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A Tour of C++: Concurrency and Utilities

Programming is like sex:
It may give some concrete results,

but that is not why we do it.
– apologies to Richard Feynman

• Introduction
• Resource Management

uunniiqquuee__ppttrr and sshhaarreedd__ppttrr
• Concurrency

Tasks and tthhrreeaadds; Passing Arguments; Returning Results; Sharing Data; Communi-
cating Tasks

• Small Utility Components
Time; Type Functions; ppaaiirr and ttuuppllee

• Regular Expressions
• Math

Mathematical Functions and Algorithms; Complex Numbers; Random Numbers;
Vector Arithmetic; Numeric Limits

• Advice

5.1 Introduction [tour4.intro]

From an end-user’s perspective, the ideal standard library would provide components
directly supporting essentially every need. For a giv en application domain, a huge com-
mercial library can come close to that ideal. However, that is not what the C++ standard
library is trying to do. A manageable, universally available, library cannot be everything
to everybody. Instead, the C++ standard library aims to provide components that are
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useful to most people in most application areas. That is, it aims to serve the intersection
of all needs rather than their union. In addition, support for a few widely important appli-
cation areas, such as mathematical computation and text manipulation, have crept in.

5.2 Resource Management [tour4.resources]

One of the key tasks of any nontrivial program is to manage resources. A resource is
something that must be acquired and later (explicitly or implicitly) released. Examples are
memory, locks, sockets, thread handles, and file handles. For a long-running program,
failing to release a resource in a timely manner (‘‘a leak’’) can cause serious performance
degradation and possibly even a miserable crash. Even for short programs, a leak can
become an embarrassment, say by a resource shortage increasing the run time by orders of
magnitude.

The standard library components are designed not to leak resources. To do this, they
rely on the basic language support for resource management using constructor/destructor
pairs to ensure that a resource doesn’t outlive an object responsible for it. The use of a
constructor/destructor pair in VV eeccttoorr to manage the lifetime of its elements is an example
(§3.2.1.2) and all standard-library containers are implemented in similar ways. Impor-
tantly, this approach interacts correctly with error handling using exceptions. For exam-
ple, the technique is used for the standard-library lock classes:

mm uutteexx mm;; //// used to protect access to shared data
//// ...
vv ooiidd ff(())
{{

lloocc kk__gguuaarrdd<<mm uutteexx>> llcckk {{mm}};; //// acquire the mutex m
//// ... manipulate shared data ...

}}

A tthhrreeaadd will not proceed until llcc kk’s constructor has acquired its mm uutteexx, mm (§5.3.4). The
corresponding destructor releases the resource. So, in this example, lloocc kk__gguuaarrdd’s destructor
releases the mm uutteexx when the thread of control leaves ff(()) (through a return, by ‘‘falling off
the end of the function,’’ or through an exception throw).

This is an application of the ‘‘Resource Acquisition Is Initialization’’ technique (RAII;
§3.2.1.2, §13.3). This technique is fundamental to the idiomatic handling of resources in
C++. Containers (such as vv eeccttoorr and mmaapp), ssttrr iinngg, and iioossttrreeaamm manage their resources
(such as file handles and buffers) similarly.

5.2.1 uunniiqquuee__ppttrr and sshhaarreedd__ppttrr [tour4.smart]

The examples so far take care of objects defined in a scope, releasing the resources they
acquire at the exit from the scope, but what about objects allocated on the free store? In
<<mmeemmoorr yy>>, the standard library provides two ‘‘smart pointers’’ to help manage objects on
the free store:

[1] uunniiqquuee__ppttrr to represent unique ownership (§34.3.1)
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[2] sshhaarreedd__ppttrr to represent shared ownership (§34.3.2)
The most basic use of one of these ‘‘smart pointers’’ is to prevent memory leaks caused by
careless programming:

vv ooiidd ff((iinntt ii,, iinntt jj)) //// X* vs. unique_ptr<X>
{{

XX∗∗ pp == nneeww XX;; //// allocate a new X
uunniiqquuee__ppttrr<<XX>> sspp {{nneeww XX}};; //// allocate a new X and give its pointer to unique_ptr
//// ...
iiff ((ii<<9999)) tthhrrooww ZZ{{}};; //// may throw an exception
iiff ((jj<<7777)) rreettuurrnn;; //// may retur n "ear ly"
pp−−>>ddoo__ssoommeetthhiinngg(());; //// may throw an exception
sspp−−>>ddoo__ssoommeetthhiinngg(());; //// may throw an exception
//// ...
ddeelleettee pp;; //// destroy *p

}}

Here, we ‘‘forgot’’ to delete pp if ii<<9999 or if jj<<7777. On the other hand, uunniiqquuee__ppttrr ensures that
its object is properly destroyed whichever way we exit ff(()) (by throwing an exception, by
executing rreettuurr nn, or by ‘‘falling off the end’’).

In this simple case, we could have solved the problem simply by not using a pointer
and not using nnee ww:

vv ooiidd ff((iinntt ii,, iinntt jj)) //// use a local var iable
{{

XX xx;;
//// ...

}}

Unfortunately, overuse of nnee ww (and of pointers and references) seems to be an increasing
problem.

However, when you really need the semantics of pointers, uunniiqquuee__ppttrr is a very light-
weight mechanism with no space or time overhead compared to correct use of a built-in
pointer. Its further uses include passing free-store allocated objects in and out of func-
tions:

uunniiqquuee__ppttrr<<XX>> mmaakkee__XX((iinntt ii))
//// make an X and immediately give it to a unique_ptr

{{
//// check i, etc.
rreettuurr nn uunniiqquuee__ppttrr<<XX>>{{nneeww XX{{ii}}}};;

}}

A uunniiqquuee__ppttrr is a handle to an individual object (or an array) in much the same way that a
vv eeccttoorr is a handle to a sequence of objects. Both control the lifetime of other objects
(using RAII) and both rely on move semantics to make rreettuurr nn simple and efficient.

The sshhaarreedd__ppttrr is similar to uunniiqquuee__ppttrr except that sshhaarreedd__ppttrrs are copied rather than
moved. The sshhaarreedd__ppttrrs for an object share ownership of an object and that object is
destroyed when the last of its sshhaarreedd__ppttrrs is destroyed. For example:
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vv ooiidd ff((sshhaarreedd__ppttrr<<ffssttrreeaamm>>));;
vv ooiidd gg((sshhaarreedd__ppttrr<<ffssttrreeaamm>>));;
vv ooiidd hh((sshhaarreedd__ppttrr<<ffssttrreeaamm>>));;

vv ooiidd uusseerr((ccoonnsstt ssttrriinngg&& nnaammee,, iiooss__bbaassee::::ooppeennmmooddee mmooddee))
{{

sshhaarreedd__ppttrr<<ffssttrreeaamm>> ffpp {{nneeww ffssttrreeaamm((nnaammee,,mmooddee))}};;
iiff ((!!∗∗ffpp)) tthhrrooww NNoo__fifillee{{}};; //// make sure the file was properly opened

ff((ffpp));;
gg((ffpp));;
hh((ffpp));;
//// ...

}}

Now, the file opened by ffpp’s constructor will be closed by the last function to (explicitly or
implicitly) destroy a copy of ffpp. Note that ff(()), gg(()), or hh(()) may spawn a task holding a copy
of ffpp or in some other way store a copy that outlives uusseerr(()). Thus, sshhaarreedd__ppttrr provides a
form of garbage collection that respects the destructor-based resource management of the
memory-managed objects. This is neither cost free nor exorbitantly expensive, but does
make the lifetime of the shared object hard to predict. Use sshhaarreedd__ppttrr only if you actually
need shared ownership.

Given uunniiqquuee__ppttrr and sshhaarreedd__ppttrr, we can implement a complete ‘‘no naked nnee ww’’ policy
(§3.2.1.2) for many programs. However, these ‘‘smart pointers’’ are still conceptually
pointers and therefore only my second choice for resource management – after containers
and other types that manage their resources at a higher conceptual level. In particular,
sshhaarreedd__ppttrrs do not in themselves provide any rules for which of their owners can read
and/or write the shared object. Data races (§41.2.4) and other forms of confusion are not
addressed simply by eliminating the resource management issues.

Where do we use ‘‘smart pointers’’ (such as uunniiqquuee__ppttrr) rather than resource handles
with operations designed specifically for the resource (such as vv eeccttoorr or tthhrreeaadd)? Unsur-
prisingly, the answer is ‘‘when we need pointer semantics.’’

• When we share an object, we need pointers (or references) to refer to the shared
object, so sshhaarreedd__ppttrr becomes the obvious choice (unless there is an obvious single
owner).

• When we refer to a polymorphic object, we need a pointer (or a reference) because
we don’t know the exact type of the object or even its size), so uunniiqquuee__ppttrr becomes
the obvious choice.

• A shared polymorphic object typically requires sshhaarreedd__ppttrrs.
We do not need to use a pointer to return a collection of objects from a function; a con-
tainer that is a resource handle will do that simply and efficiently (§3.3.2).
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5.3 Concurrency [tour4.concurrency]

Concurrency – the execution of several tasks simultaneously – is widely used to improve
throughput (by using several processors for a single computation) or to improve respon-
siveness (by allowing one part of a program to progress while another is waiting for a
response). All modern programming languages provide support for this. The support pro-
vided by the C++ standard library is a portable and type-safe variant of what has been
used in C++ for more than 20 years and is almost universally supported by modern hard-
ware. The standard-library support is primarily aimed at supporting systems-level concur-
rency rather than directly providing sophisticated higher-level concurrency models; those
can be supplied as libraries built using the standard-library facilities.

The standard library directly supports concurrent execution of multiple threads in a sin-
gle address space. To allow that, C++ provides a suitable memory model (§41.2) and a set
of atomic operations (§41.3). However, most users will see concurrency only in terms of
the standard library and libraries built on top of that. This section briefly gives examples
of the main standard-library concurrency support facilities: tthhrreeaadds, mm uutteexxes, lloocc kk(()) opera-
tions, ppaacc kkaaggeedd__ttaasskks, and ffuuttuurrees. These features are built directly upon what operating
systems offer and do not incur performance penalties compared with those.

5.3.1 Tasks and tthhrreeaadds [tour4.thread]

We call a computation that can potentially be executed concurrently with other computa-
tions a task. A thread is the system-level representation of a task in a program. A task to
be executed concurrently with other tasks is launched by constructing a ssttdd::::tthhrreeaadd (found
in <<tthhrreeaadd>>) with the task as its argument. A task is a function or a function object:

vv ooiidd ff(());; //// function

ssttrr uucctt FF {{ //// function object
vv ooiidd ooppeerraattoorr(())(());; //// F’s call operator (§3.4.3)

}};;

vv ooiidd uusseerr(())
{{

tthhrreeaadd tt11 {{ff}};; //// f() executes in separate thread
tthhrreeaadd tt22 {{FF(())}};; //// F()() executes in separate thread

tt11..jjooiinn(());; //// wait for t1
tt22..jjooiinn(());; //// wait for t2

}}

The jjooiinn(())s ensure that we don’t exit uusseerr(()) until the threads have completed. To ‘‘join’’
means to ‘‘wait for the thread to terminate.’’

Threads of a program share a single address space. In this, threads differ from pro-
cesses, which generally do not directly share data. Since threads share an address space,
they can communicate through shared objects (§5.3.4). Such communication is typically
controlled by locks or other mechanisms to prevent data races (uncontrolled concurrent
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access to a variable).
Programming concurrent tasks can be very tricky. Consider possible implementations

of ff and FF:

vv ooiidd ff(()) {{ ccoouutt <<<< ""HHeelllloo "";; }}

ssttrr uucctt FF {{
vv ooiidd ooppeerraattoorr(())(()) {{ ccoouutt <<<< ""PPaarraalllleell WWoorrlldd!!\\nn"";; }}

}};;

This is an example of a bad error: Here, ff and FF(()) each use the object ccoouutt without any form
of synchronization. The resulting output would be unpredictable and could vary between
different executions of the program because the order of execution of the individual opera-
tions in the two tasks is not defined. The program may crash because ccoouutt was corrupted
or produce ‘‘odd’’ output, such as

PP aaHHeerraalllllllleell oo WWoorrlldd!!

When defining tasks of a concurrent program, our aim is to keep tasks completely separate
except where they communicate in simple and obvious ways. The simplest way of think-
ing of a concurrent task is as a function that happens to run concurrently with its caller.
For that to work, we just have to pass arguments, get a result back, and make sure that
there is no use of shared data in between (no data races).

5.3.2 Passing Arguments [tour4.passing]

Typically, a task needs data to work upon. We can easily pass data (or pointers or refer-
ences to the data) as arguments. Consider:

vv ooiidd ff((vveeccttoorr<<ddoouubbllee>>&& vv));; //// function do something with v

ssttrr uucctt FF {{ //// function object: do something with v
vv eeccttoorr<<ddoouubbllee>>&& vv;;
FF((vv eeccttoorr<<ddoouubbllee>>&& vvvv)) ::vv{{vvvv}} {{ }}
vv ooiidd ooppeerraattoorr(())(());; //// application operator ; §3.4.3

}};;

iinntt mmaaiinn(())
{{

vv eeccttoorr<<ddoouubbllee>> ssoommee__vveecc {{11,,22,,33,,44,,55,,66,,77,,88,,99}};;
vv eeccttoorr<<ddoouubbllee>> vveecc22 {{1100,,1111,,1122,,1133,,1144}};;

tthhrreeaadd tt11 {{ff,,ssoommee__vveecc}};; //// f(some_vec) executes in a separate thread
tthhrreeaadd tt22 {{FF{{vveecc22}}}};; //// F(vec2)() executes in a separate thread

tt11..jjooiinn(());;
tt22..jjooiinn(());;

}}

Obviously, FF{{vv eecc22}} saves a reference to the argument vector in FF. FF can now use that array
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and hopefully no other task accesses vv eecc22 while FF is executing. Passing vv eecc22 by value
would eliminate that risk.

The initialization with {{ff ,,ssoommee__vv eecc}} uses a tthhrreeaadd variadic template constructor that can
accept an arbitrary sequence of arguments (§28.6). The compiler checks that the first
argument can be invoked giv en the following arguments and builds the necessary function
object to pass to the thread. Thus, if FF::::ooppeerr aattoorr(())(()) and ff(()) perform the same algorithm, the
handling of the two tasks are roughly equivalent: in both cases, a function object is con-
structed for the tthhrreeaadd to execute.

5.3.3 Returning Results [tour4.results]

In the example in §5.3.2, I pass the arguments by non-ccoonnsstt reference. I only do that if I
expect the task to modify the value of the data referred to (§7.7). That’s a somewhat
sneaky, but not uncommon, way of returning a result. A less obscure technique is to pass
the input data by ccoonnsstt reference and to pass the location of a place to deposit the result as
a separate argument:

vv ooiidd ff((ccoonnsstt vveeccttoorr<<ddoouubbllee>>&& vv,, ddoouubbllee∗∗ rreess));; //// take input from v; place result in *res

ccllaassss FF {{
ppuubb lliicc::

FF((ccoonnsstt vveeccttoorr<<ddoouubbllee>>&& vvvv,, ddoouubbllee∗∗ pp)) ::vv{{vvvv}},, rreess{{pp}} {{ }}
vv ooiidd ooppeerraattoorr(())(());; //// place result in *res

pprr iivvaattee::
ccoonnsstt vveeccttoorr<<ddoouubbllee>>&& vv;; //// source of input
ddoouubb llee∗∗ rreess;; //// target for output

}};;

iinntt mmaaiinn(())
{{

vv eeccttoorr<<ddoouubbllee>> ssoommee__vveecc;;
vv eeccttoorr<<ddoouubbllee>> vveecc22;;
//// ...

ddoouubb llee rreess11;;
ddoouubb llee rreess22;;

tthhrreeaadd tt11 {{ff,,ssoommee__vveecc,,&&rreess11}};; //// f(some_vec,&res1) executes in a separate thread
tthhrreeaadd tt22 {{FF{{vveecc22,,&&rreess22}}}};; //// F{vec2,&res2}() executes in a separate thread

tt11..jjooiinn(());;
tt22..jjooiinn(());;

ccoouutt <<<< rreess11 <<<< ’’ ’’ <<<< rreess22 <<<< ’’\\nn’’;;
}}

I don’t consider returning results through arguments particularly elegant, so I return to this
topic in §5.3.5.1.
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5.3.4 Sharing Data [tour4.sharing]

Sometimes tasks need to share data. In that case, the access has to be synchronized so that
at most one task at a time has access. Experienced programmers will recognize this as a
simplification (e.g., there is no problem with many tasks simultaneously reading
immutable data), but consider how to ensure that at most one task at a time has access to a
given set of objects.

The fundamental element of the solution is a mm uutteexx, a ‘‘mutual exclusion object.’’ A
tthhrreeaadd acquires a mutex using a lloocc kk(()) operation:

mm uutteexx mm;; //// controlling mutex
iinntt sshh;; //// shared data

vv ooiidd ff(())
{{

lloocc kk__gguuaarrdd<<mm uutteexx>> llcckk {{mm}};; //// acquire mutex
sshh ++== 77;; //// manipulate shared data

}} //// release mutex implicitly

The lloocc kk__gguuaarrdd’s constructor acquires the mutex (through a call mm..lloocc kk(())). If another thread
has already acquired the mutex, the thread waits (‘‘blocks’’) until the other thread com-
pletes its access. Once a thread has completed its access to the shared data, the lloocc kk__gguuaarrdd
releases the mm uutteexx (with a call mm..uunnlloocc kk(())). The mutual exclusion and locking facilities are
found in <<mm uutteexx>>.

The correspondence between the shared data and a mm uutteexx is conventional: The pro-
grammer simply has to know which mm uutteexx is supposed to correspond to which data. Obvi-
ously, this is error-prone, and equally obviously we try to make the correspondence clear
through various language means. For example:

ccllaassss RReeccoorrdd {{
ppuubb lliicc::

mm uutteexx rrmm;;
//// ...

}};;

It doesn’t take a genius to guess that for a RReeccoorrdd called rreecc, rreecc..rr mm is a mm uutteexx that you are
supposed to acquire before accessing the other data of rreecc, though a comment or a better
name might have helped a reader.

It is not uncommon to need to simultaneously access several resources to perform
some action. This can lead to deadlock. For example, if tthhrreeaadd11 acquires mm uutteexx11 and then
tries to acquire mm uutteexx22 while tthhrreeaadd22 acquires mm uutteexx22 and then tries to acquire mm uutteexx11, then
neither task will ever proceed further. The standard library offers help in the form of an
operation for acquiring several locks simultaneously:

D-R-A-F-T: The C++ Programming Language, 4th edition ©2013 Bjarne Stroustrup.
D R A F T



Section 5.3.4 Sharing Data 125

vv ooiidd ff(())
{{

//// ...
lloocc kk__gguuaarrdd<<mm uutteexx>> llcckk11 {{mm11,,ddeeffeerr__lloocckk}};; //// defer_lock: don’t yet try to acquire the mutex
lloocc kk__gguuaarrdd<<mm uutteexx>> llcckk22 {{mm22,,ddeeffeerr__lloocckk}};;
lloocc kk__gguuaarrdd<<mm uutteexx>> llcckk33 {{mm33,,ddeeffeerr__lloocckk}};;
//// ...
lloocc kk((llcc kk11,,llcc kk22,,llcc kk33));; //// acquire all three locks
//// ... manipulate shared data ...

}} //// implicitly release all mutexes

This lloocc kk(()) will only proceed after acquiring all its mm uutteexx arguments and will never block
(‘‘go to sleep’’) while holding a mm uutteexx. The destructors for the individual lloocc kk__gguuaarrdds
ensure that the mm uutteexxes are released when a tthhrreeaadd leaves the scope.

Communicating through shared data is pretty low lev el. In particular, the programmer
has to devise ways of knowing what work has and has not been done by various tasks. In
that regard, use of shared data is inferior to the notion of call and return. On the other
hand, some people are convinced that sharing must be more efficient than copying argu-
ments and returns. That can indeed be so when large amounts of data are involved, but
locking and unlocking are relatively expensive operations. On the other hand, modern
machines are very good at copying data, especially compact data, such as vv eeccttoorr elements.
So don’t choose shared data for communication because of ‘‘efficiency’’ without thought
and preferably not without measurement.

5.3.4.1 Waiting for Events [tour4.condition]

Sometimes, a tthhrreeaadd needs to wait for some kind of external event, such as another tthhrreeaadd
completing a task or a certain amount of time having passed. The simplest ‘‘event’’ is
simply time passing. Consider:

uussiinngg nnaammeessppaaccee ssttdd::::cchhrroonnoo;; //// see §35.2

aauuttoo tt00 == hhiigghh__rreessoolluuttiioonn__cclloocckk::::nnooww(());;
tthhiiss__tthhrreeaadd::::sslleeeepp__ff oorr((mmiilllliisseeccoonnddss{{2200}}));;
aauuttoo tt11 == hhiigghh__rreessoolluuttiioonn__cclloocckk::::nnooww(());;
ccoouutt <<<< nnaannoosseeccoonnddss((tt11−−tt00))..ccoouunntt(()) <<<< "" nnaannoosseeccoonnddss ppaasssseedd\\nn"";;

Note that I didn’t even hav e to launch a tthhrreeaadd; by default, tthhiiss__tthhrreeaadd refers to the one and
only thread (§42.2.6).

See _tour4.time_ and §35.2 before trying anything more complicated than this with
time. The time facilities are found in <<cchhrroonnoo>>.

The basic support for communicating using external events is provided by ccoonnddii--
ttiioonn__vv aarriiaabbllees found in <<ccoonnddiittiioonn__vv aarriiaabbllee>> (§42.3.4). A ccoonnddiittiioonn__vv aarriiaabbllee is a mechanism
allowing one tthhrreeaadd to wait for another. In particular, it allows a tthhrreeaadd to wait for some
condition (often called an event) to occur as the result of work done by other tthhrreeaadds.

Consider the classical example of two tthhrreeaadds communicating by passing messages
through a qquueeuuee. For simplicity, I declare the qquueeuuee and the mechanism for avoiding race
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conditions on that qquueeuuee global to the producer and consumer:

ccllaassss MMeessssaaggee {{ //// object to be communicated
//// ...

}};;

qquueeuuee<<MMeessssaaggee>> mmqquueeuuee;; //// the queue of messages
ccoonnddiittiioonn__vv aarriiaabbllee mmccoonndd;; //// the var iable communicating events
mm uutteexx mmmmuutteexx;; //// the locking mechanism

The types qquueeuuee, ccoonnddiittiioonn__vv aarriiaabbllee, and mm uutteexx are provided by the standard library.
The ccoonnssuummeerr(()) reads and processes MMeessssaaggees:

vv ooiidd ccoonnssuummeerr(())
{{

wwhhiillee((ttrr uuee)) {{
uunniiqquuee__lloocc kk<<mm uutteexx>> llcckk{{mmmmuutteexx}};; //// acquire mmutex
mmccoonndd..ww aaiitt((llcckk));; //// release lck and wait;

//// re-acquire lck upon wakeup
aauuttoo mm == mmqquueeuuee..ttoopp(());; //// get the message
mmqquueeuuee ..ppoopp(());;
llcc kk..uunnlloocc kk(());; //// release lck
//// ... process m ...

}}
}}

Here, I explicitly protect the operations on the qquueeuuee and on the ccoonnddiittiioonn__vv aarriiaabbllee with a
uunniiqquuee__lloocc kk on the mm uutteexx. Waiting on ccoonnddiittiioonn__vv aarriiaabbllee releases its lock argument until the
wait is over (so that the queue is non-empty) and then reacquires it.

The corresponding pprroodduucceerr looks like this:

vv ooiidd pprroodduucceerr(())
{{

wwhhiillee((ttrr uuee)) {{
MMeessssaaggee mm;;
//// ... fill the message ...
uunniiqquuee__lloocc kk<<mm uutteexx>> llcckk {{mmmmuutteexx}};; //// protect operations
mmqquueeuuee ..ppuusshh((mm));;
mmccoonndd..nnoottiiffyy__oonnee(());; //// notify

}} //// release lock (at end of scope)
}}

Using ccoonnddiittiioonn__vv aarriiaabbllees supports many forms of elegant and efficient sharing, but can be
rather tricky (§42.3.4).

5.3.5 Communicating Tasks [tour4.task]

The standard library provides a few facilities to allow programmers to operate at the con-
ceptual level of tasks (work to potentially be done concurrently) rather than directly at the
lower level of threads and locks:
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[1] ffuuttuurree and pprroommiissee for returning a value from a task spawned on a separate thread
[2] ppaacc kkaaggeedd__ttaasskk to help launch tasks and connect up the mechanisms for returning

a result
[3] aassyynncc(()) for launching of a task in a manner very similar to calling a function.

These facilities are found in <<ffuuttuurree>>.

5.3.5.1 ffuuttuurree and pprroommiissee [tour4.future]

The important point about ffuuttuurree and pprroommiissee is that they enable a transfer of a value
between two tasks without explicit use of a lock; ‘‘the system’’ implements the transfer
efficiently. The basic idea is simple: When a task wants to pass a value to another, it puts
the value into a pprroommiissee. Somehow, the implementation makes that value appear in the
corresponding ffuuttuurree, from which it can be read (typically by the launcher of the task). We
can represent this graphically:

future promise

value

task1: task2:

ggeett(())
sseett__vv aalluuee(())

sseett__ee xxcceeppttiioonn(())

If we have a ffuuttuurree<<XX>> called ffxx, we can ggeett(()) a value of type XX from it:

XX vv == ffxx..ggeett(());; //// if necessary, wait for the value to get computed

If the value isn’t there yet, our thread is blocked until it arrives. If the value couldn’t be
computed, ggeett(()) might throw an exception (from the system or transmitted from the task
from which we were trying to ggeett(()) the value).

The main purpose of a pprroommiissee is to provide simple ‘‘put’’ operations (called sseett__vv aalluuee(())
and sseett__ee xxcceeppttiioonn(())) to match ffuuttuurree’s ggeett(()). The names ‘‘future’’ and ‘‘promise’’ are histori-
cal; please don’t blame me. They are yet another fertile source of puns.

If you have a pprroommiissee and need to send a result of type XX to a ffuuttuurree, you can do one of
two things: pass a value or pass an exception. For example:

vv ooiidd ff((pprroommiissee<<XX>>&& ppxx)) //// a task: place the result in px
{{

//// ...
ttrr yy {{

XX rreess;;
//// ... compute a value for res ...
ppxx..sseett__vv aalluuee((rreess));;

}}

D-R-A-F-T: The C++ Programming Language, 4th edition ©2013 Bjarne Stroustrup.
D R A F T



128 A Tour of C++: Concurrency and Utilities Chapter 5

ccaattcchh ((......)) {{ //// oops: couldn’t compute res
//// pass the exception to the future’s thread:
ppxx..sseett__ee xxcceeppttiioonn((ccuurrrreenntt__eexxcceeppttiioonn(())));;

}}
}}

The ccuurrrreenntt__ee xxcceeppttiioonn(()) refers to the caught exception (§30.4.1.2).
To deal with an exception transmitted through a ffuuttuurree, the caller of ggeett(()) must be pre-

pared to catch it somewhere. For example:

vv ooiidd gg((ffuuttuurree<<XX>>&& ffxx)) //// a task: get the result from fx
{{

//// ...
ttrr yy {{

XX vv == ffxx..ggeett(());; //// if necessary, wait for the value to get computed
//// ... use v ...

}}
ccaattcchh ((......)) {{ //// oops: someone couldn’t compute v

//// ... handle error ...
}}

}}

5.3.5.2 ppaacc kkaaggeedd__ttaasskk [tour4.packaged]

How do we get a ffuuttuurree into the task that needs a result and the corresponding pprroommiissee into
the thread that should produce that result? The ppaacc kkaaggeedd__ttaasskk type is provided to simplify
setting up tasks connected with ffuuttuurrees and pprroommiissees to be run on tthhrreeaadds. A ppaacc kkaaggeedd__ttaasskk
provides wrapper code to put the return value or exception from the task into a pprroommiissee
(like the code shown in §5.3.5.1). If you ask it, the ppaacc kkaaggeedd__ttaasskk will give you the corre-
sponding ffuuttuurree. For example, we can set up two tasks to each add half of the elements of
a vv eeccttoorr<<ddoouubbllee>> using the standard-library aaccccuumm uullaattee(()) (§3.4.2, §40.6):

ddoouubb llee aaccccuumm((ddoouubbllee∗∗ bbeegg,, ddoouubbllee ∗∗ eenndd,, ddoouubbllee iinniitt))
//// compute the sum of [beg:end) starting with the initial value init;

{{
rreettuurr nn aaccccuummuullaattee((bbeegg,,eenndd,,iinniitt));;

}}

ddoouubb llee ccoommpp22((vveeccttoorr<<ddoouubbllee>>&& vv))
{{

uussiinngg TTaasskk__ttyyppee == ddoouubbllee((ddoouubbllee∗∗,,ddoouubb llee∗∗,,ddoouubb llee));; //// type of task

ppaacc kkaaggeedd__ttaasskk<<TT aasskk__ttyyppee>> pptt00 {{aaccccuumm}};; //// package the task (i.e., accum)
ppaacc kkaaggeedd__ttaasskk<<TT aasskk__ttyyppee>> pptt11 {{aaccccuumm}};;

ffuuttuurree<<ddoouubb llee>> ff00 {{pptt00..ggeett__ffuuttuurree(())}};; //// get hold of pt0’s future
ffuuttuurree<<ddoouubb llee>> ff11 {{pptt11..ggeett__ffuuttuurree(())}};; //// get hold of pt1’s future
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ddoouubb llee∗∗ fifirrsstt == &&vv[[00]];;
tthhrreeaadd tt11 {{mmoovvee((pptt00)),,fifirrsstt,,fifirrsstt++vv..ssiizzee(())//22,,00}};; //// star t a thread for pt0
tthhrreeaadd tt22 {{mmoovvee((pptt11)),,fifirrsstt++vv..ssiizzee(())//22,,fifirrsstt++vv..ssiizzee(()),,00}};; //// star t a thread for pt1

//// ...

rreettuurr nn ff00..ggeett(())++ff11..ggeett(());; //// get the results
}}

The ppaacc kkaaggeedd__ttaasskk template takes the type of the task as its template argument (here
TT aasskk__ttyyppee, an alias for ddoouubb llee((ddoouubbllee∗∗,,ddoouubb llee∗∗,,ddoouubb llee))) and the task as its constructor argu-
ment (here, aaccccuumm). The mmoo vvee(()) operations are needed because a ppaacc kkaaggeedd__ttaasskk cannot be
copied.

Please note the absence of explicit mention of locks in this code: we are able to con-
centrate on tasks to be done, rather than on the mechanisms used to manage their commu-
nication. The two tasks will be run on separate threads and thus potentially in parallel.

5.3.5.3 aassyynncc(()) [tour4.async]

The line of thinking I have pursued in this chapter is the one I believe to be the simplest
yet still among the most powerful: Treat a task as a function that may happen to run con-
currently with other tasks. It is far from the only model supported by the C++ standard
library, but it serves well for a wide range of needs. More subtle and tricky models, e.g.,
styles of programming relying on shared memory, can be used as needed.

The standard-library function aassyynncc(()) provides a very simple way of executing a task
asynchronously:

ddoouubb llee ccoommpp44((vveeccttoorr<<ddoouubbllee>>&& vv))
//// spawn many tasks if v is large enough

{{
iiff ((vv..ssiizzee(())<<1100000000)) rreettuurrnn aaccccuumm((vv..bbeeggiinn(()),,vv..eenndd(()),,00..00));;

aauuttoo vv00 == &&vv[[00]];;
aauuttoo sszz == vv..ssiizzee(());;

aauuttoo ff00 == aassyynncc((aaccccuumm,,vv00,,vv00++sszz//44,,00..00));; //// first quarter
aauuttoo ff11 == aassyynncc((aaccccuumm,,vv00++sszz//44,,vv00++sszz//22,,00..00));; //// second quarter
aauuttoo ff22 == aassyynncc((aaccccuumm,,vv00++sszz//22,,vv00++sszz∗∗33//44,,00..00));; //// third quarter
aauuttoo ff33 == aassyynncc((aaccccuumm,,vv00++sszz∗∗33//44,,vv00++sszz,,00..00));; //// four th quar ter

rreettuurr nn ff00..ggeett(())++ff11..ggeett(())++ff22..ggeett(())++ff33..ggeett(());; //// collect and combine the results
}}

Basically, aassyynncc(()) separates the ‘‘call part’’ of a function call from the ‘‘get the result part,’’
and separates both from the actual execution of the task. Using aassyynncc(()), you don’t hav e to
think about threads and locks. Instead, you think just in terms of tasks that potentially
compute their results asynchronously. There is an obvious limitation: Don’t even think of
using aassyynncc(()) for tasks that share resources needing locking – with aassyynncc(()) you don’t even
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know how many tthhrreeaadds will be used because that’s up to aassyynncc(()) to decide based on what
it knows about the system resources available at the time of a call. For example, aassyynncc(())
may check whether any idle cores (processors) are available before deciding how many
tthhrreeaadds to use.

Please note that aassyynncc(()) is not just a mechanism specialized for parallel computation for
increased performance. For example, it can also be used to spawn a task for getting infor-
mation from a user, leaving the ‘‘main program’’ active with something else (§42.4.6).

5.4 Small Utility Components [tour4.utilities]

Not all standard-library components come as part of obviously labeled facilities, such as
‘‘containers’’ or ‘‘I/O.’’ This section gives a few examples of small, widely useful compo-
nents:

• cclloocc kk and dduurr aattiioonn for measuring time.
• Type functions, such as iitteerr aattoorr__ttrraaiittss and iiss__aarr iitthhmmeettiicc, for gaining information about

types.
• ppaaiirr and ttuuppllee for representing small potentially heterogeneous sets of values.

The point here is that a function or a type need not be complicated or closely tied to a
mass of other functions and types to be useful. Such library components mostly act as
building blocks for more powerful library facilities, including other components of the
standard library.

5.4.1 Time [tour4.clock]

The standard library provides facilities for dealing with time. For example, here is the
basic way of timing something:

uussiinngg nnaammeessppaaccee ssttdd::::cchhrroonnoo;; //// see §35.2

aauuttoo tt00 == hhiigghh__rreessoolluuttiioonn__cclloocckk::::nnooww(());;
ddoo__ww oorrkk(());;
aauuttoo tt11 == hhiigghh__rreessoolluuttiioonn__cclloocckk::::nnooww(());;
ccoouutt <<<< dduurraattiioonn__ccaasstt<<mmiilllliisseeccoonnddss>>((tt11−−tt00))..ccoouunntt(()) <<<< ""mmsseecc\\nn"";;

The clock returns a ttiimmee__ppooiinntt (a point in time). Subtracting two ttiimmee__ppooiinntts giv es a dduurr aattiioonn
(a period of time). Various clocks give their results in various units of time (the clock I
used measures nnaannoosseeccoonnddss), so it is usually a good idea to convert a dduurr aattiioonn into a known
unit. That’s what dduurr aattiioonn__ccaasstt does.

The standard-library facilities for dealing with time are found in the subnamespace
ssttdd::::cchhrroonnoo in <<cchhrroonnoo>> (§35.2).

Don’t make statements about ‘‘efficiency’’ of code without first doing time measure-
ments. Guesses about performance are most unreliable.
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5.4.2 Type Functions [tour4.typetraits]

A type function is a function that is evaluated at compile-time given a type as its argument
or returning a type. The standard library provides a variety of type functions to help
library implementers and programmers in general to write code that take advantage of
aspects of the language, the standard library, and code in general.

For numerical types, nn uummeerr iicc__lliimmiittss from <<lliimmiittss>> presents useful information (§5.6.5).
For example:

ccoonnssttee xxpprr flflooaatt mmiinn == nnuummeerriicc__lliimmiittss<<flflooaatt>>::::mmiinn(());; //// smallest positive float (§40.2)

Similarly, information about sizes can be extracted by the built-in ssiizz eeooff operator (§2.2.2).
For example:

ccoonnssttee xxpprr iinntt sszzii == ssiizzeeooff((iinntt));; //// the number of bytes in an int

Such type functions are part of C++’s mechanisms for compile-time computation that
allow tighter type checking and better performance than would otherwise have been possi-
ble. Use of such features is often called metaprogramming or (when templates are
involved) template metaprogramming (Chapter 28). Here, I just present two facilities pro-
vided by the standard library: iitteerr aattoorr__ttrraaiittss (§5.4.2.1) and type predicates (§5.4.2.2).

5.4.2.1 iitteerr aattoorr__ttrraaiittss [tour4.iteratortraits]

The standard-library ssoorr tt(()) takes a pair of iterators supposed to define a sequence (§4.5).
Furthermore, those iterators must offer random access to that sequence, that is, they must
be random-access iterators. Some containers, such as ff oorrwwaarrdd__lliisstt, do not offer that. In
particular, a ff oorrwwaarrdd__lliisstt is a singly-linked list so subscripting would be expensive and there
is no reasonable way to refer back to a previous element. However, like most containers,
ff oorrwwaarrdd__lliisstt offers forward iterators that can be used to traverse the sequence by algorithms
and ff oorr-statements (§33.1.1).

The standard library provides a mechanism, iitteerr aattoorr__ttrraaiittss that allows us to check which
kind of iterator is supported. Given that, we can improve the range ssoorr tt(()) from §4.5.6 to
accept either a vv eeccttoorr or a ff oorrwwaarrdd__lliisstt. For example:

vv ooiidd tteesstt((vveeccttoorr<<ssttrriinngg>>&& vv,, ffoorrwwaarrdd__lliisstt<<iinntt>>&& llsstt))
{{

ssoorr tt((vv));; //// sor t the vector
ssoorr tt((llsstt));; //// sor t the singly-linked list

}}

The techniques needed to make that work are generally useful.
First, I write two helper functions that take an extra argument indicating whether they

are to be used for random-access iterators or forward iterators. The version for random-
access iterators is trivial:
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tteemmppllaattee<<ttyyppeennaammee RRaann>> //// for random-access iterators
vv ooiidd ssoorrtt__hheellppeerr((RRaann bbeegg,, RRaann eenndd,, rraannddoomm__aacccceessss__iitteerraattoorr__ttaagg))

//// we can subscript into [beg:end)
{{

ssoorr tt((bbeegg,,eenndd));; //// just sort it

}}

The version for forward iterators is almost as simple; just copy the list into a vv eeccttoorr, sort,
and copy back again:

tteemmppllaattee<<ttyyppeennaammee FFoorr>> //// for forward iterators
vv ooiidd ssoorrtt__hheellppeerr((FFoorr bbeegg,, FFoorr eenndd,, ffoorrwwaarrdd__iitteerraattoorr__ttaagg))

//// we can traverse [beg:end)
{{

vv eeccttoorr<<ddeeccllttyyppee((∗∗bbeegg))>> vv {{bbeegg,,eenndd}};; //// initialize a vector from [beg:end)
ssoorr tt((vv..bbeeggiinn(()),,vv..eenndd(())));;
ccoopp yy((vv..bbeeggiinn(()),,vv..eenndd(()),,bbeegg));; //// copy the elements back

}}

The ddeeccllttyyppee(()) is a built-in type function that returns the declared type of its argument
(§6.3.6.3). Thus, vv is a vv eeccttoorr<<XX>> where XX is the element type of the input sequence.

The real ‘‘type magic’’ is in the selection of helper functions:

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

uussiinngg IItteerr == IItteerraattoorr__ttyyppee<<CC>>;;
ssoorr tt__hheellppeerr((cc..bbeeggiinn(()),,cc..eenndd(()),,IItteerraattoorr__ccaatteeggoorryy<<IItteerr>>{{}}));;

}}

Here, I use two type functions: IItteerr aattoorr__ttyyppee<<CC>> returns the iterator type of CC (that is, CC::::iitteerr--
aattoorr) and then IItteerr aattoorr__ccaatteeggoorryy<<IItteerr>>{{}} constructs a ‘‘tag’’ value indicating the kind of itera-
tor provided:

• ssttdd::::rr aannddoomm__aacccceessss__iitteerraattoorr__ttaagg if CC’s iterator supports random access.
• ssttdd::::ff oorrwwaarrdd__iitteerraattoorr__ttaagg if CC’s iterator supports forward iteration.

Given that, we can select between the two sorting algorithms at compile time. This tech-
nique, called tag dispatch is one of several used in the standard library and elsewhere to
improve flexibility and performance.

The standard-library support for techniques for using iterators, such as tag dispatch,
comes in the form of a simple class template iitteerr aattoorr__ttrraaiittss from <<iitteerr aattoorr>> (§33.1.3). This
allows simple definitions of the type functions used in ssoorr tt(()):

tteemmppllaattee<<ttyyppeennaammee CC>>
uussiinngg IItteerraattoorr__ttyyppee == ttyyppeennaammee CC::::iitteerraattoorr;; //// C’s iterator type

tteemmppllaattee<<ttyyppeennaammee IItteerr>>
uussiinngg IItteerraattoorr__ccaatteeggoorryy == ttyyppeennaammee ssttdd::::iitteerraattoorr__ttrraaiittss<<IItteerr>>::::iitteerraattoorr__ccaatteeggoorryy;; //// Iter’s categor y

If you don’t want to know what kind of ‘‘compile-time type magic’’ is used to provide the
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standard-library features, you are free to ignore facilities such as iitteerr aattoorr__ttrraaiittss. But then
you can’t use the techniques they support to improve your own code.

5.4.2.2 Type Predicates [tour4.typepredicates]

A standard-library type predicate is a simple type function that answers a fundamental
question about types. For example:

bbooooll bb11 == IIss__aarriitthhmmeettiicc<<iinntt>>(());; //// yes, int is an arithmetic type
bbooooll bb22 == IIss__aarriitthhmmeettiicc<<ssttrriinngg>>(());; //// no, std::str ing is not an arithmetic type

These predicates are found in <<ttyyppee__ttrr aaiittss>> and described in §35.4.1. Other examples are
iiss__ccllaassss, iiss__ppoodd, iiss__lliitteerr aall__ttyyppee, hhaass__vviirr ttuuaall__ddeessttrruuccttoorr, and iiss__bbaassee__ooff. They are most useful
when we write templates. For example:

tteemmppllaattee<<ttyyppeennaammee SSccaallaarr>>
ccllaassss ccoommppllee xx {{

SSccaallaarr rree ,, iimm;;
ppuubb lliicc::

ssttaattiicc__aasssseerr tt((IIss__aarriitthhmmeettiicc<<SSccaallaarr>>(()),, ""SSoorrrryy,, II oonnllyy ssuuppppoorrtt ccoommpplleexx ooff aarriitthhmmeettiicc ttyyppeess""));;
//// ...

}};;

To improve readability compared to using the standard library directly, I defined a type
function:

tteemmppllaattee<<ttyyppeennaammee TT>>
ccoonnssttee xxpprr bbooooll IIss__aarriitthhmmeettiicc(())
{{

rreettuurr nn ssttdd::::iiss__aarriitthhmmeettiicc<<TT>>::::vvaalluuee ;;
}}

Older programs use ::::vv aalluuee directly instead of (()), but I consider that quite ugly and it
exposes implementation details.

5.4.3 ppaaiirr and ttuuppllee [tour4.pair]

Often, we need some data that is just data; that is, a collection of values, rather than an
object of a class with a well-defined semantics and an invariant for its value (§2.4.3.2,
§13.4). In such cases, we could define a simple ssttrr uucctt with an appropriate set of appropri-
ately named members. Alternatively, we could let the standard library write the definition
for us. For example, the standard-library algorithm eeqquuaall__rr aannggee (§32.6.1) returns a ppaaiirr of
iterators specifying a sub-sequence meeting a predicate:

tteemmppllaattee<<ttyyppeennaammee FFoorrwwaarrdd__iitteerraattoorr,, ttyyppeennaammee TT,, ttyyppeennaammee CCoommppaarree>>
ppaaiirr<<FF oorrwwaarrdd__iitteerraattoorr,,FFoorrwwaarrdd__iitteerraattoorr>>
eeqquuaall__rr aannggee((FFoorrwwaarrdd__iitteerraattoorr fifirrsstt,, FFoorrwwaarrdd__iitteerraattoorr llaasstt,, ccoonnsstt TT&& vvaall,, CCoommppaarree ccmmpp));;

Given a sorted sequence [fifirrsstt:llaasstt), eeqquuaall__rr aannggee(()) will return the ppaaiirr representing the subse-
quence that matches the predicate ccmmpp. We can use that to search in a sorted sequence of
RReeccoorrdds:
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vv ooiidd ff((ccoonnsstt vveeccttoorr<<RReeccoorrdd>>&& vv))
{{

//// assume that v is sorted on its "name" field
aauuttoo eerr == eeqquuaall__rraannggee((vv..bbeeggiinn(()),,vv..eenndd(()),, ""RReegg"",,

[[]]((ccoonnsstt RReeccoorrdd&& rr11,, ccoonnsstt RReeccoorrdd&& rr22)) {{ rreettuurrnn rr11..nnaammee====rr22..nnaammee;;}}
));;

ff oorr ((aauuttoo pp == eerr..fifirrsstt;; pp!!==eerr..sseeccoonndd;; ++++pp)) //// pr int all equal records
ccoouutt <<<< ∗∗pp;; //// assume that << is defined for Record

}}

The first member of a ppaaiirr is called fifirrsstt and the second member is called sseeccoonndd. This
naming is not particularly creative and may look a bit odd at first, but such consistent nam-
ing is a boon when we want to write generic code.

The standard-library ppaaiirr (from <<uuttiillttyy>>) is quite frequently used in the standard library
and elsewhere. A ppaaiirr provides operators, such as ==, ====, and <<, if its elements do. The
mmaakk ee__ppaaiirr(()) function makes it easy to create a ppaaiirr without explicitly mentioning its type
(§34.2.4.1). For example:

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

aauuttoo pppp == mmaakkee__ppaaiirr((vv..bbeeggiinn(()),,22));; //// pp is a pair<vector<str ing>::iterator,int>
//// ...

}}

If you need more than two elements (or less), you can use ttuuppllee (from <<uuttiilliittyy>>; §34.2.4.2).
A ttuuppllee is a heterogeneous sequence of elements; for example:

ttuuppllee<<ssttrr iinngg,,iinntt,,ddoouubbllee>> tt22((""SSiilldd"",,112233,, 33..1144));; //// the type is explicitly specified

aauuttoo tt == mmaakkee__ttuuppllee((ssttrriinngg((""HHeerrrriinngg"")),,1100,, 11..2233));; //// the type is deduced
//// t is a tuple<str ing,int,double>

ssttrr iinngg ss == ggeett<<00>>((tt));; //// get first element of tuple
iinntt xx == ggeett<<11>>((tt));;
ddoouubb llee dd == ggeett<<22>>((tt));;

The elements of a ttuuppllee are numbered (starting with zero), rather than named the way ele-
ments of ppaaiirrs are (fifirrsstt and sseeccoonndd). To get compile-time selection of elements, I must
unfortunately use the ugly ggeett<<11>>((tt)), rather than ggeett((tt,,11)) or tt[[11]] (§28.5.2).

Like ppaaiirrs, ttuuppllees can be assigned and compared if their elements can be.
A ppaaiirr is common in interfaces because often we want to return more than one value,

such as a result and an indicator of the quality of that result. It is less common to need
three or more parts to a result, so ttuuppllees are more often found in the implementations of
generic algorithms.
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5.5 Regular Expressions [tour4.regex]

Regular expressions are a powerful tool for text processing. They provide a way to simply
and tersely describe patterns in text (e.g., a U.S. ZIP code such as TTXX 7777884455, or an ISO-
style date, such as 22000099−−0066−−0077) and to efficiently find such patterns in text. In <<rreeggee xx>>, the
standard library provides support for regular expressions in the form of the ssttdd::::rreeggee xx class
and its supporting functions. To giv e a taste of the style of the rreeggee xx library, let us define
and print a pattern:

rreeggee xx ppaatt ((RR""((\\ww{{22}}\\ss∗∗\\dd{{55}}((−−\\dd{{44}}))??))""));; //// ZIP code pattern: XXddddd-dddd and var iants
ccoouutt <<<< ""ppaatttteerrnn:: "" <<<< ppaatt <<<< ’’\\nn’’;;

People who have used regular expressions in just about any language will find
\\ww{{22}}\\ss∗∗\\dd{{55}}((−−\\dd{{44}}))?? familiar. It specifies a pattern starting with two letters \\ww{{22}} optionally
followed by some space \\ss∗∗ followed by five digits \\dd{{55}} and optionally followed by a dash
and four digits −−\\dd{{44}}. If you are not familiar with regular expressions, this may be a good
time to learn about them ([Stroustrup 2009], [Maddock,2009], [Friedl,1997]). Regular
expressions are summarized in §37.1.1.

To express the pattern, I used a raw string literal (§7.3.2.1) starting with a RR""(( and ter-
minated by ))"" . This allows backslashes and quotes to be represented in the string without
the use of special notation.

The simplest way of using a pattern is to search for it in a stream:

iinntt lliinneennoo == 00;;
ff oorr ((ssttrriinngg lliinnee;; ggeettlliinnee((cciinn,,lliinnee));;)) {{ //// read into line buffer

++++lliinneennoo;;
ssmmaattcchh mmaattcchheess;; //// matched strings go here
iiff ((rreeggeexx__sseeaarrcchh((lliinnee,,mmaattcchheess,,ppaatt)))) //// search for pat in line

ccoouutt <<<< lliinneennoo <<<< "":: "" <<<< mmaattcchheess[[00]] <<<< ’’\\nn’’;;
}}

The rreeggee xx__sseeaarrcchh((lliinnee,,mmaattcchheess,,ppaatt)) searches the lliinnee for anything that matches the regular
expression stored in ppaatt and if it finds any matches, it stores them in mmaattcchheess. If no match
was found, rreeggee xx__sseeaarrcchh((lliinnee,,mmaattcchheess,,ppaatt)) returns ff aallssee. The mmaattcchheess variable is of type
ssmmaattcchh. The ‘‘s’’ stands for ‘‘sub’’ and an ssmmaattcchh is a vv eeccttoorr of sub-matches. The first ele-
ment, here mmaattcchheess[[00]], is the complete match.

For a more complete description see Chapter 37.

5.6 Math [tour4.math]

C++ wasn’t designed primarily with numerical computation in mind. However, C++ is
heavily used for numerical computation and the standard library reflects that.

5.6.1 Mathematical Functions and Algorithms [tour4.stdmath]

In <<ccmmaatthh>>, we find the ‘‘usual mathematical functions,’’ such as ssqqrr tt(()), lloogg(()), and ssiinn(()) for
arguments of type flflooaatt, ddoouubb llee, and lloonngg ddoouubb llee (§40.3). Their complex number versions
are found in <<ccoommppllee xx>> (§40.4).
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In <<nn uummeerr iicc>> we find a small set of generalized numerical algorithms, such as aaccccuumm uu--
llaattee(()). For example:

lliisstt<<ddoouubb llee>> llsstt {{11,, 22,, 33,, 44,, 55,, 66 ,, 99999999..9999999999}};;
aauuttoo ss == aaccccuummuullaattee((llsstt..bbeeggiinn(()),,llsstt..eenndd(()),,00..00));;
ccoouutt <<<< ss <<<< ’’\\nn’’;;

These algorithms work for every standard-library sequence and can have operations sup-
plied as arguments (§40.6).

5.6.2 Complex Numbers [tour4.complex]

The standard library supports a family of complex number types along the lines of the
ccoommppllee xx class described in §2.3. To support complex numbers where the scalars are single-
precision floating-point numbers (flflooaatts), double-precision floating-point numbers (ddoouu--
bb llees), etc., the standard library ccoommppllee xx is a template:

tteemmppllaattee<<ttyyppeennaammee SSccaallaarr>>
ccllaassss ccoommppllee xx {{
ppuubb lliicc::

ccoommppllee xx((ccoonnsstt SSccaallaarr&& rree =={{}},, ccoonnsstt SSccaallaarr&& iimm =={{}}));;
//// ...

}};;

The usual arithmetic operations and the most common mathematical functions are sup-
ported for complex numbers. For example:

vv ooiidd ff((ccoommpplleexx<<flflooaatt>> flfl,, ccoommpplleexx<<ddoouubbllee>> ddbb))
{{

ccoommppllee xx<<lloonngg ddoouubbllee>> lldd {{flfl++ssqqrrtt((ddbb))}};;
ddbb ++== flfl∗∗33;;
flfl == ppooww((11//flfl,,22));;
//// ...

}}

The ssqqrr tt(()) and ppoo ww(()) (exponentiation) functions are among the usual mathematical func-
tions defined in <<ccoommppllee xx>>. For more details, see §40.4.

5.6.3 Random Numbers [tour4.random]

Random numbers are useful in many contexts, such as testing, games, simulation, and
security. The diversity of application areas is reflected in the wide selection of random
number generators provided by the standard library in <<rr aannddoomm>>. A random number gen-
erator consists of two parts:

[1] an engine that produces a sequence of random or pseudo-random values.
[2] a distribution that maps those values into a mathematical distribution in a range.

Examples of distributions are uunniiff oorrmm__iinntt__ddiissttrriibbuuttiioonn (where all integers produced are
equally likely), nnoorr mmaall__ddiissttrriibbuuttiioonn (‘‘the bell curve’’), and ee xxppoonneennttiiaall__ddiissttrriibbuuttiioonn (exponen-
tial growth); each for some specified range. For example:
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uussiinngg mmyy__eennggiinnee == ddeeffaauulltt__rraannddoomm__eennggiinnee;; //// type of engine
uussiinngg mmyy__ddiissttrriibbuuttiioonn == uunniiffoorrmm__iinntt__ddiissttrriibbuuttiioonn<<>>;; //// type of distribution

mm yy__eennggiinnee rree {{}};; //// the default engine
mm yy__ddiissttrriibbuuttiioonn oonnee__ttoo__ssiixx {{11,,66}};; //// distr ibution that maps to the ints 1..6
aauuttoo ddiiccee == bbiinndd((oonnee__ttoo__ssiixx,,rree));; //// make a generator

iinntt xx == ddiiccee(());; //// roll the dice: x becomes a value in [1:6]

The standard-library function bbiinndd(()) makes a function object that will invoke its first argu-
ment (here, oonnee__ttoo__ssiixx) giv en its second argument (here, rree) as its argument (§33.5.1).
Thus a call ddiiccee(()) is equivalent to a call oonnee__ttoo__ssiixx((rree)).

Thanks to its uncompromising attention to generality and performance one expert has
deemed the standard-library random number component ‘‘what every random number
library wants to be when it grows up.’’ Howev er, it can hardly be deemed ‘‘novice
friendly.’’ The uussiinngg statements makes what is being done a bit more obvious. Instead, I
could just have written:

aauuttoo ddiiccee == bbiinndd((uunniiffoorrmm__iinntt__ddiissttrriibbuuttiioonn<<>>{{11,,66}},, ddeeffaauulltt__rraannddoomm__eennggiinnee{{}}));;

Which version is the more readable depends entirely on the context and the reader.
For novices (of any background) the fully general interface to the random number

library can be a serious obstacle. A simple uniform random number generator is often suf-
ficient to get started. For example:

RRaanndd__iinntt rrnndd {{11,,1100}};; //// make a random number generator for [1:10]
iinntt xx == rrnndd(());; //// x is a number in [1:10]

So, how could we get that? We hav e to get something like ddiiccee(()) inside a class RRaanndd__iinntt:

ccllaassss RRaanndd__iinntt {{
ppuubb lliicc::

RRaanndd__iinntt((iinntt llooww,, iinntt hhiigghh)) ::ddiisstt{{llooww,,hhiigghh}} {{ }}
iinntt ooppeerraattoorr(())(()) {{ rreettuurrnn rr(());; }}

pprr iivvaattee::
ddeeff aauulltt__rraannddoomm__eennggiinnee rree;;
uunniiff oorrmm__iinntt__ddiissttrriibbuuttiioonn<<>> ddiisstt;;
aauuttoo rr == bbiinndd((ddiisstt,,rree));;

}};;

That definition is still ‘‘expert level,’’ but the use of RRaanndd__iinntt(()) is manageable in the first
week of a C++ course for novices. For example:

iinntt mmaaiinn(())
{{

RRaanndd__iinntt rrnndd {{00,,99}};; //// make a unifor m random number generator

vv eeccttoorr<<iinntt>> mmnn((1100));; //// make a vector of size 10
ff oorr ((iinntt ii==00;; ii!!==550000;; ++++ii))

++++mmnn[[rr nndd(())]];; //// fill mn with the frequencies of numbers [0:9]
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ff oorr ((iinntt ii == 00;; ii!!==mmnn..ssiizzee(());; ++++ii)) {{ //// wr ite out a bar graph
ccoouutt <<<< ii <<<< ’’\\tt’’;;
ff oorr ((iinntt jj==00;; jj!!==mmnn[[ii]];; ++++jj)) ccoouutt <<<< ’’∗∗’’;;
ccoouutt <<<< eennddll;;

}}
}}

The output is a (reassuringly boring) uniform distribution (with reasonable statistical vari-
ation):

00 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
11 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
22 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
33 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
44 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
55 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
66 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
77 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
88 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗
99 ∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗∗

There is no standard graphics library for C++, so I use ‘‘ASCII graphics.’’ Obviously,
there are lots of open source and commercial graphics and GUI libraries for C++, but in
this book I’ll restrict myself to ISO standard facilities.

For more information about random numbers, see §40.7.

5.6.4 Vector Arithmetic [tour4.valarray]

The vv eeccttoorr described in §4.4.1 was designed to be a general mechanism for holding values,
to be flexible, and to fit into the architecture of containers, iterators, and algorithms. How-
ev er, it does not support mathematical vector operations. Adding such operations to vv eeccttoorr
would be easy, but its generality and flexibility precludes optimizations that are often con-
sidered essential for serious numerical work. Consequently, the standard library provides
(in <<vv aallaarrrraayy>>) a vv eeccttoorr-like template, called vv aallaarrrraayy, that is less general and more amenable
to optimization for numerical computation:

tteemmppllaattee<<ttyyppeennaammee TT>>
ccllaassss vvaallaarrrr aayy {{

//// ...
}};;

The usual arithmetic operations and the most common mathematical functions are sup-
ported for vv aallaarrrraayys. For example:
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vv ooiidd ff((vvaallaarrrraayy<<ddoouubbllee>>&& aa11,, vvaallaarrrraayy<<ddoouubbllee>>&& aa22))
{{

vv aallaarrrraayy<<ddoouubbllee>> aa == aa11∗∗33..1144++aa22//aa11;; //// numer ic array operators *, +, /, and =
aa22 ++== aa11∗∗33..1144;;
aa == aabbss((aa));;
ddoouubb llee dd == aa22[[77]];;
//// ...

}}

For more details, see §40.5. In particular, vv aallaarrrraayy offers stride access to help implement
multidimensional computations.

5.6.5 Numeric Limits [tour4.limits]

In <<lliimmiittss>>, the standard library provides classes that describe the properties of built-in
types – such as the maximum exponent of a flflooaatt or the number of bytes in an iinntt; see
§40.2. For example, we can assert that a cchhaarr is signed:

ssttaattiicc__aasssseerr tt((nnuummeerriicc__lliimmiittss<<cchhaarr>>::::iiss__ssiiggnneedd,,""uunnssiiggnneedd cchhaarraacctteerrss!!""));;
ssttaattiicc__aasssseerr tt((110000000000<<nnuummeerriicc__lliimmiittss<<iinntt>>::::mmaaxx(()),,""ssmmaallll iinnttss!!""));;

Note that the second assert (only) works because nn uummeerr iicc__lliimmiittss<<iinntt>>::::mmaaxx(()) is a ccoonnssttee xxpprr
function (§2.2.3, §10.4).

5.7 Advice [tour4.advice]

[1] Use resource handles to manage resources (RAII); §5.2.
[1] Use uunniiqquuee__ppttrr to refer to objects of polymorphic type;§5.2.1.
[2] Use sshhaarreedd__ppttrr to refer to shared objects;§5.2.1.
[3] Use type-safe mechanisms for concurrency; §5.3.
[4] Minimize the use of shared data; §5.3.4.
[5] Don’t choose shared data for communication because of ‘‘efficiency’’ without

thought and preferably not without measurement; §5.3.4.
[6] Think in terms of concurrent tasks, rather than threads; §5.3.5.
[7] A library doesn’t hav e to be large or complicated to be useful; §5.4.
[8] Time your programs before making claims about efficiency; §5.4.1.
[9] You can write code to explicitly depend of properties of types; §5.4.2.
[10] Use regular expressions for simple pattern matching §5.5.
[11] Don’t try to do serious numeric computation using only the bare language; use

libraries; §5.6.
[12] Properties of numeric types are accessible through nn uummeerr iicc__lliimmiittss; §5.6.5.
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