisstt<<EEnnttrr yy>>. We rarely have to worry about
the details of how that type is defined.

4.5.3 Stream Iterators [tour3.ioiterators]

Iterators are a general and useful concept for dealing with sequences of elements in con-
tainers. However, containers are not the only place where we find sequences of elements.
For example, an input stream produces a sequence of values and we write a sequence of
values to an output stream. Consequently, the notion of iterators can be usefully applied to
input and output.

To make an oossttrreeaamm__iitteerr aattoorr, we need to specify which stream will be used and the type
of objects written to it. For example, we can define an iterator that refers to the standard
output stream, ccoouutt:

oossttrreeaamm__iitteerr aattoorr<<ssttrriinngg>> oooo {{ccoouutt}};;

The effect of assigning to ∗∗oooo is to write the assigned value to ccoouutt.. For example:

iinntt mmaaiinn(())
{{

∗∗oooo == ""HHeelllloo,, "";; //// meaning cout<<"Hello, "
++++oooo;;
∗∗oooo == ""wwoorrlldd!!\\nn"";; //// meaning cout<<"wor ld!\n"

}}

This is yet another way of writing the canonical message to standard output. The ++++oooo is
done to mimic writing into an array through a pointer.

Similarly, an iissttrreeaamm__iitteerr aattoorr is something that allows us to treat an input stream as a
read-only container. Again, we must specify the stream to be used and the type of values
expected:

iissttrreeaamm__iitteerr aattoorr<<ssttrriinngg>> iiii {{cciinn}};;

Input iterators are used in pairs representing a sequence, so we must provide an
iissttrreeaamm__iitteerr aattoorr to indicate the end of input. This is the default iissttrreeaamm__iitteerr aattoorr:
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iissttrreeaamm__iitteerr aattoorr<<ssttrriinngg>> eeooss {{}};;

Typically, iissttrreeaamm__iitteerr aattoorrs and oossttrreeaamm__iitteerr aattoorrs are not used directly. Instead, they are pro-
vided as arguments to algorithms. For example, we can write a simple program to read a
file, sort the words read, eliminate duplicates, and write the result to another file:

iinntt mmaaiinn(())
{{

ssttrr iinngg ffrroomm,, ttoo;;
cciinn >>>> ffrroomm >>>> ttoo;; //// get source and target file names

iiffssttrreeaamm iiss {{ffrroomm}};; //// input stream for file "from"
iissttrreeaamm__iitteerr aattoorr<<ssttrriinngg>> iiii {{iiss}};; //// input iterator for stream
iissttrreeaamm__iitteerr aattoorr<<ssttrriinngg>> eeooss {{}};; //// input sentinel

ooffssttrreeaamm ooss{{ttoo}};; //// output stream for file "to"
oossttrreeaamm__iitteerr aattoorr<<ssttrriinngg>> oooo {{ooss,,""\\nn""}};; //// output iterator for stream

vv eeccttoorr<<ssttrriinngg>> bb {{iiii,,eeooss}};; //// b is a vector initialized from input [ii:eos)
ssoorr tt((bb..bbeeggiinn(()),,bb..eenndd(())));; //// sor t the buffer

uunniiqquuee__ccoopp yy((bb..bbeeggiinn(()),,bb..eenndd(()),,oooo));; //// copy buffer to output, discard replicated values

rreettuurr nn !!iiss..eeooff(()) |||| !!ooss;; //// retur n error state (§2.2.1, §37.3)
}}

An iiffssttrreeaamm is an iissttrreeaamm that can be attached to a file, and an ooffssttrreeaamm is an oossttrreeaamm that can
be attached to a file. The oossttrreeaamm__iitteerr aattoorr’s second argument is used to delimit output val-
ues.

Actually, this program is longer than it needs to be. We read the strings into a vv eeccttoorr,
then we ssoorr tt(()) them, and then we write them out eliminating duplicates. A more elegant
solution is not to store duplicates at all. This can be done by keeping the ssttrr iinnggs in a sseett,
which does not keep duplicates and keeps its elements in order (§31.4.3). That way, we
could replace the two lines using a vv eeccttoorr with one using a sseett and replace uunniiqquuee__ccoopp yy(())
with the simpler ccoopp yy(()):

sseett<<ssttrr iinngg>> bb {{iiii,,eeooss}};; //// collect strings from input
ccoopp yy((bb..bbeeggiinn(()),,bb..eenndd(()),,oooo));; //// copy buffer to output

We used the names iiii, eeooss, and oooo only once after their definition, so we could further
reduce the size of the program:

iinntt mmaaiinn(())
{{

ssttrr iinngg ffrroomm,, ttoo;;
cciinn >>>> ffrroomm >>>> ttoo;; //// get source and target file names

iiffssttrreeaamm iiss {{ffrroomm}};; //// input stream for file "from"
ooffssttrreeaamm ooss {{ttoo}};; //// output stream for file "to"
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sseett<<ssttrr iinngg>> bb {{iissttrreeaamm__iitteerraattoorr<<ssttrriinngg>>{{iiss}},,iissttrreeaamm__iitteerraattoorr<<ssttrriinngg>>{{}}}};; //// read input
ccoopp yy((bb..bbeeggiinn(()),,bb..eenndd(()),,oossttrreeaamm__iitteerraattoorr<<ssttrriinngg>>{{ooss,,""\\nn""}}));; //// copy to output

rreettuurr nn !!iiss..eeooff(()) |||| !!ooss;; //// retur n error state (§2.2.1, §37.3)
}}

It is a matter of taste and experience whether or not this last simplification improves read-
ability. If your tastes lean toward the very terse, you can further eliminate the name ooss.

4.5.4 Predicates [tour3.predicates]

In the examples above, the algorithms have simply ‘‘built in’’ the action to be done for
each element of a sequence. However, we often want to make that action a parameter to
the algorithm. For example, the fifinndd algorithm (§32.3) provides a convenient way of look-
ing for a specific value. A more general variant looks for an element that fulfills a speci-
fied requirement, a predicate (§3.4.2). For example, we might want to search a mmaapp for
the first value larger than 4422. A mmaapp allows us to access its elements as a sequence of
(key,value) pairs, so we can search a mmaapp<<ssttrr iinngg,,iinntt>>’s sequence for a ppaaiirr<<ccoonnsstt ssttrriinngg,,iinntt>>
where the iinntt is greater than 4422:

vv ooiidd ff((mmaapp<<ssttrriinngg,,iinntt>>&& mm))
{{

aauuttoo pp == fifinndd__iiff((mm..bbeeggiinn(()),,mm..eenndd(()),,GGrreeaatteerr__tthhaann{{4422}}));;
//// ...

}}

Here, GGrreeaatteerr__tthhaann is a function object (§3.4.3) holding the value (4422) to be compared
against:

ssttrr uucctt GGrreeaatteerr__tthhaann {{
iinntt vvaall;;
GGrreeaatteerr__tthhaann((iinntt vv)) :: vvaall{{vv}} {{ }}
bbooooll ooppeerraattoorr(())((ccoonnsstt ppaaiirr<<ssttrriinngg,,iinntt>>&& rr)) {{ rreettuurrnn rr..sseeccoonndd>>vvaall;; }}

}};;

Alternatively, we could use a lambda expression (§3.4.3):

iinntt ccxxxx == ccoouunntt__iiff((mm..bbeeggiinn(()),, mm..eenndd(()),,
[[]]((ccoonnsstt ppaaiirr<<ssttrriinngg,,iinntt>>&& rr)) {{ rreettuurrnn rr..sseeccoonndd>>4422;; }}));;

4.5.5 Algorithm Overview [tour3.algolist]

What is an algorithm? A general definition of an algorithm is ‘‘a finite set of rules which
gives a sequence of operations for solving a specific set of problems [and] has five impor-
tant features: Finiteness ... Definiteness ... Input ... Output ... Effectiveness’’
[Knuth,1968,§1.1]. In the context of the C++ standard library, an algorithm is a function
template operating on sequences of elements.

The standard library provides dozens of algorithms. The algorithms are defined in
namespace ssttdd and presented in the <<aallggoorr iitthhmm>> header. These standard-library algorithms
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all take sequences as inputs (§4.5). A half-open sequence from bb to ee is referred to as
[bb:ee). Here are a few I hav e found particularly useful:

Selected Standard Algorithms

pp==fifinndd((bb ,,ee,,xx)) pp is the first pp in [bb:ee) so that ∗∗pp====xx
pp==fifinndd__iiff((bb ,,ee,,ff)) pp is the first pp in [bb:ee) so that ff((∗∗pp))====ttrr uuee
nn==ccoouunntt((bb ,,ee,,xx)) nn is the number of elements ∗∗qq in [bb:ee) so that ∗∗qq====xx
nn==ccoouunntt__iiff((bb ,,ee,,ff)) nn is the number of elements ∗∗qq in [bb:ee) so that ff((∗∗qq,,xx))
rreeppllaaccee((bb ,,ee,,vv,,vv22)) Replace elements ∗∗qq in [bb:ee) so that ∗∗qq====vv by vv22
rreeppllaaccee__iiff((bb ,,ee,,ff,,vv22)) Replace elements ∗∗qq in [bb:ee) so that ff((∗∗qq)) by vv22
pp==ccoopp yy((bb,,ee,,oouutt)) Copy [bb:ee) to [oouutt:pp)
pp==ccoopp yy__iiff((bb,,ee,,oouutt,,ff)) Copy elements ∗∗qq from [bb:ee) so that ff((∗∗qq)) to [oouutt:pp)
pp==uunniiqquuee__ccoopp yy((bb,,ee,,oouutt)) Copy [bb:ee) to [oouutt:pp); don’t copy adjacent duplicates
ssoorr tt((bb,,ee)) Sort elements of [bb:ee) using << as the sorting criterion
((pp11,,pp22))==eeqquuaall__rr aannggee((bb,,ee,,vv)) [pp11:pp22) is the subsequence of the sorted sequence [bb:ee)

with the value vv; basically a binary search for vv
pp==mmeerrggee((bb ,,ee,,bb22,,ee22,,oouutt)) Merge two sorted sequences [bb:ee) and [bb22:ee22) into [oouutt:pp)

These algorithms, and many more (see Chapter 32), can be applied to elements of contain-
ers, ssttrr iinnggs, and built-in arrays.

4.5.6 Container Algorithms [tour3.container-algo]

A sequence is defined by a pair of iterators [bbeeggiinn:eenndd). This is general and flexible, but
most often, we apply an algorithm to a sequence that is the contents of a container. For
example:

ssoorr tt((vv..bbeeggiinn(()),,vv..eenndd(())));;

Why don’t we just say ssoorr tt((vv))? We can easily provide that shorthand:

nnaammeessppaaccee EEssttdd {{
uussiinngg nnaammeessppaaccee ssttdd;;

tteemmppllaattee<<ccllaassss CC>>
vv ooiidd ssoorrtt((CC&& cc))
{{

ssoorr tt((cc..bbeeggiinn(()),,cc..eenndd(())));;
}}
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tteemmppllaattee<<ccllaassss CC,, ccllaassss PPrreedd>>
vv ooiidd ssoorrtt((CC&& cc,, PPrreedd pp))
{{

ssoorr tt((cc..bbeeggiinn(()),,cc..eenndd(()),,pp));;
}}

//// ...
}}

I put the container versions of ssoorr tt(()) (and other algorithms) into their own namespace EEssttdd
(‘‘extended ssttdd’’) to avoid interfering with other programmers’ uses of and extensions to
ssttdd.

4.6 Advice [tour3.advice]

[1] Don’t reinvent the wheel; use libraries; §4.1.
[2] Don’t believe in magic; understand what your libraries do, how they do it, and at

what cost they do it.
[3] When you have a choice, prefer the standard library over other libraries.
[4] Do not think that the standard library is ideal for everything.
[5] Remember to ##iinncclluuddee the headers for the facilities you use; §4.1.2.
[6] Remember that standard library facilities are defined in namespace ssttdd; §4.1.2.
[7] Prefer ssttrr iinnggs over C-style strings (a cchhaarr∗∗; §2.2.5) §4.2, §4.3.2.
[8] iioossttrreeaamms are type sensitive, type safe, and extensible; §4.3.
[9] Prefer vv eeccttoorr<<TT>>, mmaapp<<KK,,TT>>, and uunnoorrddeerreedd__mmaapp<<KK,,TT>> over TT[[]]; §4.4.
[10] Know your standard containers and their tradeoffs; §4.4.
[11] Use vv eeccttoorr as your default container; §4.4.1.
[12] Prefer compact data structures; §4.4.1.1.
[13] If in doubt, use a range-checked vector (such as VV eecc); §4.4.1.2.
[14] Use ppuusshh__bbaacc kk(()) or bbaacc kk__iinnsseerr tteerr(()) to add elements to a container; §4.4.1, §4.5.
[15] Use ppuusshh__bbaacc kk(()) on a vv eeccttoorr rather than rreeaalllloocc(()) on an array; §4.5.
[16] Catch common exceptions in mmaaiinn(()); §4.4.1.2.
[17] Know your standard algorithms and prefer them over handwritten loops; §4.5.5.
[18] If iterator use get tedious, define container algorithms; §4.5.6.
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