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Standard Containers

Now is a good time to put your work
on a firm theoretical foundation.

– Sam Morgan

Standard containers— container and operation summaries— efficiency — representa-
tion — element requirements— sequences— v ve ec ct to or r — l li is st t — d de eq qu ue e — adapters—
s st ta ac ck k — q qu ue eu ue e — p pr ri io or ri it ty y_ _q qu ue eu ue e — associative containers— m ma ap p — comparisons—
m mu ul lt ti im ma ap p — s se et t — m mu ul lt ti is se et t — ‘‘almost containers’’— b bi it ts se et t — arrays— hash tables
— implementing ah ha as sh h_ _m ma ap p — advice— exercises.

17.1 Standard Containers[cont.intro]

The standard library defines two kinds of containers: sequences and associative containers. The
sequences are all much likev ve ec ct to or r (§16.3). Except where otherwise stated, the member types and
functions mentioned forv ve ec ct to or r can also be used for any other container and produce the same
effect. In addition, associative containers provide element access based on keys (§3.7.4).

Built-in arrays (§5.2),s st tr ri in ng gs (Chapter 20),v va al la ar rr ra ay ys (§22.4), andb bi it ts se et ts (§17.5.3) hold ele-
ments and can therefore be considered containers. However, these types are not fully-developed
standard containers. If they were, that would interfere with their primary purpose. For example, a
built-in array cannot both hold its own size and remain layout-compatible with C arrays.

A key idea for the standard containers is that they should be logically interchangeable wherever
reasonable. The user can then choose between them based on efficiency concerns and the need for
specialized operations. For example, if lookup based on a key is common, am ma ap p (§17.4.1) can be
used. On the other hand, if general list operations dominate, al li is st t (§17.2.2) can be used. If many
additions and removals of elements occur at the ends of the container, ad de eq qu ue e (double-ended
queue, §17.2.3), as st ta ac ck k (§17.3.1), or aq qu ue eu ue e (§17.3.2) should be considered. In addition, a user
can design additional containers to fit into the framework provided by the standard containers
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462 Standard Containers Chapter 17

(§17.6). By default, av ve ec ct to or r (§16.3) should be used; it will be implemented to perform well over a
wide range of uses.

The idea of treating different kinds of containers– and more generally all kinds of information
sources– in uniform ways leads to the notion of generic programming (§2.7.2, §3.8). The standard
library provides many generic algorithms to support this idea (Chapter 18). Such algorithms can
save the programmer from having to deal directly with details of individual containers.

17.1.1 Operations Summary [cont.operations]

This section lists the common and almost common members of the standard containers. For more
details, read your standard headers (<v ve ec ct to or r>, <l li is st t>, <m ma ap p>, etc.; §16.1.2).

_ __________________________________________________________________________
Member Types (§16.3.1)_ ___________________________________________________________________________ __________________________________________________________________________

v va al lu ue e_ _t ty yp pe e Type of element.
a al ll lo oc ca at to or r_ _t ty yp pe e Type of memory manager.
s si iz ze e_ _t ty yp pe e Type of subscripts, element counts, etc.
d di if ff fe er re en nc ce e_ _t ty yp pe e Type of difference between iterators.
i it te er ra at to or r Behaves likev va al lu ue e_ _t ty yp pe e* .
c co on ns st t_ _i it te er ra at to or r Behaves likec co on ns st t v va al lu ue e_ _t ty yp pe e* .
r re ev ve er rs se e_ _i it te er ra at to or r View container in reverse order; likev va al lu ue e_ _t ty yp pe e* .
c co on ns st t_ _r re ev ve er rs se e_ _i it te er ra at to or r View container in reverse order; likec co on ns st t v va al lu ue e_ _t ty yp pe e* .
r re ef fe er re en nc ce e Behaves likev va al lu ue e_ _t ty yp pe e&.
c co on ns st t_ _r re ef fe er re en nc ce e Behaves likec co on ns st t v va al lu ue e_ _t ty yp pe e&.
k ke ey y_ _t ty yp pe e Type of key (for associative containers only).
m ma ap pp pe ed d_ _t ty yp pe e Type ofm ma ap pp pe ed d_ _v va al lu ue e (for associative containers only).
k ke ey y_ _c co om mp pa ar re e Type of comparison criterion (for associative containers only)._ __________________________________________________________________________ 




































A container can be viewed as a sequence either in the order defined by the container’si it te er ra at to or r or in
reverse order. For an associative container, the order is based on the container’s comparison crite-
rion (by default<):

_ _____________________________________________________
Iterators (§16.3.2)_ ______________________________________________________ _____________________________________________________

b be eg gi in n( () ) Points to first element.
e en nd d( () ) Points to one-past-last element.
r rb be eg gi in n( () ) Points to first element of reverse sequence.
r re en nd d( () ) Points to one-past-last element of reverse sequence._ _____________________________________________________ 














Some elements can be accessed directly:
_ ______________________________________________

Element Access (§16.3.3)_ _______________________________________________ ______________________________________________
f fr ro on nt t( () ) First element.
b ba ac ck k( () ) Last element.
[ [] ] Subscripting, unchecked access (not for list).
a at t( () ) Subscripting, checked access (not for list)._ ______________________________________________ 













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Section 17.1.1 Operations Summary 463

Most containers provide efficient operations at the end (back) of their sequence of elements. In
addition, lists and deques provide the equivalent operations on the start (front) of their sequences:

_ _____________________________________________________
Stack and Queue Operations (§16.3.5, §17.2.2.2)_ ______________________________________________________ _____________________________________________________

p pu us sh h_ _b ba ac ck k( () ) Add to end.
p po op p_ _b ba ac ck k( () ) Remove last element.
p pu us sh h_ _f fr ro on nt t( () ) Add new first element (for list and deque only).
p po op p_ _f fr ro on nt t( () ) Remove first element (for list and deque only)._ _____________________________________________________ 














Containers provide list operations:
_ ___________________________________________________

List Operations (§16.3.6)_ ____________________________________________________ ___________________________________________________
i in ns se er rt t( (p p, ,x x) ) Add x x beforep p.
i in ns se er rt t( (p p, ,n n, ,x x) ) Add n n copies ofx x beforep p.
i in ns se er rt t( (p p, ,f fi ir rs st t, ,l la as st t) ) Add elements from [f fi ir rs st t:l la as st t[ beforep p.
e er ra as se e( (p p) ) Remove element atp p.
e er ra as se e( (f fi ir rs st t, ,l la as st t) ) Erase [f fi ir rs st t:l la as st t[.
c cl le ea ar r( () ) Erase all elements._ ___________________________________________________ 




















All containers provide operations related to the number of elements and a few other operations:
_ ________________________________________________________________

Other Operations (§16.3.8, §16.3.9, §16.3.10)_ _________________________________________________________________ ________________________________________________________________
s si iz ze e( () ) Number of elements.
e em mp pt ty y( () ) Is the container empty?
m ma ax x_ _s si iz ze e( () ) Size of the largest possible container.
c ca ap pa ac ci it ty y( () ) Space allocated forv ve ec ct to or r (for vector only).
r re es se er rv ve e( () ) Reserve space for future expansion (for vector only).
r re es si iz ze e( () ) Change size of container (for vector, list, and deque only).
s sw wa ap p( () ) Swap elements of two containers.
g ge et t_ _a al ll lo oc ca at to or r( () ) Get a copy of the container’s allocator.
= == = Is the content of two containers the same?
! != = Is the content of two containers different?
< < Is one container lexicographically before another?_ ________________________________________________________________ 















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














Containers provide a variety of constructors and assignment operations:
_ __________________________________________________________________

Constructors, etc. (§16.3.4)_ ___________________________________________________________________ __________________________________________________________________
c co on nt ta ai in ne er r( () ) Empty container.
c co on nt ta ai in ne er r( (n n) ) n n elements default value (not for associative containers).
c co on nt ta ai in ne er r( (n n, ,x x) ) n n copies ofx x (not for associative containers).
c co on nt ta ai in ne er r( (f fi ir rs st t, ,l la as st t) ) Initial elements from [f fi ir rs st t:l la as st t[.
c co on nt ta ai in ne er r( (x x) ) Copy constructor; initial elements from containerx x.
˜ ˜c co on nt ta ai in ne er r( () ) Destroy the container and all of its elements._ __________________________________________________________________ 



















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_ ____________________________________________________________
Assignments (§16.3.4)_ _____________________________________________________________ ____________________________________________________________

o op pe er ra at to or r= =( (x x) ) Copy assignment; elements from containerx x.
a as ss si ig gn n( (n n, ,x x) ) Assignn n copies ofx x (not for associative containers).
a as ss si ig gn n( (f fi ir rs st t, ,l la as st t) ) Assign from [f fi ir rs st t:l la as st t[._ ____________________________________________________________ 












Associative containers provide lookup based on keys:
_ ______________________________________________________________________

Associative Operations (§17.4.1)_ _______________________________________________________________________ ______________________________________________________________________
o op pe er ra at to or r[ [] ]( (k k) ) Access the element with keyk k (for containers with unique keys).
f fi in nd d( (k k) ) Find the element with keyk k.
l lo ow we er r_ _b bo ou un nd d( (k k) ) Find the first element with keyk k.
u up pp pe er r_ _b bo ou un nd d( (k k) ) Find the first element with key greater thank k.
e eq qu ua al l_ _r ra an ng ge e( (k k) ) Find thel lo ow we er r_ _b bo ou un nd d andu up pp pe er r_ _b bo ou un nd d of elements with keyk k.
k ke ey y_ _c co om mp p( () ) Copy of the key comparison object.
v va al lu ue e_ _c co om mp p( () ) Copy of them ma ap pp pe ed d_ _v va al lu ue ecomparison object._ ______________________________________________________________________ 






















In addition to these common operations, most containers provide a few specialized operations.

17.1.2 Container Summary [cont.summary]

The standard containers can be summarized like this:
_ _______________________________________________________________________

Standard Container Operations_ ________________________________________________________________________ _______________________________________________________________________
[] List Front Back (Stack) Iterators

Operations Operations Operations
§16.3.3 §16.3.6 §17.2.2.2 §16.3.5 §19.2.1
§17.4.1.3 §20.3.9 §20.3.9 §20.3.12_ _______________________________________________________________________

v ve ec ct to or r const O(n)+ const+ Ran
l li is st t const const const Bi
d de eq qu ue e const O(n) const const Ran_ _______________________________________________________________________
s st ta ac ck k const+
q qu ue eu ue e const const+
p pr ri io or ri it ty y_ _q qu ue eu ue e O(log(n)) O(log(n))_ _______________________________________________________________________
m ma ap p O(log(n)) O(log(n))+ Bi
m mu ul lt ti im ma ap p O(log(n))+ Bi
s se et t O(log(n))+ Bi
m mu ul lt ti is se et t O(log(n))+ Bi_ _______________________________________________________________________
s st tr ri in ng g const O(n)+ O(n)+ const+ Ran
a ar rr ra ay y const Ran
v va al la ar rr ra ay y const Ran
b bi it ts se et t const_ _______________________________________________________________________ 


















































In the iteratorscolumn,R Ra an n means random-access iterator andB Bi i means bidirectional iterator; the
operations for a bidirectional operator are a subset of those of a random-access iterator (§19.2.1).
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Other entries are measures of the efficiency of the operations. Ac co on ns st t entry means the operation
takes an amount of time that does not depend on the number of elements in the container. Another
conventional notation forconstant timeis O O( 1 1) . An O O( n n) entry means the entry takes time pro-
portional to the number of elements involved. A+ suffix indicates that occasionally a significant
extra cost is incurred. For example, inserting an element into al li is st t has a fixed cost (so it is listed as
c co on ns st t), whereas the same operation on av ve ec ct to or r involves moving the elements following the inser-
tion point (so it is listed asO O( n n) ). Occasionally, all elements must be relocated (so I added a+).
The ‘‘big O’’ notation is conventional. I added the+ for the benefit of programmers who care
about predictability in addition to average performance. A conventional term forO O( n n)+ is
amortized linear time.

Naturally, if a constant is large it can dwarf a small cost proportional to the number of elements.
However, for large data structuresc co on ns st t tends to mean ‘‘cheap,’’O O( n n) to mean ‘‘expensive,’’ and
O O( l lo og g( n n)) to mean ‘‘fairly cheap.’’ For even moderately large values ofn n, O O( l lo og g( n n)) is closer
to constant time than toO O( n n) . People who care about cost must take a closer look. In particular,
they must understand what elements are counted to get then n. No basic operation is ‘‘very expen-
sive,’’ that is,O O( n n* n n) or worse.

Except fors st tr ri in ng g, the measures of costs listed here reflect requirements in the standard. The
s st tr ri in ng g estimates are my assumptions.

These measures of complexity and cost are upper bounds. The measures exist to give users
some guidance as to what they can expect from implementations. Naturally, implementers will try
to do better in important cases.

17.1.3 Representation [cont.rep]

The standard doesn’t prescribe a particular representation for each standard container. Instead, the
standard specifies the container interfaces and some complexity requirements. Implementers will
choose appropriate and often cleverly optimized implementations to meet the general requirements.
A container will almost certainly be represented by a data structure holding the elements accessed
through a handle holding size and capacity information. For av ve ec ct to or r, the element data structure is
most likely an array:

s si iz ze e
r re ep p

. .
elements

. . . . . . . . . . . . . . . . ..
..
. . . . . . . . . . . . . . . . . .....

extra space

v ve ec ct to or r:

Similarly, al li is st t is most likely represented by a set of links pointing to the elements:

r re ep p l li is st t:

elements:
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466 Standard Containers Chapter 17

A m ma ap p is most likely implemented as a (balanced) tree of nodes pointing to (key,value) pairs:

r re ep p
...

m ma ap p:
node

node

(key,value) pairs:

A s st tr ri in ng g might be implemented as outlined in §11.12 or maybe as a sequence of arrays holding a
few characters each:

r re ep p s st tr ri in ng g:

segment descriptors

string segments:

17.1.4 Element Requirements [cont.elem]

Elements in a container are copies of the objects inserted. Thus, to be an element of a container, an
object must be of a type that allows the container implementation to copy it. The container may
copy elements using a copy constructor or an assignment; in either case, the result of the copy must
be an equivalent object. This roughly means that any test for equality that you can devise on the
value of the objects must deem the copy equal to the original. In other words, copying an element
must work much like an ordinary copy of built-in types (including pointers). For example,

X X& X X: : o op pe er ra at to or r=( c co on ns st t X X& a a) / / proper assignment operator
{

/ / copy all of a’s members to *this
r re et tu ur rn n * t th hi is s;

}

makesX X acceptable as an element type for a standard container, but

v vo oi id d Y Y: : o op pe er ra at to or r=( c co on ns st t Y Y& a a) / / improper assignment operator
{

/ / zero out all of a’s members
}

rendersY Y unsuitable becauseY Y’s assignment has neither the conventional return type nor the con-
ventional semantics.
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Some violations of the rules for standard containers can be detected by a compiler, but others
cannot and might then cause unexpected behavior. For example, a copy operation that throws an
exception might leave a partially copied element behind. It could even leave the container itself in
a state that could cause trouble later. Such copy operations are themselves bad design (§14.4.6.1).

When copying elements isn’t right, the alternative is to put pointers to objects into containers
instead of the objects themselves. The most obvious example is polymorphic types (§2.5.4,
§12.2.6). For example, we usev ve ec ct to or r<S Sh ha ap pe e*> rather thanv ve ec ct to or r<S Sh ha ap pe e> to preserve polymor-
phic behavior.

17.1.4.1 Comparisons [cont.comp]

Associative containers require that their elements can be ordered. So do many operations that can
be applied to containers (for examples so or rt t() ). By default, the< operator is used to define the
order. If < is not suitable, the programmer must provide an alternative (§17.4.1.5, §18.4.2). The
ordering criterion must define astrict weak ordering. Informally, this means that both less-than
and equality must be transitive. That is, for an ordering criterionc cm mp p:

[1] c cm mp p( x x, x x) is f fa al ls se e.
[2] If c cm mp p( x x, y y) andc cm mp p( y y, z z) , thenc cm mp p( x x, z z) .
[3] Define e eq qu ui iv v( x x, y y) to be !( c cm mp p( x x, y y)|| c cm mp p( y y, x x)) . If e eq qu ui iv v( x x, y y) and e eq qu ui iv v( y y, z z) ,

thene eq qu ui iv v( x x, z z) .
Consider:

t te em mp pl la at te e<c cl la as ss s R Ra an n> v vo oi id d s so or rt t( R Ra an n f fi ir rs st t, R Ra an n l la as st t) ; / / use< for comparison
t te em mp pl la at te e<c cl la as ss s R Ra an n, c cl la as ss s C Cm mp p> v vo oi id d s so or rt t( R Ra an n f fi ir rs st t, R Ra an n l la as st t, C Cm mp p c cm mp p) ;/ / use cmp

The first version uses< and the second uses a user-supplied comparisonc cm mp p. For example, we
might decide to sortf fr ru ui it t using a comparison that isn’t case-sensitive. We do that by defining a
function object (§11.9, §18.4) that does the comparison when invoked for a pair ofs st tr ri in ng gs:

c cl la as ss s N No oc ca as se e { / / case-insensitive string compare
p pu ub bl li ic c:

b bo oo ol l o op pe er ra at to or r()( c co on ns st t s st tr ri in ng g&, c co on ns st t s st tr ri in ng g&) c co on ns st t;
};

b bo oo ol l N No oc ca as se e: : o op pe er ra at to or r()( c co on ns st t s st tr ri in ng g& x x, c co on ns st t s st tr ri in ng g& y y) c co on ns st t
/ / return true if x is lexicographically less than y, not taking case into account

{
s st tr ri in ng g: : c co on ns st t_ _i it te er ra at to or r p p = x x. b be eg gi in n() ;
s st tr ri in ng g: : c co on ns st t_ _i it te er ra at to or r q q = y y. b be eg gi in n() ;

w wh hi il le e ( p p!= x x. e en nd d() && q q!= y y. e en nd d() && t to ou up pp pe er r(* p p)== t to ou up pp pe er r(* q q)) {
++p p;
++q q;

}
i if f ( p p == x x. e en nd d()) r re et tu ur rn n q q != y y. e en nd d() ;
r re et tu ur rn n t to ou up pp pe er r(* p p) < t to ou up pp pe er r(* q q) ;

}

We can calls so or rt t() using that comparison criterion. For example, given:
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f fr ru ui it t:
a ap pp pl le e p pe ea ar r A Ap pp pl le e P Pe ea ar r l le em mo on n

Sorting usings so or rt t( f fr ru ui it t. b be eg gi in n() , f fr ru ui it t. e en nd d() , N No oc ca as se e()) would yield:

f fr ru ui it t:
A Ap pp pl le e a ap pp pl le e l le em mo on n P Pe ea ar r p pe ea ar r

whereas plains so or rt t( f fr ru ui it t. b be eg gi in n() , f fr ru ui it t. e en nd d()) would give:

f fr ru ui it t:
A Ap pp pl le e P Pe ea ar r a ap pp pl le e l le em mo on n p pe ea ar r

assuming a character set in which uppercase letters precede lowercase letters.
Beware that< on C-style strings (that is,c ch ha ar r* ) does not define lexicographical order

(§13.5.2). Thus, associative containers will not work as most people would expect them to when
C-style strings are used as keys. To make them work properly, a less-than operation that compares
based on lexicographical order must be used. For example:

s st tr ru uc ct t C Cs st tr ri in ng g_ _l le es ss s {
b bo oo ol l o op pe er ra at to or r()( c co on ns st t c ch ha ar r* p p, c co on ns st t c ch ha ar r* q q) c co on ns st t { r re et tu ur rn n s st tr rc cm mp p( p p, q q)< 0 0; }

};

m ma ap p<c ch ha ar r*, i in nt t, C Cs st tr ri in ng g_ _l le es ss s> m m; / / map that uses strcmp() to compare const char* keys

17.1.4.2 Other Relational Operators [cont.relops]

By default, containers and algorithms use< when they need to do a less-than comparison. When
the default isn’t right, a programmer can supply a comparison criterion. However, no mechanism is
provided for also passing an equality test. Instead, when a programmer supplies a comparisonc cm mp p,
equality is tested using two comparisons. For example:

i if f ( x x == y y) / / not done where the user supplied a comparison

i if f (! c cm mp p( x x, y y) && ! c cm mp p( y y, x x)) / / done where the user supplied a comparison cmp

This saves us from having to add an equality parameter to every associative container and most
algorithms. It may look expensive, but the library doesn’t check for equality very often, and in
50% of the cases, only a single call ofc cm mp p() is needed.

Using an equivalence relationship defined by less-than (by default<) rather than equality (by
default ==) also has practical uses. For example, associative containers (§17.4) compare keys
using an equivalence test!( c cm mp p( x x, y y)|| c cm mp p( y y, x x)) . This implies that equivalent keys need not
be equal. For example, am mu ul lt ti im ma ap p (§17.4.2) that uses case-insensitive comparison as its compari-
son criteria will consider the stringsL La as st t, l la as st t, l lA As st t, l la aS St t, andl la as sT T equivalent, even though== for
strings deems them different. This allows us to ignore differences we consider insignificant when
sorting.

Given< and==, we can easily construct the rest of the usual comparisons. The standard library
defines them in the namespaces st td d: : r re el l_ _o op ps s and presents them in<u ut ti il li it ty y>:
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t te em mp pl la at te e<c cl la as ss s T T> b bo oo ol l r re el l_ _o op ps s: : o op pe er ra at to or r!=( c co on ns st t T T& x x, c co on ns st t T T& y y) { r re et tu ur rn n !( x x==y y) ; }
t te em mp pl la at te e<c cl la as ss s T T> b bo oo ol l r re el l_ _o op ps s: : o op pe er ra at to or r>( c co on ns st t T T& x x, c co on ns st t T T& y y) { r re et tu ur rn n y y<x x; }
t te em mp pl la at te e<c cl la as ss s T T> b bo oo ol l r re el l_ _o op ps s: : o op pe er ra at to or r<=( c co on ns st t T T& x x, c co on ns st t T T& y y) { r re et tu ur rn n !( y y<x x) ; }
t te em mp pl la at te e<c cl la as ss s T T> b bo oo ol l r re el l_ _o op ps s: : o op pe er ra at to or r>=( c co on ns st t T T& x x, c co on ns st t T T& y y) { r re et tu ur rn n !( x x<y y) ; }

Placing these operations inr re el l_ _o op ps s ensures that they are easy to use when needed, yet they don’t
get created implicitly unless extracted from that namespace:

v vo oi id d f f()
{

u us si in ng g n na am me es sp pa ac ce e s st td d;
/ / !=, >, etc., not generated by default

}

v vo oi id d g g()
{

u us si in ng g n na am me es sp pa ac ce e s st td d;
u us si in ng g n na am me es sp pa ac ce e s st td d: : r re el l_ _o op ps s;
/ / !=, >, etc., generated by default

}

The != , etc., operations are not defined directly ins st td d because they are not always needed and
sometimes their definition would interfere with user code. For example, if I were writing a general-
ized math library, I would wantmyrelational operators and not the standard library versions.

17.2 Sequences[cont.seq]

Sequences follow the pattern described forv ve ec ct to or r (§16.3). The fundamental sequences provided by
the standard library are:

v ve ec ct to or r l li is st t d de eq qu ue e

From these,

s st ta ac ck k q qu ue eu ue e p pr ri io or ri it ty y_ _q qu ue eu ue e

are created by providing suitable interfaces. These sequences are calledcontainer adapters,
sequence adapters, or simplyadapters(§17.3).

17.2.1 Vector [cont.vector]

The standardv ve ec ct to or r is described in detail in §16.3. The facilities for reserving space (§16.3.8) are
unique tov ve ec ct to or r. By default, subscripting using[] is not range checked. If a check is needed, use
a at t() (§16.3.3), a checked vector (§3.7.1), or a checked iterator (§19.3). Av ve ec ct to or r provides
random-access iterators (§19.2.1).
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17.2.2 List [cont.list]

A l li is st t is a sequence optimized for insertion and deletion of elements. Compared tov ve ec ct to or r (and
d de eq qu ue e; §17.2.3), subscripting would be painfully slow, so subscripting is not provided forl li is st t.
Consequently,l li is st t provides bidirectional iterators (§19.2.1) rather than random-access iterators.
This implies that al li is st t will typically be implemented using some form of a doubly-linked list (see
§17.8[16]).

A l li is st t provides all of the member types and operations offered byv ve ec ct to or r (§16.3), with the
exceptions of subscripting,c ca ap pa ac ci it ty y() , andr re es se er rv ve e() :

t te em mp pl la at te e <c cl la as ss s T T, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> > c cl la as ss s s st td d: : l li is st t {
p pu ub bl li ic c:

/ / types and operations like vector’s, except [], at(), capacity(), and reserve()
/ / ...

};

17.2.2.1 Splice, Sort, and Merge [cont.splice]

In addition to the general sequence operations,l li is st t provides several operations specially suited for
list manipulation:

t te em mp pl la at te e <c cl la as ss s T T, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> > c cl la as ss s l li is st t {
p pu ub bl li ic c:

/ / ...
/ / list-specific operations:

v vo oi id d s sp pl li ic ce e( i it te er ra at to or r p po os s, l li is st t& x x) ; / / move all elements from x to before
/ / pos in this list without copying.

v vo oi id d s sp pl li ic ce e( i it te er ra at to or r p po os s, l li is st t& x x, i it te er ra at to or r p p) ; / / move *p from x to before
/ / pos in this list without copying.

v vo oi id d s sp pl li ic ce e( i it te er ra at to or r p po os s, l li is st t& x x, i it te er ra at to or r f fi ir rs st t, i it te er ra at to or r l la as st t) ;

v vo oi id d m me er rg ge e( l li is st t&) ; / / merge sorted lists
t te em mp pl la at te e <c cl la as ss s C Cm mp p> v vo oi id d m me er rg ge e( l li is st t&, C Cm mp p) ;

v vo oi id d s so or rt t() ;
t te em mp pl la at te e <c cl la as ss s C Cm mp p> v vo oi id d s so or rt t( C Cm mp p) ;

/ / ...
};

Thesel li is st t operations are allstable; that is, they preserve the relative order of elements that have
equivalent values.

The f fr ru ui it t examples from §16.3.6 work withf fr ru ui it t defined to be al li is st t. In addition, we can
extract elements from one list and insert them into another by a single ‘‘splice’’ operation. Given:

f fr ru ui it t:
a ap pp pl le e p pe ea ar r

c ci it tr ru us s:
o or ra an ng ge e g gr ra ap pe ef fr ru ui it t l le em mo on n
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we can splice theo or ra an ng ge e from c ci it tr ru us s into f fr ru ui it t like this:

l li is st t<s st tr ri in ng g>: : i it te er ra at to or r p p = f fi in nd d_ _i if f( f fr ru ui it t. b be eg gi in n() , f fr ru ui it t. e en nd d() , i in ni it ti ia al l(´ p p´)) ;
f fr ru ui it t. s sp pl li ic ce e( p p, c ci it tr ru us s, c ci it tr ru us s. b be eg gi in n()) ;

The effect is to remove the first element fromc ci it tr ru us s (c ci it tr ru us s. b be eg gi in n() ) and place it just before the
first element off fr ru ui it t with the initial letterp p, thereby giving:

f fr ru ui it t:
a ap pp pl le e o or ra an ng ge e p pe ea ar r

c ci it tr ru us s:
g gr ra ap pe ef fr ru ui it t l le em mo on n

Note thats sp pl li ic ce e() doesn’t copy elements the wayi in ns se er rt t() does (§16.3.6). It simply modifies the
l li is st t data structures that refer to the element.

In addition to splicing individual elements and ranges, we cans sp pl li ic ce e() all elements of al li is st t:

f fr ru ui it t. s sp pl li ic ce e( f fr ru ui it t. b be eg gi in n() , c ci it tr ru us s) ;

This yields:

f fr ru ui it t:
g gr ra ap pe ef fr ru ui it t l le em mo on n a ap pp pl le e o or ra an ng ge e p pe ea ar r

c ci it tr ru us s:
<e em mp pt ty y>

Each version ofs sp pl li ic ce e() takes as its second argument thel li is st t from which elements are taken. This
allows elements to be removed from their originall li is st t. An iterator alone wouldn’t allow that
because there is no general way to determine the container holding an element given only an itera-
tor to that element (§18.6).

Naturally, an iterator argument must be a valid iterator for thel li is st t into which it is supposed to
point. That is, it must point to an element of thatl li is st t or be thel li is st t’s e en nd d() . If not, the result is
undefined and possibly disastrous. For example:

l li is st t<s st tr ri in ng g>: : i it te er ra at to or r p p = f fi in nd d_ _i if f( f fr ru ui it t. b be eg gi in n() , f fr ru ui it t. e en nd d() , i in ni it ti ia al l(´ p p´)) ;
f fr ru ui it t. s sp pl li ic ce e( p p, c ci it tr ru us s, c ci it tr ru us s. b be eg gi in n()) ; / / ok
f fr ru ui it t. s sp pl li ic ce e( p p, c ci it tr ru us s, f fr ru ui it t. b be eg gi in n()) ; / / error: fruit.begin() doesn’t point into citrus
c ci it tr ru us s. s sp pl li ic ce e( p p, f fr ru ui it t, f fr ru ui it t. b be eg gi in n()) ; / / error: p doesn’t point into citrus

The firsts sp pl li ic ce e() is ok even thoughc ci it tr ru us s is empty.
A m me er rg ge e() combines two sorted lists by removing the elements from onel li is st t and entering

them into the other while preserving order. For example,

f f1 1:
a ap pp pl le e q qu ui in nc ce e p pe ea ar r

f f2 2:
l le em mo on n g gr ra ap pe ef fr ru ui it t o or ra an ng ge e l li im me e

can be sorted and merged like this:
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f f1 1. s so or rt t() ;
f f2 2. s so or rt t() ;
f f1 1. m me er rg ge e( f f2 2) ;

This yields:

f f1 1:
a ap pp pl le e g gr ra ap pe ef fr ru ui it t l le em mo on n l li im me e o or ra an ng ge e p pe ea ar r q qu ui in nc ce e

f f2 2:
<e em mp pt ty y>

If one of the lists being merged is not sorted,m me er rg ge e() will still produce a list containing the union
of elements of the two lists. However, there are no guarantees made about the order of the result.

Like s sp pl li ic ce e() , m me er rg ge e() refrains from copying elements. Instead, it removes elements from
the source list and splices them into the target list. After anx x. m me er rg ge e( y y) , they y list is empty.

17.2.2.2 Front Operations [cont.front]

Operations that refer to the first element of al li is st t are provided to complement the operations refer-
ring to the last element provided by every sequence (§16.3.6):

t te em mp pl la at te e <c cl la as ss s T T, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> > c cl la as ss s l li is st t {
p pu ub bl li ic c:

/ / ...
/ / element access:

r re ef fe er re en nc ce e f fr ro on nt t() ; / / reference to first element
c co on ns st t_ _r re ef fe er re en nc ce e f fr ro on nt t() c co on ns st t;

v vo oi id d p pu us sh h_ _f fr ro on nt t( c co on ns st t T T&) ; / / add new first element
v vo oi id d p po op p_ _f fr ro on nt t() ; / / remove first element

/ / ...
};

The first element of a container is called itsf fr ro on nt t. For al li is st t, front operations are as efficient and
convenient as back operations (§16.3.5). When there is a choice, back operations should be pre-
ferred over front operations. Code written using back operations can be used for av ve ec ct to or r as well as
for a l li is st t. So if there is a chance that the code written using al li is st t will ever evolve into a generic
algorithm applicable to a variety of containers, it is best to prefer the more widely available back
operations. This is a special case of the rule that to achieve maximal flexibility, it is usually wise to
use the minimal set of operations to do a task (§17.1.4.1).

17.2.2.3 Other Operations [cont.list.etc]

Insertion and removal of elements are particularly efficient forl li is st ts. This, of course, leads people
to preferl li is st ts when these operations are frequent. That, in turn, makes it worthwhile to support
common ways of removing elements directly:
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t te em mp pl la at te e <c cl la as ss s T T, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> > c cl la as ss s l li is st t {
p pu ub bl li ic c:

/ / ...

v vo oi id d r re em mo ov ve e( c co on ns st t T T& v va al l) ;
t te em mp pl la at te e <c cl la as ss s P Pr re ed d> v vo oi id d r re em mo ov ve e_ _i if f( P Pr re ed d p p) ;

v vo oi id d u un ni iq qu ue e() ; / / remove duplicates using ==
t te em mp pl la at te e <c cl la as ss s B Bi in nP Pr re ed d> v vo oi id d u un ni iq qu ue e( B Bi in nP Pr re ed d b b) ; / / remove duplicates using b

v vo oi id d r re ev ve er rs se e() ; / / reverse order of elements
};

For example, given

f fr ru ui it t:
a ap pp pl le e o or ra an ng ge e g gr ra ap pe ef fr ru ui it t l le em mo on n o or ra an ng ge e l li im me e p pe ea ar r q qu ui in nc ce e

we can remove all elements with the value" o or ra an ng ge e" like this:

f fr ru ui it t. r re em mo ov ve e(" o or ra an ng ge e") ;

yielding:

f fr ru ui it t:
a ap pp pl le e g gr ra ap pe ef fr ru ui it t l le em mo on n l li im me e p pe ea ar r q qu ui in nc ce e

Often, it is more interesting to remove all elements that meet some criterion rather than simply all
elements with a given value. Ther re em mo ov ve e_ _i if f() operation does that. For example,

f fr ru ui it t. r re em mo ov ve e_ _i if f( i in ni it ti ia al l(´ l l´)) ;

removes every element with the initial´ l l´ from f fr ru ui it t giving:

f fr ru ui it t:
a ap pp pl le e g gr ra ap pe ef fr ru ui it t p pe ea ar r q qu ui in nc ce e

A common reason for removing elements is to eliminate duplicates. Theu un ni iq qu ue e() operation is
provided for that. For example:

f fr ru ui it t. s so or rt t() ;
f fr ru ui it t. u un ni iq qu ue e() ;

The reason for sorting is thatu un ni iq qu ue e removes only duplicates that appear consecutively. For exam-
ple, had fruit contained:

a ap pp pl le e p pe ea ar r a ap pp pl le e a ap pp pl le e p pe ea ar r

a simplef fr ru ui it t. u un ni iq qu ue e() would have produced

a ap pp pl le e p pe ea ar r a ap pp pl le e p pe ea ar r

whereas sorting first gives:

a ap pp pl le e p pe ea ar r

If only certain duplicates should be eliminated, we can provide a predicate to specify which
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duplicates we want to remove. For example, we might define a binary predicate (§18.4.2)
i in ni it ti ia al l2 2( x x) to compares st tr ri in ng gs that have the initialx x but yield f fa al ls se e for everys st tr ri in ng g that doesn’t.
Given:

p pe ea ar r p pe ea ar r a ap pp pl le e a ap pp pl le e

we can remove consecutive duplicates of everyf fr ru ui it t with the initialp p by a call

f fr ru ui it t. u un ni iq qu ue e( i in ni it ti ia al l2 2(´ p p´)) ;

This would give

p pe ea ar r a ap pp pl le e a ap pp pl le e

As noted in §16.3.2, we sometimes want to view a container in reverse order. For al li is st t, it is possi-
ble to reverse the elements so that the first becomes the last, etc., without copying the elements.
Ther re ev ve er rs se e() operation is provided to do that. Given:

f fr ru ui it t:
b ba an na an na a c ch he er rr ry y l li im me e s st tr ra aw wb be er rr ry y

f fr ru ui it t. r re ev ve er rs se e() produces:

f fr ru ui it t:
s st tr ra aw wb be er rr ry y l li im me e c ch he er rr ry y b ba an na an na a

An element that is removed from a list is destroyed. However, note that destroying a pointer does
not imply that the object it points to isd de el le et te ed. If you want a container of pointers thatd de el le et te es ele-
ments pointed to when the pointer is removed from the container or the container is destroyed, you
must write one yourself (§17.8[13]).

17.2.3 Deque [cont.deque]

A d de eq qu ue e (it rhymes with check) is a double-ended queue. That is, ad de eq qu ue e is a sequence optimized
so that operations at both ends are about as efficient as for al li is st t, whereas subscripting approaches
the efficiency of av ve ec ct to or r:

t te em mp pl la at te e <c cl la as ss s T T, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> > c cl la as ss s s st td d: : d de eq qu ue e {
/ / types and operations like vector (§16.3.3, §16.3.5, §16.3.6)
/ / plus front operations (§17.2.2.2) like list

};

Insertion and deletion of elements ‘‘in the middle’’ havev ve ec ct to or r-like (in)efficiencies rather than
l li is st t-like efficiencies. Consequently, ad de eq qu ue e is used where additions and deletions take place ‘‘at
the ends.’’ For example, we might use ad de eq qu ue e to model a section of a railroad or to represent a
deck of cards in a game:

d de eq qu ue e<c ca ar r> s si id di in ng g_ _n no o_ _3 3;
d de eq qu ue e<C Ca ar rd d> b bo on nu us s;
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17.3 Sequence Adapters[cont.adapters]

The v ve ec ct to or r, l li is st t, andd de eq qu ue e sequences cannot be built from each other without loss of efficiency.
On the other hand,s st ta ac ck ks andq qu ue eu ue es can be elegantly and efficiently implemented using those
three basic sequences. Therefore,s st ta ac ck k andq qu ue eu ue e are defined not as separate containers, but as
adaptors of basic containers.

A container adapter provides a restricted interface to a container. In particular, adapters do not
provide iterators; they are intended to be used only through their specialized interfaces.

The techniques used to create a container adapter from a container are generally useful for non-
intrusively adapting the interface of a class to the needs of its users.

17.3.1 Stack [cont.stack]

Thes st ta ac ck k container adapter is defined in<s st ta ac ck k>. It is so simple that the best way to describe it is
to present an implementation:

t te em mp pl la at te e <c cl la as ss s T T, c cl la as ss s C C = d de eq qu ue e<T T> > c cl la as ss s s st td d: : s st ta ac ck k {
p pr ro ot te ec ct te ed d:

C C c c;
p pu ub bl li ic c:

t ty yp pe ed de ef f t ty yp pe en na am me e C C: : v va al lu ue e_ _t ty yp pe e v va al lu ue e_ _t ty yp pe e;
t ty yp pe ed de ef f t ty yp pe en na am me e C C: : s si iz ze e_ _t ty yp pe e s si iz ze e_ _t ty yp pe e;
t ty yp pe ed de ef f C C c co on nt ta ai in ne er r_ _t ty yp pe e;

e ex xp pl li ic ci it t s st ta ac ck k( c co on ns st t C C& a a = C C()) : c c( a a) { }

b bo oo ol l e em mp pt ty y() c co on ns st t { r re et tu ur rn n c c. e em mp pt ty y() ; }
s si iz ze e_ _t ty yp pe e s si iz ze e() c co on ns st t { r re et tu ur rn n c c. s si iz ze e() ; }

v va al lu ue e_ _t ty yp pe e& t to op p() { r re et tu ur rn n c c. b ba ac ck k() ; }
c co on ns st t v va al lu ue e_ _t ty yp pe e& t to op p() c co on ns st t { r re et tu ur rn n c c. b ba ac ck k() ; }

v vo oi id d p pu us sh h( c co on ns st t v va al lu ue e_ _t ty yp pe e& x x) { c c. p pu us sh h_ _b ba ac ck k( x x) ; }
v vo oi id d p po op p() { c c. p po op p_ _b ba ac ck k() ; }

};

That is, as st ta ac ck k is simply an interface to a container of the type passed to it as a template argument.
All s st ta ac ck k does is to eliminate the non-stack operations on its container from the interface and give
b ba ac ck k() , p pu us sh h_ _b ba ac ck k() , andp po op p_ _b ba ac ck k() their conventional names:t to op p() , p pu us sh h() , andp po op p() .

By default, as st ta ac ck k makes ad de eq qu ue e to hold its elements, but any sequence that providesb ba ac ck k() ,
p pu us sh h_ _b ba ac ck k() , andp po op p_ _b ba ac ck k() can be used. For example:

s st ta ac ck k<c ch ha ar r> s s1 1; / / uses a deque<char> to store elements of type char
s st ta ac ck k< i in nt t, v ve ec ct to or r<i in nt t> > s s2 2; / / uses a vector<int> to store elements of type int

It is possible to supply an existing container to initialize a stack. For example:
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v vo oi id d p pr ri in nt t_ _b ba ac ck kw wa ar rd ds s( v ve ec ct to or r<i in nt t>& v v)
{

s st ta ac ck k<i in nt t> s st ta at te e( v v) ; / / initialize state from v
w wh hi il le e ( s st ta at te e. s si iz ze e()) {

c co ou ut t << s st ta at te e. t to op p() ;
s st ta at te e. p po op p() ;

}
}

However, the elements of a container argument are copied, so supplying an existing container can
be expensive.

Elements are added to as st ta ac ck k usingp pu us sh h_ _b ba ac ck k() on the container that is used to store the ele-
ments. Consequently, as st ta ac ck k cannot overflow as long as there is memory available on the machine
for the container to acquire (using its allocator; see §19.4).

On the other hand, as st ta ac ck k can underflow:

v vo oi id d f f()
{

s st ta ac ck k<i in nt t> s s;
s s. p pu us sh h( 2 2) ;
i if f ( s s. e em mp pt ty y()) { / / underflow is preventable

/ / don’t pop
}
e el ls se e { / / but not impossible

s s. p po op p() ; / / fine: s.size() becomes 0
s s. p po op p() ; / / undefined effect, probably bad

}
}

Note that one does notp po op p() an element to use it. Instead, thet to op p() is accessed and then
p po op p() ’d when it is no longer needed. This is not too inconvenient, and it is more efficient when
thep po op p() isn’t necessary:

v vo oi id d f f( s st ta ac ck k<c ch ha ar r>& s s)
{

i if f ( s s. t to op p()==´ c c´) s s. p po op p() ; / / remove optional initial ’c’
/ / ...

}

Unlike fully developed containers,s st ta ac ck k (like other container adapters) doesn’t have an allocator
template parameter. Instead, thes st ta ac ck k and its users rely on the allocator from the container used to
implement thes st ta ac ck k.

17.3.2 Queue [cont.queue]

Defined in<q qu ue eu ue e>, aq qu ue eu ue e is an interface to a container that allows the insertion of elements at
theb ba ac ck k() and the extraction of elements at thef fr ro on nt t() :
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t te em mp pl la at te e <c cl la as ss s T T, c cl la as ss s C C = d de eq qu ue e<T T> > c cl la as ss s s st td d: : q qu ue eu ue e {
p pr ro ot te ec ct te ed d:

C C c c;
p pu ub bl li ic c:

t ty yp pe ed de ef f t ty yp pe en na am me e C C: : v va al lu ue e_ _t ty yp pe e v va al lu ue e_ _t ty yp pe e;
t ty yp pe ed de ef f t ty yp pe en na am me e C C: : s si iz ze e_ _t ty yp pe e s si iz ze e_ _t ty yp pe e;
t ty yp pe ed de ef f C C c co on nt ta ai in ne er r_ _t ty yp pe e;

e ex xp pl li ic ci it t q qu ue eu ue e( c co on ns st t C C& a a = C C()) : c c( a a) { }

b bo oo ol l e em mp pt ty y() c co on ns st t { r re et tu ur rn n c c. e em mp pt ty y() ; }
s si iz ze e_ _t ty yp pe e s si iz ze e() c co on ns st t { r re et tu ur rn n c c. s si iz ze e() ; }

v va al lu ue e_ _t ty yp pe e& f fr ro on nt t() { r re et tu ur rn n c c. f fr ro on nt t() ; }
c co on ns st t v va al lu ue e_ _t ty yp pe e& f fr ro on nt t() c co on ns st t { r re et tu ur rn n c c. f fr ro on nt t() ; }

v va al lu ue e_ _t ty yp pe e& b ba ac ck k() { r re et tu ur rn n c c. b ba ac ck k() ; }
c co on ns st t v va al lu ue e_ _t ty yp pe e& b ba ac ck k() c co on ns st t { r re et tu ur rn n c c. b ba ac ck k() ; }

v vo oi id d p pu us sh h( c co on ns st t v va al lu ue e_ _t ty yp pe e& x x) { c c. p pu us sh h_ _b ba ac ck k( x x) ; }
v vo oi id d p po op p() { c c. p po op p_ _f fr ro on nt t() ; }

};

By default, aq qu ue eu ue e makes ad de eq qu ue e to hold its elements, but any sequence that providesf fr ro on nt t() ,
b ba ac ck k() , p pu us sh h_ _b ba ac ck k() , and p po op p_ _f fr ro on nt t() can be used. Because av ve ec ct to or r does not provide
p po op p_ _f fr ro on nt t() , av ve ec ct to or r cannot be used as the underlying container for a queue.

Queues seem to pop up somewhere in every system. One might define a server for a simple
message-based system like this:

s st tr ru uc ct t M Me es ss sa ag ge e {
/ / ...

};

v vo oi id d s se er rv ve er r( q qu ue eu ue e<M Me es ss sa ag ge e>& q q)
{

w wh hi il le e(! q q. e em mp pt ty y()) {
M Me es ss sa ag ge e& m m = q q. f fr ro on nt t() ; / / get hold of message
m m. s se er rv vi ic ce e() ; / / call function to serve request
q q. p po op p() ; / / destroy message

}
}

Messages would be put on theq qu ue eu ue eusingp pu us sh h() .
If the requester and the server are running in different processes or threads, some form of syn-

chronization of the queue access would be necessary. For example:

v vo oi id d s se er rv ve er r2 2( q qu ue eu ue e<M Me es ss sa ag ge e>& q q, L Lo oc ck k& l lc ck k)
{

w wh hi il le e(! q q. e em mp pt ty y()) {
M Me es ss sa ag ge e m m;
{ L Lo oc ck kP Pt tr r h h( l lc ck k) ; / / hold lock only while extracting message (see §14.4.7)

i if f ( q q. e em mp pt ty y()) r re et tu ur rn n; / / somebody else got the message
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m m = q q. f fr ro on nt t() ;
q q. p po op p() ;

}
m m. s se er rv vi ic ce e() ; / / call function to serve request

}
}

There is no standard definition of concurrency or locking in C++ or in the world in general. Have a
look to see what your system has to offer and how to access it from C++ (§17.8[8]).

17.3.3 Priority Queue [cont.pqueue]

A p pr ri io or ri it ty y_ _q qu ue eu ue e is a queue in which each element is given a priority that controls the order in
which the elements get to bet to op p() :

t te em mp pl la at te e <c cl la as ss s T T, c cl la as ss s C C = v ve ec ct to or r<T T>, c cl la as ss s C Cm mp p = l le es ss s<t ty yp pe en na am me e C C: : v va al lu ue e_ _t ty yp pe e> >
c cl la as ss s s st td d: : p pr ri io or ri it ty y_ _q qu ue eu ue e {
p pr ro ot te ec ct te ed d:

C C c c;
C Cm mp p c cm mp p;

p pu ub bl li ic c:
t ty yp pe ed de ef f t ty yp pe en na am me e C C: : v va al lu ue e_ _t ty yp pe e v va al lu ue e_ _t ty yp pe e;
t ty yp pe ed de ef f t ty yp pe en na am me e C C: : s si iz ze e_ _t ty yp pe e s si iz ze e_ _t ty yp pe e;
t ty yp pe ed de ef f C C c co on nt ta ai in ne er r_ _t ty yp pe e;

e ex xp pl li ic ci it t p pr ri io or ri it ty y_ _q qu ue eu ue e( c co on ns st t C Cm mp p& a a1 1 = C Cm mp p() , c co on ns st t C C& a a2 2 = C C())
: c c( a a2 2) , c cm mp p( a a1 1) { }

t te em mp pl la at te e <c cl la as ss s I In n>
p pr ri io or ri it ty y_ _q qu ue eu ue e( I In n f fi ir rs st t, I In n l la as st t, c co on ns st t C Cm mp p& = C Cm mp p() , c co on ns st t C C& = C C()) ;

b bo oo ol l e em mp pt ty y() c co on ns st t { r re et tu ur rn n c c. e em mp pt ty y() ; }
s si iz ze e_ _t ty yp pe e s si iz ze e() c co on ns st t { r re et tu ur rn n c c. s si iz ze e() ; }

c co on ns st t v va al lu ue e_ _t ty yp pe e& t to op p() c co on ns st t { r re et tu ur rn n c c. f fr ro on nt t() ; }

v vo oi id d p pu us sh h( c co on ns st t v va al lu ue e_ _t ty yp pe e&) ;
v vo oi id d p po op p() ;

};

The declaration ofp pr ri io or ri it ty y_ _q qu ue eu ue e is found in<q qu ue eu ue e>.
By default, thep pr ri io or ri it ty y_ _q qu ue eu ue e simply compares elements using the< operator andp po op p()

returns the largest element:

s st tr ru uc ct t M Me es ss sa ag ge e {
i in nt t p pr ri io or ri it ty y;
b bo oo ol l o op pe er ra at to or r<( c co on ns st t M Me es ss sa ag ge e& x x) c co on ns st t { r re et tu ur rn n p pr ri io or ri it ty y < x x. p pr ri io or ri it ty y; }
/ / ...

};
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v vo oi id d s se er rv ve er r( p pr ri io or ri it ty y_ _q qu ue eu ue e<M Me es ss sa ag ge e>& q q, L Lo oc ck k& l lc ck k)
{

w wh hi il le e(! q q. e em mp pt ty y()) {
M Me es ss sa ag ge e m m;
{ L Lo oc ck kP Pt tr r h h( l lc ck k) ; / / hold lock only while extracting message (see §14.4.7)

i if f ( q q. e em mp pt ty y()) r re et tu ur rn n; / / somebody else got the message
m m = q q. t to op p() ;
q q. p po op p() ;

}
m m. s se er rv vi ic ce e() ; / / call function to serve request

}
}

This example differs from theq qu ue eu ue e example (§17.3.2) in thatm me es ss sa ag ge es s with higher priority will
get served first. The order in which elements with equal priority come to the head of the queue is
not defined. Two elements are considered of equal priority if neither has higher priority than the
other (§17.4.1.5).

An alternative to< for comparison can be provided as a template argument. For example, we
could sort strings in a case-insensitive manner by placing them in

p pr ri io or ri it ty y_ _q qu ue eu ue e<s st tr ri in ng g, N No oc ca as se e> p pq q; / / use Nocase::operator()() for comparisons (§17.1.4.1)

usingp pq q. p pu us sh h() and then retrieving them usingp pq q. t to op p() andp pq q. p po op p() .
Objects defined by templates given different template arguments are of different types

(§13.6.3.1). For example:

v vo oi id d f f( p pr ri io or ri it ty y_ _q qu ue eu ue e<s st tr ri in ng g>& p pq q1 1)
{

p pq q = p pq q1 1; / / error: type mismatch
}

We can supply a comparison criterion without affecting the type of ap pr ri io or ri it ty y_ _q qu ue eu ue e by providing
a comparison object of the appropriate type as a constructor argument. For example:

s st tr ru uc ct t S St tr ri in ng g_ _c cm mp p { / / type used to express comparison criteria at run time
S St tr ri in ng g_ _c cm mp p( i in nt t n n = 0 0) ; / / use comparison criteria n
/ / ...

};

v vo oi id d g g( p pr ri io or ri it ty y_ _q qu ue eu ue e<s st tr ri in ng g, S St tr ri in ng g_ _c cm mp p>& p pq q)
{

p pr ri io or ri it ty y_ _q qu ue eu ue e<s st tr ri in ng g> p pq q2 2( S St tr ri in ng g_ _c cm mp p( n no oc ca as se e)) ;
p pq q = p pq q2 2; / / ok: pq and pq2 are of the same type, pq now also uses String_cmp(nocase)

}

Keeping elements in order isn’t free, but it needn’t be expensive either. One useful way of imple-
menting ap pr ri io or ri it ty y_ _q qu ue eu ue e is to use a tree structure to keep track of the relative positions of ele-
ments. This gives anO O( l lo og g( n n)) cost of bothp pu us sh h() andp po op p() .

By default, ap pr ri io or ri it ty y_ _q qu ue eu ue e makes av ve ec ct to or r to hold its elements, but any sequence that pro-
vides f fr ro on nt t() , p pu us sh h_ _b ba ac ck k() , p po op p_ _b ba ac ck k() , and random iterators can be used. Ap pr ri io or ri it ty y_ _q qu ue eu ue e
is most likely implemented using ah he ea ap p (§18.8).
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17.4 Associative Containers[cont.assoc]

An associative arrayis one of the most useful general, user-defined types. In fact, it is often a
built-in type in languages primarily concerned with text processing and symbolic processing. An
associative array, often called amap and sometimes called adictionary, keeps pairs of values.
Given one value, called thekey, we can access the other, called themapped value. An associative
array can be thought of as an array for which the index need not be an integer:

t te em mp pl la at te e<c cl la as ss s K K, c cl la as ss s V V> c cl la as ss s A As ss so oc c {
p pu ub bl li ic c:

V V& o op pe er ra at to or r[]( c co on ns st t K K&) ; / / return a reference to the V corresponding to K
/ / ...

};

Thus, a key of typeK K names a mapped value of typeV V.
Associative containers are a generalization of the notion of an associative array. Them ma ap p is a

traditional associative array, where a single value is associated with each unique key. Am mu ul lt ti im ma ap p
is an associative array that allows duplicate elements for a given key, ands se et t andm mu ul lt ti is se et t can be
seen as degenerate associative arrays in which no value is associated with a key.

17.4.1 Map [cont.map]

A m ma ap p is a sequence of (key,value) pairs that provides for fast retrieval based on the key. At most
one value is held for each key; in other words, each key in am ma ap p is unique. Am ma ap p provides bidi-
rectional iterators (§19.2.1).

Them ma ap p requires that a less-than operation exist for its key types (§17.1.4.1) and keeps its ele-
ments sorted so that iteration over am ma ap p occurs in order. For elements for which there is no obvi-
ous order or when there is no need to keep the container sorted, we might consider using a
h ha as sh h_ _m ma ap p (§17.6).

17.4.1.1 Types [cont.map.types]

A m ma ap p has the usual container member types (§16.3.1) plus a few relating to its specific function:

t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s C Cm mp p = l le es ss s<K Ke ey y>,
c cl la as ss s A A = a al ll lo oc ca at to or r< p pa ai ir r<c co on ns st t K Ke ey y, T T> > >

c cl la as ss s s st td d: : m ma ap p {
p pu ub bl li ic c:

/ / types:

t ty yp pe ed de ef f K Ke ey y k ke ey y_ _t ty yp pe e;
t ty yp pe ed de ef f T T m ma ap pp pe ed d_ _t ty yp pe e;

t ty yp pe ed de ef f p pa ai ir r<c co on ns st t K Ke ey y, T T> v va al lu ue e_ _t ty yp pe e;

t ty yp pe ed de ef f C Cm mp p k ke ey y_ _c co om mp pa ar re e;
t ty yp pe ed de ef f A A a al ll lo oc ca at to or r_ _t ty yp pe e;

t ty yp pe ed de ef f t ty yp pe en na am me e A A: : r re ef fe er re en nc ce e r re ef fe er re en nc ce e;
t ty yp pe ed de ef f t ty yp pe en na am me e A A: : c co on ns st t_ _r re ef fe er re en nc ce e c co on ns st t_ _r re ef fe er re en nc ce e;
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t ty yp pe ed de ef f implementation_defined1 i it te er ra at to or r;
t ty yp pe ed de ef f implementation_defined2 c co on ns st t_ _i it te er ra at to or r;

t ty yp pe ed de ef f t ty yp pe en na am me e A A: : s si iz ze e_ _t ty yp pe e s si iz ze e_ _t ty yp pe e;
t ty yp pe ed de ef f t ty yp pe en na am me e A A: : d di if ff fe er re en nc ce e_ _t ty yp pe e d di if ff fe er re en nc ce e_ _t ty yp pe e;

t ty yp pe ed de ef f s st td d: : r re ev ve er rs se e_ _i it te er ra at to or r<i it te er ra at to or r> r re ev ve er rs se e_ _i it te er ra at to or r;
t ty yp pe ed de ef f s st td d: : r re ev ve er rs se e_ _i it te er ra at to or r<c co on ns st t_ _i it te er ra at to or r> c co on ns st t_ _r re ev ve er rs se e_ _i it te er ra at to or r;
/ / ...

};

Note that thev va al lu ue e_ _t ty yp pe e of a m ma ap p is a (key,value)p pa ai ir r. The type of the mapped values is referred
to as them ma ap pp pe ed d_ _t ty yp pe e. Thus, am ma ap p is a sequence ofp pa ai ir r<c co on ns st t K Ke ey y, m ma ap pp pe ed d_ _t ty yp pe e> elements.

As usual, the actual iterator types are implementation-defined. Since am ma ap p most likely is
implemented using some form of a tree, these iterators usually provide some form of tree traversal.

The reverse iterators are constructed from the standardr re ev ve er rs se e_ _i it te er ra at to or r templates (§19.2.5).

17.4.1.2 Iterators and Pairs [cont.map.iter]

A m ma ap p provides the usual set of functions that return iterators (§16.3.2):

t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s C Cm mp p = l le es ss s<K Ke ey y>,
c cl la as ss s A A = a al ll lo oc ca at to or r< p pa ai ir r<c co on ns st t K Ke ey y, T T> > > c cl la as ss s m ma ap p {

p pu ub bl li ic c:
/ / ...
/ / iterators:

i it te er ra at to or r b be eg gi in n() ;
c co on ns st t_ _i it te er ra at to or r b be eg gi in n() c co on ns st t;

i it te er ra at to or r e en nd d() ;
c co on ns st t_ _i it te er ra at to or r e en nd d() c co on ns st t;

r re ev ve er rs se e_ _i it te er ra at to or r r rb be eg gi in n() ;
c co on ns st t_ _r re ev ve er rs se e_ _i it te er ra at to or r r rb be eg gi in n() c co on ns st t;

r re ev ve er rs se e_ _i it te er ra at to or r r re en nd d() ;
c co on ns st t_ _r re ev ve er rs se e_ _i it te er ra at to or r r re en nd d() c co on ns st t;

/ / ...
};

Iteration over am ma ap p is simply an iteration over a sequence ofp pa ai ir r<c co on ns st t K Ke ey y, m ma ap pp pe ed d_ _t ty yp pe e> ele-
ments. For example, we might print out the entries of a phone book like this:

v vo oi id d f f( m ma ap p<s st tr ri in ng g, n nu um mb be er r>& p ph ho on ne e_ _b bo oo ok k)
{

t ty yp pe ed de ef f m ma ap p<s st tr ri in ng g, n nu um mb be er r>: : c co on ns st t_ _i it te er ra at to or r C CI I;
f fo or r ( C CI I p p = p ph ho on ne e_ _b bo oo ok k. b be eg gi in n() ; p p!= p ph ho on ne e_ _b bo oo ok k. e en nd d() ; ++p p)

c co ou ut t << p p-> f fi ir rs st t << ´ \ \t t´ << p p-> s se ec co on nd d << ´ \ \n n´;
}

A m ma ap p iterator presents the elements in ascending order of its keys (§17.4.1.5). Therefore, the
p ph ho on ne e_ _b bo oo ok k entries will be output in lexicographical order.
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We refer to the first element of anyp pa ai ir r as f fi ir rs st t and the second ass se ec co on nd d independently of
what types they actually are:

t te em mp pl la at te e <c cl la as ss s T T1 1, c cl la as ss s T T2 2> s st tr ru uc ct t s st td d: : p pa ai ir r {
t ty yp pe ed de ef f T T1 1 f fi ir rs st t_ _t ty yp pe e;
t ty yp pe ed de ef f T T2 2 s se ec co on nd d_ _t ty yp pe e;

T T1 1 f fi ir rs st t;
T T2 2 s se ec co on nd d;

p pa ai ir r() : f fi ir rs st t( T T1 1()) , s se ec co on nd d( T T2 2()) { }
p pa ai ir r( c co on ns st t T T1 1& x x, c co on ns st t T T2 2& y y) : f fi ir rs st t( x x) , s se ec co on nd d( y y) { }
t te em mp pl la at te e<c cl la as ss s U U, c cl la as ss s V V>

p pa ai ir r( c co on ns st t p pa ai ir r<U U, V V>& p p) : f fi ir rs st t( p p. f fi ir rs st t) , s se ec co on nd d( p p. s se ec co on nd d) { }
};

The last constructor exists to allow conversions in the initializer (§13.6.2). For example:

p pa ai ir r<i in nt t, d do ou ub bl le e> f f( c ch ha ar r c c, i in nt t i i)
{

r re et tu ur rn n p pa ai ir r<i in nt t, d do ou ub bl le e>( c c, i i) ; / / conversions required
}

In am ma ap p, the key is the first element of the pair and the mapped value is the second.
The usefulness ofp pa ai ir r is not limited to the implementation ofm ma ap p, so it is a standard library

class in its own right. The definition ofp pa ai ir r is found in<u ut ti il li it ty y>. A function to make it conve-
nient to createp pa ai ir rs is also provided:

t te em mp pl la at te e <c cl la as ss s T T1 1, c cl la as ss s T T2 2> p pa ai ir r<T T1 1, T T2 2> s st td d: : m ma ak ke e_ _p pa ai ir r( T T1 1 t t1 1, T T2 2 t t2 2)
{

r re et tu ur rn n p pa ai ir r<T T1 1, T T2 2>( t t1 1, t t2 2) ;
}

A p pa ai ir r is by default initialized to the default values of its element types. In particular, this implies
that elements of built-in types are initialized to0 0 (§5.1.1) ands st tr ri in ng gs are initialized to the empty
string (§20.3.4). A type without a default constructor can be an element of ap pa ai ir r only provided the
pair is explicitly initialized.

17.4.1.3 Subscripting [cont.map.element]

The characteristicm ma ap p operation is the associative lookup provided by the subscript operator:

t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s C Cm mp p = l le es ss s<K Ke ey y>,
c cl la as ss s A A = a al ll lo oc ca at to or r< p pa ai ir r<c co on ns st t K Ke ey y, T T> > >

c cl la as ss s m ma ap p {
p pu ub bl li ic c:

/ / ...

m ma ap pp pe ed d_ _t ty yp pe e& o op pe er ra at to or r[]( c co on ns st t k ke ey y_ _t ty yp pe e& k k) ; / / access element with key k

/ / ...
};
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The subscript operator performs a lookup on the key given as an index and returns the correspond-
ing value. If the key isn’t found, an element with the key and the default value of them ma ap pp pe ed d_ _t ty yp pe e
is inserted into them ma ap p. For example:

v vo oi id d f f()
{

m ma ap p<s st tr ri in ng g, i in nt t> m m; / / map starting out empty
i in nt t x x = m m[" H He en nr ry y"] ; / / create new entry for "Henry", initialize to 0, return 0
m m[" H Ha ar rr ry y"] = 7 7; / / create new entry for "Harry", initialize to 0, and assign 7
i in nt t y y = m m[" H He en nr ry y"] ; / / return the value from "Henry"’s entry
m m[" H Ha ar rr ry y"] = 9 9; / / change the value from "Harry"’s entry to 9

}

As a slightly more realistic example, consider a program that calculates sums of items presented as
input in the form of (item-name,value) pairs such as

n na ai il l 1 10 00 0 h ha am mm me er r 2 2 s sa aw w 3 3 s sa aw w 4 4 h ha am mm me er r 7 7 n na ai il l 1 10 00 00 0 n na ai il l 2 25 50 0

and also calculates the sum for each item. The main work can be done while reading the (item-
name,value) pairs into am ma ap p:

v vo oi id d r re ea ad di it te em ms s( m ma ap p<s st tr ri in ng g, i in nt t>& m m)
{

s st tr ri in ng g w wo or rd d;
i in nt t v va al l = 0 0;
w wh hi il le e ( c ci in n >> w wo or rd d >> v va al l) m m[ w wo or rd d] += v va al l;

}

The subscript operationm m[ w wo or rd d] identifies the appropriate( s st tr ri in ng g, i in nt t) pair and returns a refer-
ence to itsi in nt t part. This code takes advantage of the fact that a new element gets itsi in nt t value set to
0 0 by default.

A m ma ap p constructed byr re ea ad di it te em ms s() can then be output using a conventional loop:

i in nt t m ma ai in n()
{

m ma ap p<s st tr ri in ng g, i in nt t> t tb bl l;
r re ea ad di it te em ms s( t tb bl l) ;

i in nt t t to ot ta al l = 0 0;
t ty yp pe ed de ef f m ma ap p<s st tr ri in ng g, i in nt t>: : c co on ns st t_ _i it te er ra at to or r C CI I;

f fo or r ( C CI I p p = t tb bl l. b be eg gi in n() ; p p!= t tb bl l. e en nd d() ; ++p p) {
t to ot ta al l += p p-> s se ec co on nd d;
c co ou ut t << p p-> f fi ir rs st t << ´ \ \t t´ << p p-> s se ec co on nd d << ´ \ \n n´;

}

c co ou ut t << "---------------- \ \n nt to ot ta al l\ \t t" << t to ot ta al l << ´ \ \n n´;

r re et tu ur rn n ! c ci in n;
}

Given the input above, the output is:
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h ha am mm me er r 9 9
n na ai il l 1 13 35 50 0
s sa aw w 7 7
----------------
t to ot ta al l 1 13 36 66 6

Note that the items are printed in lexical order (§17.4.1, §17.4.1.5).
A subscripting operation must find the key in them ma ap p. This, of course, is not as cheap as sub-

scripting an array with an integer. The cost isO O( l lo og g( s si iz ze e_ _o of f_ _m ma ap p)) , which is acceptable for
many applications. For applications for which this is too expensive, a hashed container is often the
answer (§17.6).

Subscripting am ma ap p adds a default element when the key is not found. Therefore, there is no
version of o op pe er ra at to or r[]() for c co on ns st t m ma ap ps. Furthermore, subscripting can be used only if the
m ma ap pp pe ed d_ _t ty yp pe e (value type) has a default value. If the programmer simply wants to see if a key is
present, thef fi in nd d() operation (§17.4.1.6) can be used to locate ak ke ey y without modifying them ma ap p.

17.4.1.4 Constructors [cont.map.ctor]

A m ma ap p provides the usual complement of constructors, etc. (§16.3.4) :

t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s C Cm mp p =l le es ss s<K Ke ey y>,
c cl la as ss s A A =a al ll lo oc ca at to or r<p pa ai ir r<c co on ns st t K Ke ey y, T T> > >

c cl la as ss s m ma ap p {
p pu ub bl li ic c:

/ / ...
/ / construct/copy/destroy:

e ex xp pl li ic ci it t m ma ap p( c co on ns st t C Cm mp p& = C Cm mp p() , c co on ns st t A A& = A A()) ;
t te em mp pl la at te e <c cl la as ss s I In n> m ma ap p( I In n f fi ir rs st t, I In n l la as st t, c co on ns st t C Cm mp p& = C Cm mp p() , c co on ns st t A A& = A A()) ;
m ma ap p( c co on ns st t m ma ap p&) ;

~m ma ap p() ;

m ma ap p& o op pe er ra at to or r=( c co on ns st t m ma ap p&) ;

/ / ...
};

Copying a container implies allocating space for its elements and making copies of each element
(§16.3.4). This can be very expensive and should be done only when necessary. Consequently,
containers such asm ma ap ps tend to be passed by reference.

The member template constructor takes a sequence ofp pa ai ir r<c co on ns st t K Ke ey y, T T>s described by a pair
input iteratorI In n. It i in ns se er rt t() s (§17.4.1.7) the elements from the sequence into them ma ap p.

17.4.1.5 Comparisons [cont.map.comp]

To find an element in am ma ap p given a key, them ma ap p operations must compare keys. Also, iterators
traverse am ma ap p in order of increasing key values, so insertion will typically also compare keys (to
place an element into a tree structure representing them ma ap p).

By default, the comparison used for keys is< (less than), but an alternative can be provided as a
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template parameter or as a constructor argument (see §17.3.3). The comparison given is a compari-
son of keys, but thev va al lu ue e_ _t ty yp pe e of a m ma ap p is a (key,value) pair. Consequently,v va al lu ue e_ _c co om mp p() is
provided to compare such pairs using the key comparison function:

t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s C Cm mp p = l le es ss s<K Ke ey y>,
c cl la as ss s A A = a al ll lo oc ca at to or r< p pa ai ir r<c co on ns st t K Ke ey y, T T> > >

c cl la as ss s m ma ap p {
p pu ub bl li ic c:

/ / ...

t ty yp pe ed de ef f C Cm mp p k ke ey y_ _c co om mp pa ar re e;

c cl la as ss s v va al lu ue e_ _c co om mp pa ar re e : p pu ub bl li ic c b bi in na ar ry y_ _f fu un nc ct ti io on n<v va al lu ue e_ _t ty yp pe e, v va al lu ue e_ _t ty yp pe e, b bo oo ol l> {
f fr ri ie en nd d c cl la as ss s m ma ap p;
p pr ro ot te ec ct te ed d:

C Cm mp p c cm mp p;
v va al lu ue e_ _c co om mp pa ar re e( C Cm mp p c c) : c cm mp p( c c) {}

p pu ub bl li ic c:
b bo oo ol l o op pe er ra at to or r()( c co on ns st t T T& x x, c co on ns st t T T& y y) c co on ns st t { r re et tu ur rn n c cm mp p( x x. f fi ir rs st t, y y. f fi ir rs st t) ; }

};

k ke ey y_ _c co om mp pa ar re e k ke ey y_ _c co om mp p() c co on ns st t;
v va al lu ue e_ _c co om mp pa ar re e v va al lu ue e_ _c co om mp p() c co on ns st t;

/ / ...
};

For example:

m ma ap p<s st tr ri in ng g, i in nt t> m m1 1;
m ma ap p<s st tr ri in ng g, i in nt t, N No oc ca as se e> m m2 2; / / specify comparison type (§17.1.4.1)
m ma ap p<s st tr ri in ng g, i in nt t, S St tr ri in ng g_ _c cm mp p> m m3 3; / / specify comparison type (§17.1.4.1)
m ma ap p<s st tr ri in ng g, i in nt t> m m4 4( S St tr ri in ng g_ _c cm mp p( l li it te er ra ar ry y)) ; / / pass comparison object

The k ke ey y_ _c co om mp p() andv va al lu ue e_ _c co om mp p() member functions make it possible to query am ma ap p for the
kind of comparisons used for keys and values. This is usually done to supply the same comparison
criterion to some other container or algorithm. For example:

v vo oi id d f f( m ma ap p<s st tr ri in ng g, i in nt t>& m m)
{

m ma ap p<s st tr ri in ng g, i in nt t> m mm m; / / compare using< by default
m ma ap p<s st tr ri in ng g, i in nt t> m mm mm m( m m. k ke ey y_ _c co om mp p()) ; / / compare the way m does
/ / ...

}

See §17.1.4.1 for an example of how to define a particular comparison and §18.4 for an explanation
of function objects in general.

17.4.1.6 Map Operations [cont.map.map]

The crucial idea form ma ap ps and indeed for all associative containers is to gain information based on a
key. Several specialized operations are provided for that:
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t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s C Cm mp p = l le es ss s<K Ke ey y>,
c cl la as ss s A A = a al ll lo oc ca at to or r< p pa ai ir r<c co on ns st t K Ke ey y, T T> > >

c cl la as ss s m ma ap p {
p pu ub bl li ic c:

/ / ...
/ / map operations:

i it te er ra at to or r f fi in nd d( c co on ns st t k ke ey y_ _t ty yp pe e& k k) ; / / find element with key k
c co on ns st t_ _i it te er ra at to or r f fi in nd d( c co on ns st t k ke ey y_ _t ty yp pe e& k k) c co on ns st t;

s si iz ze e_ _t ty yp pe e c co ou un nt t( c co on ns st t k ke ey y_ _t ty yp pe e& k k) c co on ns st t; / / find number of elements with key k

i it te er ra at to or r l lo ow we er r_ _b bo ou un nd d( c co on ns st t k ke ey y_ _t ty yp pe e& k k) ; / / find first element with key k
c co on ns st t_ _i it te er ra at to or r l lo ow we er r_ _b bo ou un nd d( c co on ns st t k ke ey y_ _t ty yp pe e& k k) c co on ns st t;
i it te er ra at to or r u up pp pe er r_ _b bo ou un nd d( c co on ns st t k ke ey y_ _t ty yp pe e& k k) ; / / find first element with key greater than k
c co on ns st t_ _i it te er ra at to or r u up pp pe er r_ _b bo ou un nd d( c co on ns st t k ke ey y_ _t ty yp pe e& k k) c co on ns st t;

p pa ai ir r<i it te er ra at to or r, i it te er ra at to or r> e eq qu ua al l_ _r ra an ng ge e( c co on ns st t k ke ey y_ _t ty yp pe e& k k) ;
p pa ai ir r<c co on ns st t_ _i it te er ra at to or r, c co on ns st t_ _i it te er ra at to or r> e eq qu ua al l_ _r ra an ng ge e( c co on ns st t k ke ey y_ _t ty yp pe e& k k) c co on ns st t;

/ / ...
};

A m m. f fi in nd d( k k) operation simply yields an iterator to an element with the keyk k. If there is no such
element, the iterator returned ism m. e en nd d() . For a container with unique keys, such asm ma ap p ands se et t,
the resulting iterator will point to the unique element with the keyk k. For a container with non-
unique keys, such asm mu ul lt ti im ma ap p andm mu ul lt ti is se et t, the resulting iterator will point to the first element that
has that key. For example:

v vo oi id d f f( m ma ap p<s st tr ri in ng g, i in nt t>& m m)
{

m ma ap p<s st tr ri in ng g, i in nt t>: : i it te er ra at to or r p p = m m. f fi in nd d(" G Go ol ld d") ;
i if f ( p p!= m m. e en nd d()) { / / if "Gold" was found

/ / ...
}
e el ls se e i if f ( m m. f fi in nd d(" S Si il lv ve er r")!= m m. e en nd d()) { / / look for "Silver"

/ / ...
}
/ / ...

}

For a m mu ul lt ti im ma ap p (§17.4.2), finding the first match is rarely as useful as finding all matches;
m m. l lo ow we er r_ _b bo ou un nd d( k k) andm m. u up pp pe er r_ _b bo ou un nd d( k k) give the beginning and the end of the subsequence
of elements ofm m with the keyk k. As usual, the end of a sequence is an iterator to the one-past-the-
last element of the sequence. For example:

v vo oi id d f f( m mu ul lt ti im ma ap p<s st tr ri in ng g, i in nt t>& m m)
{

m mu ul lt ti im ma ap p<s st tr ri in ng g, i in nt t>: : i it te er ra at to or r l lb b = m m. l lo ow we er r_ _b bo ou un nd d(" G Go ol ld d") ;
m mu ul lt ti im ma ap p<s st tr ri in ng g, i in nt t>: : i it te er ra at to or r u ub b = m m. u up pp pe er r_ _b bo ou un nd d(" G Go ol ld d") ;
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f fo or r ( m mu ul lt ti im ma ap p<s st tr ri in ng g, i in nt t>: : i it te er ra at to or r p p = l lb b; p p!= u ub b; ++p p) {
/ / ...

}
}

Finding the upper bound and lower bound by two separate operations is neither elegant nor effi-
cient. Consequently, the operatione eq qu ua al l_ _r ra an ng ge e() is provided to deliver both. For example:

v vo oi id d f f( m mu ul lt ti im ma ap p<s st tr ri in ng g, i in nt t>& m m)
{

t ty yp pe ed de ef f m mu ul lt ti im ma ap p<s st tr ri in ng g, i in nt t>: : i it te er ra at to or r M MI I;
p pa ai ir r<M MI I, M MI I> g g = m m. e eq qu ua al l_ _r ra an ng ge e(" G Go ol ld d") ;

f fo or r ( M MI I p p = g g. f fi ir rs st t; p p!= g g. s se ec co on nd d; ++p p) {
/ / ...

}
}

If l lo ow we er r_ _b bo ou un nd d( k k) doesn’t findk k, it returns an iterator to the first element that has a key greater
thank k, or e en nd d() if no such greater element exists. This way of reporting failure is also used by
u up pp pe er r_ _b bo ou un nd d() ande eq qu ua al l_ _r ra an ng ge e() .

17.4.1.7 List Operations [cont.map.modifier]

The conventional way of entering a value into an associative array is simply to assign to it using
subscripting. For example:

p ph ho on ne e_ _b bo oo ok k[" O Or rd de er r d de ep pa ar rt tm me en nt t"] = 8 82 22 26 63 33 39 9;

This will make sure that the Order department has the desired entry in thep ph ho on ne e_ _b bo oo ok k indepen-
dently of whether it had a prior entry. It is also possible toi in ns se er rt t() entries directly and to remove
entries usinge er ra as se e() :

t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s C Cm mp p = l le es ss s<K Ke ey y>,
c cl la as ss s A A = a al ll lo oc ca at to or r< p pa ai ir r<c co on ns st t K Ke ey y, T T> > >

c cl la as ss s m ma ap p {
p pu ub bl li ic c:

/ / ...
/ / list operations:

p pa ai ir r<i it te er ra at to or r, b bo oo ol l> i in ns se er rt t( c co on ns st t v va al lu ue e_ _t ty yp pe e& v va al l) ; / / insert (key,value) pair
i it te er ra at to or r i in ns se er rt t( i it te er ra at to or r p po os s, c co on ns st t v va al lu ue e_ _t ty yp pe e& v va al l) ; / / pos is just a hint
t te em mp pl la at te e <c cl la as ss s I In n> v vo oi id d i in ns se er rt t( I In n f fi ir rs st t, I In n l la as st t) ; / / insert elements from sequence

v vo oi id d e er ra as se e( i it te er ra at to or r p po os s) ; / / erase the element pointed to
s si iz ze e_ _t ty yp pe e e er ra as se e( c co on ns st t k ke ey y_ _t ty yp pe e& k k) ; / / erase element with key k (if present)
v vo oi id d e er ra as se e( i it te er ra at to or r f fi ir rs st t, i it te er ra at to or r l la as st t) ; / / erase range
v vo oi id d c cl le ea ar r() ;

/ / ...
};

The operationm m. i in ns se er rt t( v va al l) attempts to add a( K Ke ey y, T T) pair v va al l to m m. Sincem ma ap ps rely on
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unique keys, insertion takes place only if there is not already an element in them m with that key.
The return value ofm m. i in ns se er rt t( v va al l) is ap pa ai ir r<i it te er ra at to or r, b bo oo ol l>. Theb bo oo ol l is t tr ru ue e if v va al l was actually
inserted. The iterator refers to the element ofm m holding the keyk k. For example:

v vo oi id d f f( m ma ap p<s st tr ri in ng g, i in nt t>& m m)
{

p pa ai ir r<s st tr ri in ng g, i in nt t> p p9 99 9(" P Pa au ul l", 9 99 9) ;

p pa ai ir r<m ma ap p<s st tr ri in ng g, i in nt t>: : i it te er ra at to or r, b bo oo ol l> p p = m m. i in ns se er rt t( p p9 99 9) ;
i if f ( p p. s se ec co on nd d) {

/ / "Paul" was inserted
}
e el ls se e {

/ / "Paul" was there already
}
m ma ap p<s st tr ri in ng g, i in nt t>: : i it te er ra at to or r i i = p p. f fi ir rs st t; / / points to m["Paul"]
/ / ...

}

Usually, we do not care whether a key is newly inserted or was present in them ma ap p before the
i in ns se er rt t() . When we are interested, it is often because we want to register the fact that a value is in
am ma ap p somewhere else (outside them ma ap p). The other two versions ofi in ns se er rt t() do not return an indi-
cation of whether a value was actually inserted.

Specifying a position,i in ns se er rt t( p po os s, v va al l) , is simply a hint to the implementation to start the
search for the keyv va al l at p po os s. If the hint is good, significant performance improvements can result.
If the hint is bad, you’d have done better without it both notationally and efficiency-wise. For
example:

v vo oi id d f f( m ma ap p<s st tr ri in ng g, i in nt t>& m m)
{

m m[" D Di il lb be er rt t"] = 3 3; / / neat, possibly less efficient
m m. i in ns se er rt t( m m. b be eg gi in n() , m ma ak ke e_ _p pa ai ir r( c co on ns st t s st tr ri in ng g(" D Do og gb be er rt t") , 9 99 9)) ; / / ugly

}

In fact, [] is little more than a convenient notation fori in ns se er rt t() . The result ofm m[ k k] is equivalent
to the result of(*( m m. i in ns se er rt t( m ma ak ke e_ _p pa ai ir r( k k, V V())). f fi ir rs st t)). s se ec co on nd d, whereV V() is the default
value for the mapped type. When you understand that equivalence, you probably understand asso-
ciative containers.

Because[] always usesV V() , you cannot use subscripting on am ma ap p with a value type that does
not have a default value. This is an unfortunate limitation of the standard associative containers.
However, the requirement of a default value is not a fundamental property of associative containers
(see §17.6.2).

You can erase elements specified by a key. For example:

v vo oi id d f f( m ma ap p<s st tr ri in ng g, i in nt t>& m m)
{

i in nt t c co ou un nt t = p ph ho on ne e_ _b bo oo ok k. e er ra as se e(" R Ra at tb be er rt t") ;
/ / ...

}
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The integer returned is the number of erased elements. In particular,c co ou un nt t is 0 0 if there was no ele-
ment with the key" R Ra at tb be er rt t" to erase. For am mu ul lt ti im ma ap p or m mu ul lt ti is se et t, the value can be larger than1 1.
Alternatively, one can erase an element given an iterator pointing to it or a range of elements given
a sequence. For example:

v vo oi id d g g( m ma ap p<s st tr ri in ng g, i in nt t>& m m)
{

m m. e er ra as se e( m m. f fi in nd d(" C Ca at tb be er rt t")) ;
m m. e er ra as se e( m m. f fi in nd d(" A Al li ic ce e") , m m. f fi in nd d(" W Wa al ll ly y")) ;

}

Naturally, it is faster to erase an element for which you already have an iterator than to first find the
element given its key and then erase it. Aftere er ra as se e() , the iterator cannot be used again because
the element to which it pointed is no longer there. Erasinge en nd d() is harmless.

17.4.1.8 Other Functions [cont.map.etc]

Finally, am ma ap p provides the usual functions dealing with the number of elements and a specialized
s sw wa ap p() :

t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s C Cm mp p = l le es ss s<K Ke ey y>,
c cl la as ss s A A = a al ll lo oc ca at to or r< p pa ai ir r<c co on ns st t K Ke ey y, T T> > >

c cl la as ss s m ma ap p {
p pu ub bl li ic c:

/ / ...
/ / capacity:

s si iz ze e_ _t ty yp pe e s si iz ze e() c co on ns st t; / / number of elements
s si iz ze e_ _t ty yp pe e m ma ax x_ _s si iz ze e() c co on ns st t; / / size of largest possible map
b bo oo ol l e em mp pt ty y() c co on ns st t { r re et tu ur rn n s si iz ze e()== 0 0; }

v vo oi id d s sw wa ap p( m ma ap p&) ;
};

As usual, a value returned bys si iz ze e() or m ma ax x_ _s si iz ze e() is a number of elements.
In addition,m ma ap p provides==, != , <, >, <=, >=, ands sw wa ap p() as nonmember functions:

t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s C Cm mp p, c cl la as ss s A A>
b bo oo ol l o op pe er ra at to or r==( c co on ns st t m ma ap p<K Ke ey y, T T, C Cm mp p, A A>&, c co on ns st t m ma ap p<K Ke ey y, T T, C Cm mp p, A A>&) ;

/ / similarly !=, <, >, <=, and>=

t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s C Cm mp p, c cl la as ss s A A>
v vo oi id d s sw wa ap p( m ma ap p<K Ke ey y, T T, C Cm mp p, A A>&, m ma ap p<K Ke ey y, T T, C Cm mp p, A A>&) ;

Why would anyone want to compare twom ma ap ps? When we specifically compare twom ma ap ps, we usu-
ally want to know not just if them ma ap ps differ, but also how they differ if they do. In such cases, we
don’t use== or != . However, by providing==, <, ands sw wa ap p() for every container, we make it
possible to write algorithms that can be applied to every container. For example, these functions
allow us tos so or rt t() av ve ec ct to or r of m ma ap ps and to have as se et t of m ma ap ps.
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17.4.2 Multimap [cont.multimap]

A m mu ul lt ti im ma ap p is like am ma ap p, except that it allows duplicate keys:

t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s C Cm mp p = l le es ss s<K Ke ey y>,
c cl la as ss s A A = a al ll lo oc ca at to or r< p pa ai ir r<c co on ns st t K Ke ey y, T T> > >

c cl la as ss s s st td d: : m mu ul lt ti im ma ap p {
p pu ub bl li ic c:

/ / like map, except:

i it te er ra at to or r i in ns se er rt t( c co on ns st t v va al lu ue e_ _t ty yp pe e&) ; / / returns iterator, not pair

/ / no subscript operator []
};

For example (usingC Cs st tr ri in ng g_ _l le es ss s from §17.1.4.1 to compare C-style strings):

v vo oi id d f f( m ma ap p<c ch ha ar r*, i in nt t, C Cs st tr ri in ng g_ _l le es ss s>& m m, m mu ul lt ti im ma ap p<c ch ha ar r*, i in nt t, C Cs st tr ri in ng g_ _l le es ss s>& m mm m)
{

m m. i in ns se er rt t( m ma ak ke e_ _p pa ai ir r(" x x", 4 4)) ;
m m. i in ns se er rt t( m ma ak ke e_ _p pa ai ir r(" x x", 5 5)) ; / / no effect: there already is an entry for "x" (§17.4.1.7)
/ / now m["x"] == 4

m mm m. i in ns se er rt t( m ma ak ke e_ _p pa ai ir r(" x x", 4 4)) ;
m mm m. i in ns se er rt t( m ma ak ke e_ _p pa ai ir r(" x x", 5 5)) ;
/ / mm now holds both ("x",4) and ("x",5)

}

This implies thatm mu ul lt ti im ma ap p cannot support subscripting by key values in the waym ma ap p does. The
e eq qu ua al l_ _r ra an ng ge e() , l lo ow we er r_ _b bo ou un nd d() , and u up pp pe er r_ _b bo ou un nd d() operations (§17.4.1.6) are the primary
means of accessing multiple values with the same key.

Naturally, where several values can exist for a single key, am mu ul lt ti im ma ap p is preferred over am ma ap p.
That happens far more often than people first think when they hear aboutm mu ul lt ti im ma ap p. In some ways,
am mu ul lt ti im ma ap p is even cleaner and more elegant than am ma ap p.

Because a person can easily have several phone numbers, a phone book is a good example of a
m mu ul lt ti im ma ap p. I might print my phone numbers like this:

v vo oi id d p pr ri in nt t_ _n nu um mb be er rs s( c co on ns st t m mu ul lt ti im ma ap p<s st tr ri in ng g, i in nt t>& p ph ho on ne e_ _b bo oo ok k)
{

t ty yp pe ed de ef f m mu ul lt ti im ma ap p<s st tr ri in ng g, i in nt t>: : c co on ns st t_ _i it te er ra at to or r I I;
p pa ai ir r<I I, I I> b b = p ph ho on ne e_ _b bo oo ok k. e eq qu ua al l_ _r ra an ng ge e(" S St tr ro ou us st tr ru up p") ;
f fo or r ( I I i i = b b. f fi ir rs st t; i i != b b. s se ec co on nd d; ++i i) c co ou ut t << i i-> s se ec co on nd d << ´ \ \n n´;

}

For a m mu ul lt ti im ma ap p, the argument to i in ns se er rt t() is always inserted. Consequently, the
m mu ul lt ti im ma ap p: : i in ns se er rt t() returns an iterator rather than ap pa ai ir r<i it te er ra at to or r, b bo oo ol l> like m ma ap p does. For uni-
formity, the library could have provided the general form ofi in ns se er rt t() for bothm ma ap p andm mu ul lt ti im ma ap p
even though theb bo oo ol l would have been redundant for am mu ul lt ti im ma ap p. Yet another design alternative
would have been to provide a simplei in ns se er rt t() that didn’t return ab bo oo ol l in either case and then sup-
ply users ofm ma ap p with some other way of figuring out whether a key was newly inserted. This is a
case in which different interface design ideas clash.
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17.4.3 Set [cont.set]

A s se et t can be seen as am ma ap p (§17.4.1), where the values are irrelevant, so we keep track of only the
keys. This leads to only minor changes to the user interface:

t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s C Cm mp p = l le es ss s<K Ke ey y>, c cl la as ss s A A = a al ll lo oc ca at to or r<K Ke ey y> >
c cl la as ss s s st td d: : s se et t {
p pu ub bl li ic c:

/ / like map except:

t ty yp pe ed de ef f K Ke ey y v va al lu ue e_ _t ty yp pe e; / / the key itself is the value
t ty yp pe ed de ef f C Cm mp p v va al lu ue e_ _c co om mp pa ar re e;
/ / no subscript operator []

};

Defining v va al lu ue e_ _t ty yp pe e as thek ke ey y_ _t ty yp pe e type is a trick to allow code that usesm ma ap ps ands se et ts to be
identical in many cases.

Note thats se et t relies on a comparison operation (by default<) rather than equality (==). This
implies that equivalence of elements is defined by inequality (§17.1.4.1) and that iteration through
as se et t has a well-defined order.

Like m ma ap p, s se et t provides==, != , <, >, <=, >=, ands sw wa ap p() .

17.4.4 Multiset [cont.multiset]

A m mu ul lt ti is se et t is as se et t that allows duplicate keys:

t te em mp pl la at te e <c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s C Cm mp p = l le es ss s<K Ke ey y>, c cl la as ss s A A = a al ll lo oc ca at to or r<K Ke ey y> >
c cl la as ss s s st td d: : m mu ul lt ti is se et t {
p pu ub bl li ic c:

/ / like set, except:
i it te er ra at to or r i in ns se er rt t( c co on ns st t v va al lu ue e_ _t ty yp pe e&) ; / / returns iterator, not pair

};

Thee eq qu ua al l_ _r ra an ng ge e() , l lo ow we er r_ _b bo ou un nd d() , andu up pp pe er r_ _b bo ou un nd d() operations (§17.4.1.6) are the primary
means of accessing multiple occurrences of a key.

17.5 Almost Containers[cont.etc]

Built-in arrays (§5.2),s st tr ri in ng gs (Chapter 20),v va al la ar rr ra ay ys (§22.4), andb bi it ts se et ts (§17.5.3) hold elements
and can therefore be considered containers for many purposes. However, each lacks some aspect or
other of the standard container interface, so these ‘‘almost containers’’ are not completely inter-
changeable with fully developed containers such asv ve ec ct to or r andl li is st t.

17.5.1 String [cont.string]

A b ba as si ic c_ _s st tr ri in ng g provides subscripting, random-access iterators, and most of the notational conve-
niences of a container (Chapter 20). However,b ba as si ic c_ _s st tr ri in ng g does not provide as wide a selection of
types as elements. It also is optimized for use as a string of characters and is typically used in ways
that differ significantly from a container.
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17.5.2 Valarray [cont.valarray]

A v va al la ar rr ra ay y (§22.4) is a vector for optimized numeric computation. Consequently, av va al la ar rr ra ay y
doesn’t attempt to be a general container. Av va al la ar rr ra ay y provides many useful numeric operations.
However, of the standard container operations (§17.1.1), it offers onlys si iz ze e() and a subscript oper-
ator (§22.4.2). A pointer to an element of av va al la ar rr ra ay y is a random-access iterator (§19.2.1).

17.5.3 Bitset [cont.bitset]

Often, aspects of a system, such as the state of an input stream (§21.3.3), are represented as a set of
flags indicating binary conditions such as good/bad, true/false, and on/off. C++ supports the notion
of small sets of flags efficiently through bitwise operations on integers (§6.2.4). These operations
include& (and),| (or), ^ (exclusive or),<< (shift left), and>> (shift right). Classb bi it ts se et t<N N> gen-
eralizes this notion and offers greater convenience by providing operations on a set ofN N bits
indexed from0 0 throughN N- 1 1, whereN N is known at compile time. For sets of bits that don’t fit into
a l lo on ng g i in nt t, using ab bi it ts se et t is much more convenient than using integers directly. For smaller sets,
there may be an efficiency tradeoff. If you want to name the bits, rather than numbering them,
using as se et t (§17.4.3), an enumeration (§4.8), or a bitfield (§C.8.1) are alternatives.

A b bi it ts se et t<N N> is an array ofN N bits. A b bi it ts se et t differs from av ve ec ct to or r<b bo oo ol l> (§16.3.11) by being of
fixed size, froms se et t (§17.4.3) by having its bits indexed by integers rather than associatively by
value, and from bothv ve ec ct to or r<b bo oo ol l> ands se et t by providing operations to manipulate the bits.

It is not possible to address a single bit directly using a built-in pointer (§5.1). Consequently,
b bi it ts se et t provides a reference-to-bit type. This is actually a generally useful technique for addressing
objects for which a built-in pointer for some reason is unsuitable:

t te em mp pl la at te e<s si iz ze e_ _t t N N> c cl la as ss s s st td d: : b bi it ts se et t {
p pu ub bl li ic c:

c cl la as ss s r re ef fe er re en nc ce e { / / reference to a single bit:
f fr ri ie en nd d c cl la as ss s b bi it ts se et t;
r re ef fe er re en nc ce e() ;

p pu ub bl li ic c: / / b[i] refers to the (i+1)’th bit:
~r re ef fe er re en nc ce e() ;
r re ef fe er re en nc ce e& o op pe er ra at to or r=( b bo oo ol l x x) ; / / for b[i] = x;
r re ef fe er re en nc ce e& o op pe er ra at to or r=( c co on ns st t r re ef fe er re en nc ce e&) ; / / for b[i] = b[j];
b bo oo ol l o op pe er ra at to or r~() c co on ns st t; / / return ˜b[i]
o op pe er ra at to or r b bo oo ol l() c co on ns st t; / / for x = b[i];
r re ef fe er re en nc ce e& f fl li ip p() ; / / b[i].flip();

};

/ / ...
};

Theb bi it ts se et t template is defined in namespaces st td d and presented in<b bi it ts se et t>.
For historical reasons,b bi it ts se et t differs somewhat in style from other standard library classes. For

example, if an index (also known as abit position) is out of range, ano ou ut t_ _o of f_ _r ra an ng ge e exception is
thrown. No iterators are provided. Bit positions are numbered right to left in the same way bits
often are in a word, so the value ofb b[ i i] is p po ow w( i i, 2 2) . Thus, a bitset can be thought of as anN N-bit
binary number:
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1 1 1 1 0 1 1 1 0 1

9 8 7 6 5 4 3 2 1 0

bitset<10>:

position:

17.5.3.1 Constructors [cont.bitset.ctor]

A b bi it ts se et t can be constructed with default values, from the bits in anu un ns si ig gn ne ed d l lo on ng g i in nt t, or from a
s st tr ri in ng g:

t te em mp pl la at te e<s si iz ze e_ _t t N N> c cl la as ss s b bi it ts se et t {
p pu ub bl li ic c:

/ / ...
/ / constructors:

b bi it ts se et t() ; / / N zero-bits
b bi it ts se et t( u un ns si ig gn ne ed d l lo on ng g v va al l) ; / / bits from val

t te em mp pl la at te e<c cl la as ss s C Ch h, c cl la as ss s T Tr r, c cl la as ss s A A> / / Tr is a character trait (§20.2)
e ex xp pl li ic ci it t b bi it ts se et t( c co on ns st t b ba as si ic c_ _s st tr ri in ng g<C Ch h, T Tr r, A A>& s st tr r, / / bits from string str

b ba as si ic c_ _s st tr ri in ng g<C Ch h, T Tr r, A A>: : s si iz ze e_ _t ty yp pe e p po os s = 0 0,
b ba as si ic c_ _s st tr ri in ng g<C Ch h, T Tr r, A A>: : s si iz ze e_ _t ty yp pe e n n = b ba as si ic c_ _s st tr ri in ng g<C Ch h, T Tr r, A A>: : n np po os s) ;

/ / ...
};

The default value of a bit is0 0. When anu un ns si ig gn ne ed d l lo on ng g i in nt t argument is supplied, each bit in the
integer is used to initialize the corresponding bit in the bitset (if any). Ab ba as si ic c_ _s st tr ri in ng g (Chapter 20)
argument does the same, except that the character´ 0 0´ gives the bitvalue0 0, the characteŕ1 1´ gives
the bitvalue1 1, and other characters cause ani in nv va al li id d_ _a ar rg gu um me en nt t exception to be thrown. By default,
a complete string is used for initialization. However, in the style of ab ba as si ic c_ _s st tr ri in ng g constructor
(§20.3.4), a user can specify that only the range of characters fromp po os s to the end of the string or to
p po os s+n n are to be used. For example:

v vo oi id d f f()
{

b bi it ts se et t<1 10 0> b b1 1; / / all 0

b bi it ts se et t<1 16 6> b b2 2 = 0 0x xa aa aa aa a; / / 1010101010101010
b bi it ts se et t<3 32 2> b b3 3 = 0 0x xa aa aa aa a; / / 00000000000000001010101010101010

b bi it ts se et t<1 10 0> b b4 4(" 1 10 01 10 01 10 01 10 01 10 0") ; / / 1010101010
b bi it ts se et t<1 10 0> b b5 5(" 1 10 01 11 10 01 11 11 10 01 11 11 11 10 0", 4 4) ; / / 0111011110
b bi it ts se et t<1 10 0> b b6 6(" 1 10 01 11 10 01 11 11 10 01 11 11 11 10 0", 2 2, 8 8) ; / / 0011011101

b bi it ts se et t<1 10 0> b b7 7(" n n0 0g g0 00 0d d") ; / / invalid_argument thrown
b bi it ts se et t<1 10 0> b b8 8 = " n n0 0g g0 00 0d d"; / / error: no char* to bitset conversion

}

A key idea in the design ofb bi it ts se et t is that an optimized implementation can be provided for bitsets
that fit in a single word. The interface reflects this assumption.
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17.5.3.2 Bit Manipulation Operations [cont.bitset.oper]

A b bi it ts se et t provides the operators for accessing individual bits and for manipulating all bits in the set:

t te em mp pl la at te e<s si iz ze e_ _t t N N> c cl la as ss s s st td d: : b bi it ts se et t {
p pu ub bl li ic c:

/ / ...
/ / bitset operations:

r re ef fe er re en nc ce e o op pe er ra at to or r[]( s si iz ze e_ _t t p po os s) ; / / b[i]

b bi it ts se et t& o op pe er ra at to or r&=( c co on ns st t b bi it ts se et t& s s) ; / / and
b bi it ts se et t& o op pe er ra at to or r|=( c co on ns st t b bi it ts se et t& s s) ; / / or
b bi it ts se et t& o op pe er ra at to or r^=( c co on ns st t b bi it ts se et t& s s) ; / / exclusive or

b bi it ts se et t& o op pe er ra at to or r<<=( s si iz ze e_ _t t n n) ; / / logical left shift (fill with zeros)
b bi it ts se et t& o op pe er ra at to or r>>=( s si iz ze e_ _t t n n) ; / / logical right shift (fill with zeros)

b bi it ts se et t& s se et t() ; / / set every bit to 1
b bi it ts se et t& s se et t( s si iz ze e_ _t t p po os s, i in nt t v va al l = 1 1) ; / / b[pos]=val

b bi it ts se et t& r re es se et t() ; / / set every bit to 0
b bi it ts se et t& r re es se et t( s si iz ze e_ _t t p po os s) ; / / b[pos]=0

b bi it ts se et t& f fl li ip p() ; / / change the value of every bit
b bi it ts se et t& f fl li ip p( s si iz ze e_ _t t p po os s) ; / / change the value of b[pos]

b bi it ts se et t o op pe er ra at to or r~() c co on ns st t { r re et tu ur rn n b bi it ts se et t<N N>(* t th hi is s). f fl li ip p() ; } / / make complement set
b bi it ts se et t o op pe er ra at to or r<<( s si iz ze e_ _t t n n) c co on ns st t { r re et tu ur rn n b bi it ts se et t<N N>(* t th hi is s)<<= n n; } / / make shifted set
b bi it ts se et t o op pe er ra at to or r>>( s si iz ze e_ _t t n n) c co on ns st t { r re et tu ur rn n b bi it ts se et t<N N>(* t th hi is s)>>= n n; } / / make shifted set

/ / ...
};

The subscript operator throwso ou ut t_ _o of f_ _r ra an ng ge e if the subscript is out of range. There is no unchecked
subscript operation.

Theb bi it ts se et t& returned by these operations is* t th hi is s. An operator returning ab bi it ts se et t (rather than a
b bi it ts se et t&) makes a copy of* t th hi is s, applies its operation to that copy, and returns the result. In particu-
lar, >> and<< really are shift operations rather than I/O operations. The output operator for ab bi it t- -
s se et t is a<< that takes ano os st tr re ea am m and ab bi it ts se et t (§17.5.3.3).

When bits are shifted, a logical (rather than cyclic) shift is used. That implies that some bits
‘‘fall off the end’’ and that some positions get the default value 0. Note that becauses si iz ze e_ _t t is an
unsigned type, it is not possible to shift by a negative number. It does, however, imply thatb b<<- 1 1
shifts by a very large positive value, thus leaving every bit of theb bi it ts se et t b b with the value0 0. Your
compiler should warn against this.

17.5.3.3 Other Operations [cont.bitset.etc]

A b bi it ts se et t also supports common operations such ass si iz ze e() , ==, I/O , etc.:
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t te em mp pl la at te e<s si iz ze e_ _t t N N> c cl la as ss s b bi it ts se et t {
p pu ub bl li ic c:

/ / ...

u un ns si ig gn ne ed d l lo on ng g t to o_ _u ul lo on ng g() c co on ns st t;

t te em mp pl la at te e <c cl la as ss s C Ch h, c cl la as ss s T Tr r, c cl la as ss s A A> b ba as si ic c_ _s st tr ri in ng g<C Ch h, T Tr r, A A> t to o_ _s st tr ri in ng g() c co on ns st t;

s si iz ze e_ _t t c co ou un nt t() c co on ns st t; / / number of bits with value 1
s si iz ze e_ _t t s si iz ze e() c co on ns st t { r re et tu ur rn n N N; } / / number of bits

b bo oo ol l o op pe er ra at to or r==( c co on ns st t b bi it ts se et t& s s) c co on ns st t;
b bo oo ol l o op pe er ra at to or r!=( c co on ns st t b bi it ts se et t& s s) c co on ns st t;

b bo oo ol l t te es st t( s si iz ze e_ _t t p po os s) c co on ns st t; / / true if b[pos] is 1
b bo oo ol l a an ny y() c co on ns st t; / / true if any bit is 1
b bo oo ol l n no on ne e() c co on ns st t; / / true if no bit is 1

};

The operationst to o_ _u ul lo on ng g() andt to o_ _s st tr ri in ng g() provide the inverse operations to the constructors. To
avoid nonobvious conversions, named operations were preferred over conversion operations. If the
value of theb bi it ts se et t has so many significant bits that it cannot be represented as anu un ns si ig gn ne ed d l lo on ng g,
t to o_ _u ul lo on ng g() throwso ov ve er rf fl lo ow w_ _e er rr ro or r.

The t to o_ _s st tr ri in ng g() operation produces a string of the desired type holding a sequence of´ 0 0´ and
´ 1 1´ characters;b ba as si ic c_ _s st tr ri in ng g is the template used to implement strings (Chapter 20). We could use
t to o_ _s st tr ri in ng g to write out the binary representation of ani in nt t:

v vo oi id d b bi in na ar ry y( i in nt t i i)
{

b bi it ts se et t<8 8* s si iz ze eo of f( i in nt t)> b b = i i; / / assume 8-bit byte (see also §22.2)
c co ou ut t << b b. t te em mp pl la at te e t to o_ _s st tr ri in ng g<c ch ha ar r>() << ´ \ \n n´;

}

Unfortunately, invoking an explicitly qualified member template requires a rather elaborate and
rare syntax (§C.13.6).

In addition to the member functions,b bi it ts se et t provides binary& (and),| (or), ^ (exclusive or), and
the usual I/O operators:

t te em mp pl la at te e<s si iz ze e_ _t t N N> b bi it ts se et t<N N>& s st td d: : o op pe er ra at to or r&( c co on ns st t b bi it ts se et t<N N>&, c co on ns st t b bi it ts se et t<N N>&) ;
t te em mp pl la at te e<s si iz ze e_ _t t N N> b bi it ts se et t<N N>& s st td d: : o op pe er ra at to or r|( c co on ns st t b bi it ts se et t<N N>&, c co on ns st t b bi it ts se et t<N N>&) ;
t te em mp pl la at te e<s si iz ze e_ _t t N N> b bi it ts se et t<N N>& s st td d: : o op pe er ra at to or r^( c co on ns st t b bi it ts se et t<N N>&, c co on ns st t b bi it ts se et t<N N>&) ;

t te em mp pl la at te e <c cl la as ss s c ch ha ar rT T, c cl la as ss s T Tr r, s si iz ze e_ _t t N N>
b ba as si ic c_ _i is st tr re ea am m<c ch ha ar rT T, T Tr r>& s st td d: : o op pe er ra at to or r>>( b ba as si ic c_ _i is st tr re ea am m<c ch ha ar rT T, T Tr r>&, b bi it ts se et t<N N>&) ;
t te em mp pl la at te e <c cl la as ss s c ch ha ar rT T, c cl la as ss s T Tr r, s si iz ze e_ _t t N N>
b ba as si ic c_ _o os st tr re ea am m<c ch ha ar rT T, T Tr r>& s st td d: : o op pe er ra at to or r<<( b ba as si ic c_ _o os st tr re ea am m<c ch ha ar rT T, T Tr r>&, c co on ns st t b bi it ts se et t<N N>&) ;

We can therefore write out a bitset without first converting it to a string. For example:
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v vo oi id d b bi in na ar ry y( i in nt t i i)
{

b bi it ts se et t<8 8* s si iz ze eo of f( i in nt t)> b b = i i; / / assume 8-bit byte (see also §22.2)
c co ou ut t << b b << ´ \ \n n´;

}

This prints the bits represented as1 1s and0 0s left-to-right, with the most significant bit leftmost.

17.5.4 Built-In Arrays [cont.array]

A built-in array supplies subscripting and random-access iterators in the form of ordinary pointers
(§2.7.2). However, an array doesn’t know its own size, so users must keep track of that size. In
general, an array doesn’t provide the standard member operations and types.

It is possible, and sometimes useful, to provide an ordinary array in a guise that provides the
notational convenience of a standard container without changing its low-level nature:

t te em mp pl la at te e<c cl la as ss s T T, i in nt t m ma ax x> s st tr ru uc ct t c c_ _a ar rr ra ay y {
t ty yp pe ed de ef f T T v va al lu ue e_ _t ty yp pe e;

t ty yp pe ed de ef f T T* i it te er ra at to or r;
t ty yp pe ed de ef f c co on ns st t T T* c co on ns st t_ _i it te er ra at to or r;

t ty yp pe ed de ef f T T& r re ef fe er re en nc ce e;
t ty yp pe ed de ef f c co on ns st t T T& c co on ns st t_ _r re ef fe er re en nc ce e;

T T v v[ m ma ax x] ;
o op pe er ra at to or r T T*() { r re et tu ur rn n v v; }

r re ef fe er re en nc ce e o op pe er ra at to or r[]( s si iz ze e_ _t t i i) { r re et tu ur rn n v v[ i i] ; }
c co on ns st t_ _r re ef fe er re en nc ce e o op pe er ra at to or r[]( s si iz ze e_ _t t i i) c co on ns st t { r re et tu ur rn n v v[ i i] ; }

i it te er ra at to or r b be eg gi in n() { r re et tu ur rn n v v; }
c co on ns st t_ _i it te er ra at to or r b be eg gi in n() c co on ns st t { r re et tu ur rn n v v; }

i it te er ra at to or r e en nd d() { r re et tu ur rn n v v+m ma ax x; }
c co on ns st t_ _i it te er ra at to or r e en nd d() c co on ns st t { r re et tu ur rn n v v+m ma ax x; }

p pt tr rd di if ff f_ _t t s si iz ze e() c co on ns st t { r re et tu ur rn n m ma ax x; }
};

Thec c_ _a ar rr ra ay y template is not part of the standard library. It is presented here as a simple example of
how to fit a ‘‘foreign’’ container into the standard container framework. It can be used with stan-
dard algorithms (Chapter 18) usingb be eg gi in n() , e en nd d() , etc. It can be allocated on the stack without
any indirect use of dynamic memory. Also, it can be passed to a C-style function that expects a
pointer. For example:

v vo oi id d f f( i in nt t* p p, i in nt t s sz z) ; / / C-style

v vo oi id d g g()
{

c c_ _a ar rr ra ay y<i in nt t, 1 10 0> a a;
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f f( a a, a a. s si iz ze e()) ; / / C-style use
c c_ _a ar rr ra ay y<i in nt t, 1 10 0>: : i it te er ra at to or r p p = f fi in nd d( a a. b be eg gi in n() , a a. e en nd d() , 7 77 77 7) ; / / C++/STL style use
/ / ...

}

17.6 Defining a New Container[cont.hash]

The standard containers provide a framework to which a user can add. Here, I show how to provide
a container in such a way that it can be used interchangeably with the standard containers wherever
reasonable. The implementation is meant to be realistic, but it is not optimal. The interface is cho-
sen to be very close to that of existing, widely-available, and high-quality implementations of the
notion of ah ha as sh h_ _m ma ap p. Use theh ha as sh h_ _m ma ap p provided here to study the general issues. Then, use a
supportedh ha as sh h_ _m ma ap p for production use.

17.6.1 Hash_map [cont.hash.map]

A m ma ap p is an associative container that accepts almost any type as its element type. It does that by
relying only on a less-than operation for comparing elements (§17.4.1.5). However, if we know
more about a key type we can often reduce the time needed to find an element by providing a hash
function and implementing a container as a hash table.

A hash function is a function that quickly maps a value to an index in such a way that two dis-
tinct values rarely end up with the same index. Basically, a hash table is implemented by placing a
value at its index, unless another value is already placed there, and ‘‘nearby’’ if one is. Finding an
element placed at its index is fast, and finding one ‘‘nearby’’ is not slow, provided equality testing
is reasonably fast. Consequently, it is not uncommon for ah ha as sh h_ _m ma ap p to provide five to ten times
faster lookup than am ma ap p for larger containers, where the speed of lookup matters most. On the
other hand, ah ha as sh h_ _m ma ap p with an ill-chosen hash function can be much slower than am ma ap p.

There are many ways of implementing a hash table. The interface ofh ha as sh h_ _m ma ap p is designed to
differ from that of the standard associative containers only where necessary to gain performance
through hashing. The most fundamental difference between am ma ap p and ah ha as sh h_ _m ma ap p is that am ma ap p
requires a< for its element type, while ah ha as sh h_ _m ma ap p requires an== and a hash function. Thus, a
h ha as sh h_ _m ma ap p must differ from am ma ap p in the non-default ways of creating one. For example:

m ma ap p<s st tr ri in ng g, i in nt t> m m1 1; / / compare strings using<
m ma ap p<s st tr ri in ng g, i in nt t, N No oc ca as se e> m m2 2; / / compare strings using Nocase() (§17.1.4.1)

h ha as sh h_ _m ma ap p<s st tr ri in ng g, i in nt t> h hm m1 1; / / hash using Hash<string>() (§17.6.2.3), compare using ==
h ha as sh h_ _m ma ap p<s st tr ri in ng g, i in nt t, h hf fc ct t> h hm m2 2; / / hash using hfct(), compare using ==
h ha as sh h_ _m ma ap p<s st tr ri in ng g, i in nt t, h hf fc ct t, e eq ql l> h hm m3 3; / / hash using hfct(), compare using eql

A container using hashed lookup is implemented using one or more tables. In addition to holding
its elements, the container needs to keep track of which values have been associated with each
hashed value (‘‘index’’ in the prior explanation); this is done using a ‘‘hash table.’’ Most hash
table implementations seriously degrade in performance if that table gets ‘‘too full,’’ say 75% full.
Consequently, theh ha as sh h_ _m ma ap p defined next is automatically resized when it gets too full. However,
resizing can be expensive, so it is useful to be able to specify an initial size.
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Thus, a first approximation of ah ha as sh h_ _m ma ap p looks like this:

t te em mp pl la at te e<c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s H H = H Ha as sh h<K Ke ey y>,
c cl la as ss s E EQ Q = e eq qu ua al l_ _t to o<K Ke ey y>, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> >

c cl la as ss s h ha as sh h_ _m ma ap p {
/ / like map, except:

t ty yp pe ed de ef f H H H Ha as sh he er r;
t ty yp pe ed de ef f E EQ Q k ke ey y_ _e eq qu ua al l;

h ha as sh h_ _m ma ap p( c co on ns st t T T& d dv v =T T() , s si iz ze e_ _t ty yp pe e n n =1 10 01 1, c co on ns st t H H& h hf f =H H() , c co on ns st t E EQ Q& =E EQ Q()) ;
t te em mp pl la at te e<c cl la as ss s I In n> h ha as sh h_ _m ma ap p( I In n f fi ir rs st t, I In n l la as st t,

c co on ns st t T T& d dv v =T T() , s si iz ze e_ _t ty yp pe e n n =1 10 01 1, c co on ns st t H H& h hf f =H H() , c co on ns st t E EQ Q& =E EQ Q()) ;
};

Basically, this is them ma ap p interface (§17.4.1.4), with< replaced by== and a hash function.
The uses of am ma ap p in this book so far (§3.7.4, §6.1, §17.4.1) can be converted to use a

h ha as sh h_ _m ma ap p simply by changing the namem ma ap p to h ha as sh h_ _m ma ap p. Often, a change between am ma ap p and a
h ha as sh h_ _m ma ap p can be eased by usingt ty yp pe ed de ef f. For example:

t ty yp pe ed de ef f h ha as sh h_ _m ma ap p<s st tr ri in ng g, r re ec co or rd d> M Ma ap p;
M Ma ap p d di ic ct ti io on na ar ry y;

Thet ty yp pe ed de ef f is also useful to further hide the actual type of the dictionary from its users.
Though not strictly correct, I think of the tradeoff between am ma ap p and ah ha as sh h_ _m ma ap p as simply a

space/time tradeoff. If efficiency isn’t an issue, it isn’t worth wasting time choosing between them:
either will do well. For large and heavily used tables,h ha as sh h_ _m ma ap p has a definite speed advantage
and should be used unless space is a premium. Even then, I might consider other ways of saving
space before choosing a ‘‘plain’’m ma ap p. Actual measurement is essential to avoid optimizing the
wrong code.

The key to efficient hashing is the quality of the hash function. If a good hash function isn’t
available, am ma ap p can easily outperform ah ha as sh h_ _m ma ap p. Hashing based on a C-style string, as st tr ri in ng g, or
an integer is usually very effective. However, it is worth remembering that the effectiveness of a
hash function critically depends on the actual values being hashed (§17.8[35]). Ah ha as sh h_ _m ma ap p must
be used where< is not defined or is unsuitable for the intended key. Conversely, a hash function
does not define an ordering the way< does, so am ma ap p must be used when it is important to keep the
elements sorted.

Like m ma ap p, h ha as sh h_ _m ma ap p providesf fi in nd d() to allow a programmer to determine whether a key has
been inserted.

17.6.2 Representation and Construction [cont.hash.rep]

Many different implementations of ah ha as sh h_ _m ma ap p are possible. Here, I use one that is reasonably fast
and whose most important operations are fairly simple. The key operations are the constructors, the
lookup (operator[] ), the resize operation, and the operation removing an element (e er ra as se e() ).

The simple implementation chosen here relies on a hash table that is av ve ec ct to or r of pointers to
entries. EachE En nt tr ry y holds ak ke ey y, a v va al lu ue e, a pointer to the nextE En nt tr ry y (if any) with the same hash
value, and ane er ra as se ed d bit :
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key val e next

...

key val e next

Expressed as declarations, it looks like this:

t te em mp pl la at te e<c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s H H = H Ha as sh h<K Ke ey y>,
c cl la as ss s E EQ Q = e eq qu ua al l_ _t to o<K Ke ey y>, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> >

c cl la as ss s h ha as sh h_ _m ma ap p {
/ / ...

p pr ri iv va at te e: / / representation
s st tr ru uc ct t E En nt tr ry y {

k ke ey y_ _t ty yp pe e k ke ey y;
m ma ap pp pe ed d_ _t ty yp pe e v va al l;
E En nt tr ry y* n ne ex xt t; / / hash overflow link
b bo oo ol l e er ra as se ed d;
E En nt tr ry y( k ke ey y_ _t ty yp pe e k k, m ma ap pp pe ed d_ _t ty yp pe e v v, E En nt tr ry y* n n)

: k ke ey y( k k) , v va al l( v v) , n ne ex xt t( n n) , e er ra as se ed d( f fa al ls se e) { }
};

v ve ec ct to or r<E En nt tr ry y> v v; / / the actual entries
v ve ec ct to or r<E En nt tr ry y*> b b; / / the hash table: pointers into v

/ / ...
};

Note thee er ra as se ed d bit. The way several values with the same hash value are handled here makes it
hard to remove an element. So instead of actually removing an element whene er ra as se e() is called, I
simply mark the elemente er ra as se ed d and ignore it until the table is resized.

In addition to the main data structure, ah ha as sh h_ _m ma ap p needs a few pieces of administrative data.
Naturally, each constructor needs to set up all of this. For example:

t te em mp pl la at te e<c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s H H = H Ha as sh h<K Ke ey y>,
c cl la as ss s E EQ Q = e eq qu ua al l_ _t to o<K Ke ey y>, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> >

c cl la as ss s h ha as sh h_ _m ma ap p {
/ / ...

h ha as sh h_ _m ma ap p( c co on ns st t T T& d dv v =T T() , s si iz ze e_ _t ty yp pe e n n =1 10 01 1, c co on ns st t H H& h h =H H() , c co on ns st t E EQ Q& e e =E EQ Q())
: d de ef fa au ul lt t_ _v va al lu ue e( d dv v) , b b( n n) , n no o_ _o of f_ _e er ra as se ed d( 0 0) , h ha as sh h( h h) , e eq q( e e)

{
s se et t_ _l lo oa ad d() ; / / defaults
v v. r re es se er rv ve e( m ma ax x_ _l lo oa ad d* b b. s si iz ze e()) ; / / reserve space for growth

}

v vo oi id d s se et t_ _l lo oa ad d( f fl lo oa at t m m = 0 0. 7 7, f fl lo oa at t g g = 1 1. 6 6) { m ma ax x_ _l lo oa ad d = m m; g gr ro ow w = g g; }

/ / ...
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p pr ri iv va at te e:
f fl lo oa at t m ma ax x_ _l lo oa ad d; / / keep v.size()<=b.size()*max_load
f fl lo oa at t g gr ro ow w; / / when necessary, resize(bucket_count()*grow)

s si iz ze e_ _t ty yp pe e n no o_ _o of f_ _e er ra as se ed d; / / number of entries in v occupied by erased elements

H Ha as sh he er r h ha as sh h; / / hash function
k ke ey y_ _e eq qu ua al l e eq q; / / equality

c co on ns st t T T d de ef fa au ul lt t_ _v va al lu ue e; / / default value used by []
};

The standard associative containers require that a mapped type have a default value (§17.4.1.7).
This restriction is not logically necessary and can be inconvenient. Making the default value an
argument allows us to write:

h ha as sh h_ _m ma ap p<s st tr ri in ng g, N Nu um mb be er r> p ph ho on ne e_ _b bo oo ok k1 1; / / default: Number()
h ha as sh h_ _m ma ap p<s st tr ri in ng g, N Nu um mb be er r> p ph ho on ne e_ _b bo oo ok k2 2( N Nu um mb be er r( 4 41 11 1)) ; / / default: Number(411)

17.6.2.1 Lookup [cont.hash.lookup]

Finally, we can provide the crucial lookup operations:

t te em mp pl la at te e<c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s H H = H Ha as sh h<K Ke ey y>,
c cl la as ss s E EQ Q = e eq qu ua al l_ _t to o<K Ke ey y>, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> >

c cl la as ss s h ha as sh h_ _m ma ap p {
/ / ...
m ma ap pp pe ed d_ _t ty yp pe e& o op pe er ra at to or r[]( c co on ns st t k ke ey y_ _t ty yp pe e& k k) ;

i it te er ra at to or r f fi in nd d( c co on ns st t k ke ey y_ _t ty yp pe e&) ;
c co on ns st t_ _i it te er ra at to or r f fi in nd d( c co on ns st t k ke ey y_ _t ty yp pe e&) c co on ns st t;
/ / ...

};

To find av va al lu ue e, o op pe er ra at to or r[]() uses a hash function to find an index in the hash table for thek ke ey y.
It then searches through the entries until it finds a matchingk ke ey y. The v va al lu ue e in that E En nt tr ry y is the
one we are seeking. If it is not found, a default value is entered:

t te em mp pl la at te e<c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s H H = H Ha as sh h<K Ke ey y>,
c cl la as ss s E EQ Q = e eq qu ua al l_ _t to o<K Ke ey y>, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> >

m ma ap pp pe ed d_ _t ty yp pe e& h ha as sh h_ _m ma ap p: : o op pe er ra at to or r[]( c co on ns st t k ke ey y_ _t ty yp pe e& k k)
{

s si iz ze e_ _t ty yp pe e i i = h ha as sh h( k k)%b b. s si iz ze e() ; / / hash

f fo or r( E En nt tr ry y* p p = b b[ i i] ; p p; p p = p p-> n ne ex xt t) / / search among entries hashed to i
i if f ( e eq q( k k, p p-> k ke ey y)) { / / found

i if f ( p p-> e er ra as se ed d) { / / re-insert
p p-> e er ra as se ed d = f fa al ls se e;
n no o_ _o of f_ _e er ra as se ed d--;
r re et tu ur rn n p p-> v va al l = d de ef fa au ul lt t_ _v va al lu ue e;

}
r re et tu ur rn n p p-> v va al l;

}
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/ / not found:

i if f ( b b. s si iz ze e()* m ma ax x_ _l lo oa ad d < v v. s si iz ze e()) { / / if ‘‘too full’’
r re es si iz ze e( b b. s si iz ze e()* g gr ro ow w) ; / / grow
r re et tu ur rn n o op pe er ra at to or r[]( k k) ; / / rehash

}

v v. p pu us sh h_ _b ba ac ck k( E En nt tr ry y( k k, d de ef fa au ul lt t_ _v va al lu ue e, b b[ i i])) ; / / add Entry
b b[ i i] = &v v. b ba ac ck k() ; / / point to new element

r re et tu ur rn n b b[ i i]-> v va al l;
}

Unlike m ma ap p, h ha as sh h_ _m ma ap p doesn’t rely on an equality test synthesized from a less-than operation
(§17.1.4.1). This is because of the call ofe eq q() in the loop that looks through elements with the
same hash value. This loop is crucial to the performance of the lookup, and for common and obvi-
ous key types such ass st tr ri in ng g and C-style strings, the overhead of an extra comparison could be sig-
nificant.

I could have used as se et t<E En nt tr ry y> to represent the set of values that have the same hash value.
However, if we have a good hash function (h ha as sh h() ) and an appropriately-sized hash table (b b), most
such sets will have exactly one element. Consequently, I linked the elements of that set together
using then ne ex xt t field of E En nt tr ry y (§17.8[27]).

Note thatb b keeps pointers to elements ofv v and that elements are added tov v. In general,
p pu us sh h_ _b ba ac ck k() can cause reallocation and thus invalidate pointers to elements (§16.3.5). However,
in this case constructors (§17.6.2) andr re es si iz ze e() carefullyr re es se er rv ve e() enough space so that no unex-
pected reallocation happens.

17.6.2.2 Erase and Rehash [cont.hash.erase]

Hashed lookup becomes inefficient when the table gets too full. To lower the chance of that hap-
pening, the table is automaticallyr re es si iz ze e() d by the subscript operator. Thes se et t_ _l lo oa ad d() (§17.6.2)
provides a way of controlling when and how resizing happens. Other functions are provided to
allow a programmer to observe the state of ah ha as sh h_ _m ma ap p:

t te em mp pl la at te e<c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s H H = H Ha as sh h<K Ke ey y>,
c cl la as ss s E EQ Q = e eq qu ua al l_ _t to o<K Ke ey y>, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> >

c cl la as ss s h ha as sh h_ _m ma ap p {
/ / ...

v vo oi id d r re es si iz ze e( s si iz ze e_ _t ty yp pe e n n) ; / / make the size of the hash table n

v vo oi id d e er ra as se e( i it te er ra at to or r p po os si it ti io on n) ; / / erase the element pointed to

s si iz ze e_ _t ty yp pe e s si iz ze e() c co on ns st t { r re et tu ur rn n v v. s si iz ze e()- n no o_ _o of f_ _e er ra as se ed d; } / / number of elements

s si iz ze e_ _t ty yp pe e b bu uc ck ke et t_ _c co ou un nt t() c co on ns st t { r re et tu ur rn n b b. s si iz ze e() ; } / / size of hash table

H Ha as sh he er r h ha as sh h_ _f fu un n() c co on ns st t { r re et tu ur rn n h ha as sh h; } / / hash function used
k ke ey y_ _e eq qu ua al l k ke ey y_ _e eq q() c co on ns st t { r re et tu ur rn n e eq q; } / / equality used
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/ / ...
};

Ther re es si iz ze e() operation is essential, reasonably simple, and potentially expensive:

t te em mp pl la at te e<c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s H H = H Ha as sh h<K Ke ey y>,
c cl la as ss s E EQ Q = e eq qu ua al l_ _t to o<K Ke ey y>, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> >

v vo oi id d h ha as sh h_ _m ma ap p: : r re es si iz ze e( s si iz ze e_ _t ty yp pe e s s)
{

i if f ( s s <= b b. s si iz ze e()) r re et tu ur rn n;
b b. r re es si iz ze e( s s) ; / / add s-b.size() pointers
b b. c cl le ea ar r() ;
v v. r re es se er rv ve e( s s* m ma ax x_ _l lo oa ad d) ; / / if v needs to reallocate, let it happen now

i if f ( n no o_ _o of f_ _e er ra as se ed d) { / / really remove erased elements
f fo or r ( s si iz ze e_ _t ty yp pe e i i = v v. s si iz ze e()- 1 1; 0 0<=i i; i i--)

i if f ( v v[ i i]. e er ra as se ed d) {
v v. e er ra as se e(& v v[ i i]) ;
i if f (-- n no o_ _o of f_ _e er ra as se ed d == 0 0) b br re ea ak k;

}
}

f fo or r ( s si iz ze e_ _t ty yp pe e i i = 0 0; i i<v v. s si iz ze e() ; i i++) { / / rehash:
s si iz ze e_ _t ty yp pe e i ii i = h ha as sh h( v v[ i i]. k ke ey y)%b b. s si iz ze e() ; / / hash
v v[ i i]. n ne ex xt t = b b[ i ii i] ; / / link
b b[ i ii i] = &v v[ i i] ;

}
}

If necessary, a user can ‘‘manually’’ callr re es si iz ze e() to ensure that the cost is incurred at a predictable
time. I have found ar re es si iz ze e() operation important in some applications, but it is not fundamental
to the notion of hash tables. Some implementation strategies don’t need it.

All of the real work is done elsewhere (and only if ah ha as sh h_ _m ma ap p is resized) , soe er ra as se e() is triv-
ial:

t te em mp pl la at te e<c cl la as ss s K Ke ey y, c cl la as ss s T T, c cl la as ss s H H = H Ha as sh h<K Ke ey y>,
c cl la as ss s E EQ Q = e eq qu ua al l_ _t to o<K Ke ey y>, c cl la as ss s A A = a al ll lo oc ca at to or r<T T> >

v vo oi id d h ha as sh h_ _m ma ap p: : e er ra as se e( i it te er ra at to or r p p) / / erase the element pointed to
{

i if f ( p p-> e er ra as se ed d == f fa al ls se e) n no o_ _o of f_ _e er ra as se ed d++;
p p-> e er ra as se ed d = t tr ru ue e;

}

17.6.2.3 Hashing [cont.hasher]

To completeh ha as sh h_ _m ma ap p: : o op pe er ra at to or r[]() , we need to defineh ha as sh h() ande eq q() . For reasons that
will become clear in §18.4, a hash function is best defined aso op pe er ra at to or r()() for a function object:

t te em mp pl la at te e <c cl la as ss s T T> s st tr ru uc ct t H Ha as sh h : u un na ar ry y_ _f fu un nc ct ti io on n<T T, s si iz ze e_ _t t> {
s si iz ze e_ _t t o op pe er ra at to or r()( c co on ns st t T T& k ke ey y) c co on ns st t;

};
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A good hash function takes a key and returns an integer so that different keys yield different inte-
gers with high probability. Choosing a good hash function is an art. However, exclusive-or’ing the
bits of the key’s representation into an integer is often acceptable:

t te em mp pl la at te e <c cl la as ss s T T> s si iz ze e_ _t t H Ha as sh h<T T>: : o op pe er ra at to or r()( c co on ns st t T T& k ke ey y) c co on ns st t
{

s si iz ze e_ _t t r re es s = 0 0;

s si iz ze e_ _t t l le en n = s si iz ze eo of f( T T) ;
c co on ns st t c ch ha ar r* p p = r re ei in nt te er rp pr re et t_ _c ca as st t<c co on ns st t c ch ha ar r*>(& k ke ey y) ;

w wh hi il le e ( l le en n--) r re es s = ( r re es s<<1 1)^* p p++; / / use bytes of key’s representation
r re et tu ur rn n r re es s;

}

The use ofr re ei in nt te er rp pr re et t_ _c ca as st t (§6.2.7) is a good indication that something unsavory is going on and
that we can do better in cases when we know more about the object being hashed. In particular, if
an object contains a pointer, if the object is large, or if the alignment requirements on members
have left unused space (‘‘holes’’) in the representation, we can usually do better (see §17.8[29]).

A C-style string is a pointer (to the characters), and as st tr ri in ng g contains a pointer. Consequently,
specializations are in order:

s si iz ze e_ _t t H Ha as sh h<c ch ha ar r*>: : o op pe er ra at to or r()( c co on ns st t c ch ha ar r* k ke ey y) c co on ns st t
{

s si iz ze e_ _t t r re es s = 0 0;

w wh hi il le e (* k ke ey y) r re es s = ( r re es s<<1 1)^* k ke ey y++; / / use int value of characters
r re et tu ur rn n r re es s;

}

t te em mp pl la at te e <c cl la as ss s C C>
s si iz ze e_ _t t H Ha as sh h< b ba as si ic c_ _s st tr ri in ng g<C C> >: : o op pe er ra at to or r()( c co on ns st t b ba as si ic c_ _s st tr ri in ng g<C C>& k ke ey y) c co on ns st t
{

s si iz ze e_ _t t r re es s = 0 0;

t ty yp pe ed de ef f b ba as si ic c_ _s st tr ri in ng g<C C>: : c co on ns st t_ _i it te er ra at to or r C CI I;
C CI I p p = k ke ey y. b be eg gi in n() ;
C CI I e en nd d = k ke ey y. e en nd d() ;

w wh hi il le e ( p p!= e en nd d) r re es s = ( r re es s<<1 1)^* p p++; / / use int value of characters
r re et tu ur rn n r re es s;

}

An implementation ofh ha as sh h_ _m ma ap p will include hash functions for at least integer and string keys.
For more adventurous key types, the user may have to help out with suitable specializations.
Experimentation supported by good measurement is essential when choosing a hash function. Intu-
ition tends to work poorly in this area.

To complete theh ha as sh h_ _m ma ap p, we need to define the iterators and a minor host of trivial functions;
this is left as an exercise (§17.8[34]).
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17.6.3 Other Hashed Associative Containers [cont.hash.other]

For consistency and completeness, theh ha as sh h_ _m ma ap p should have matchingh ha as sh h_ _s se et t,
h ha as sh h_ _m mu ul lt ti im ma ap p, andh ha as sh h_ _m mu ul lt ti is se et t. Their definitions are obvious from those ofh ha as sh h_ _m ma ap p, m ma ap p,
m mu ul lt ti im ma ap p, s se et t, andm mu ul lt ti is se et t, so I leave these as an exercise (§17.8[34]). Good public domain and
commercial implementations of these hashed associative containers are available. For real pro-
grams, these should be preferred to locally concocted versions, such as mine.

17.7 Advice[cont.advice]

[1] By default, usev ve ec ct to or r when you need a container; §17.1.
[2] Know the cost (complexity, big-O measure) of every operation you use frequently; §17.1.2.
[3] The interface, implementation, and representation of a container are distinct concepts. Don’t

confuse them; §17.1.3.
[4] You can sort and search according to a variety of criteria; §17.1.4.1.
[5] Do not use a C-style string as a key unless you supply a suitable comparison criterion;

§17.1.4.1.
[6] You can define a comparison criteria so that equivalent, yet different, key values map to the

same key; §17.1.4.1.
[7] Prefer operations on the end of a sequence (b ba ac ck k-operations) when inserting and deleting ele-

ments; §17.1.4.1.
[8] Use l li is st t when you need to do many insertions and deletions from the front or the middle of a

container; §17.2.2.
[9] Usem ma ap p or m mu ul lt ti im ma ap p when you primarily access elements by key; §17.4.1.
[10] Use the minimal set of operations to gain maximum flexibility; §17.1.1
[11] Prefer am ma ap p to ah ha as sh h_ _m ma ap p if the elements need to be kept in order; §17.6.1.
[12] Prefer ah ha as sh h_ _m ma ap p to am ma ap p when speed of lookup is essential; §17.6.1.
[13] Prefer ah ha as sh h_ _m ma ap p to am ma ap p if no less-than operation can be defined for the elements; §17.6.1.
[14] Usef fi in nd d() when you need to check if a key is in an associative container; §17.4.1.6.
[15] U Us se e e eq qu ua al l_ _r ra an ng ge e() to find all elements of a given key in an associative container; §17.4.1.6.
[16] Usem mu ul lt ti im ma ap p when several values need to be kept for a single key; §17.4.2.
[17] Uses se et t or m mu ul lt ti is se et t when the key itself is the only value you need to keep; §17.4.3.

17.8 Exercises[cont.exercises]

The solutions to several exercises for this chapter can be found by looking at the source text of an
implementation of the standard library. Do yourself a favor: try to find your own solutions before
looking to see how your library implementer approached the problems. Then, look at your
implementation’s version of the containers and their operations.
1. (∗2.5) Understand theO O() notation (§17.1.2). Do some measurements of operations on stan-

dard containers to determine the constant factors involved.
2. (∗2) Many phone numbers don’t fit into al lo on ng g. Write ap ph ho on ne e_ _n nu um mb be er r type and a class that

provides a set of useful operations on a container ofp ph ho on ne e_ _n nu um mb be er rs s.
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3. (∗2) Write a program that lists the distinct words in a file in alphabetical order. Make two ver-
sions: one in which a word is simply a whitespace-separated sequence of characters and one in
which a word is a sequence of letters separated by any sequence of non-letters.

4. (∗2.5) Implement a simple solitaire card game.
5. (∗1.5) Implement a simple test of whether a word is a palindrome (that is, if its representation is

symmetric; examples area ad da a, o ot tt to o, andt tu ut t). Implement a simple test of whether an integer is a
palindrome. Implement a simple test of a whether sentence is a palindrome. Generalize.

6. (∗1.5) Define a queue using (only) twos st ta ac ck ks.
7. (∗1.5) Define a stack similar tos st ta ac ck k (§17.3.1), except that it doesn’t copy its underlying con-

tainer and that it allows iteration over its elements.
8. (∗3) Your computer will have support for concurrent activities through the concept of a thread,

task, or process. Figure out how that is done. The concurrency mechanism will have a concept
of locking to prevent two tasks accessing the same memory simultaneously. Use the machine’s
locking mechanism to implement a lock class.

9. (∗2.5) Read a sequence of dates such asD De ec c8 85 5, D De ec c5 50 0, J Ja an n7 76 6, etc., from input and then output
them so that later dates come first. The format of a date is a three-letter month followed by a
two-digit year. Assume that all the years are from the same century.

10. (∗2.5) Generalize the input format for dates to allow dates such asD De ec c1 19 98 85 5, 1 12 2/ 3 3/ 1 19 99 90 0,
( D De ec c, 3 30 0, 1 19 95 50 0) , 3 3/ 6 6/ 2 20 00 01 1, etc. Modify exercise §17.8[9] to cope with the new formats.

11. (∗1.5) Use ab bi it ts se et t to print the binary values of some numbers, including0 0, 1 1, - 1 1, 1 18 8, - 1 18 8, and
the largest positivei in nt t.

12. (∗1.5) Useb bi it ts se et t to represent which students in a class were present on a given day. Read the
b bi it ts se et ts for a series of 12 days and determine who was present every day. Determine which stu-
dents were present at least 8 days.

13. (∗1.5) Write aL Li is st t of pointers thatd de el le et te es the objects pointed to when it itself is destroyed or if
the element is removed from theL Li is st t.

14. (∗1.5) Given as st ta ac ck k object, print its elements in order (without changing the value of the stack).
15. (∗2.5) Completeh ha as sh h_ _m ma ap p (§17.6.1). This involves implementingf fi in nd d() ande eq qu ua al l_ _r ra an ng ge e()

and devising a way of testing the completed template. Testh ha as sh h_ _m ma ap p with at least one key
type for which the default hash function would be unsuitable.

16. (∗2.5) Implement and test a list in the style of the standardl li is st t.
17. (∗2) Sometimes, the space overhead of al li is st t can be a problem. Write and test a singly-linked

list in the style of a standard container.
18. (∗2.5) Implement a list that is like a standardl li is st t, except that it supports subscripting. Compare

the cost of subscripting for a variety of lists to the cost of subscripting av ve ec ct to or r of the same
length.

19. (∗2) Implement a template function that merges two containers.
20. (∗1.5) Given a C-style string, determine whether it is a palindrome. Determine whether an ini-

tial sequence of at least three words in the string is a palindrome.
21. (∗2) Read a sequence of( n na am me e, v va al lu ue e) pairs and produce a sorted list of

( n na am me e, t to ot ta al l, m me ea an n, m me ed di ia an n) 4-tuples. Print that list.
22. (∗2.5) Determine the space overhead of each of the standard containers on your implementation.
23. (∗3.5) Consider what would be a reasonable implementation strategy for ah ha as sh h_ _m ma ap p that

needed to use minimal space. Consider what would be a reasonable implementation strategy for
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a h ha as sh h_ _m ma ap p that needed to use minimal lookup time. In each case, consider what operations
you might omit so as to get closer to the ideal (no space overhead and no lookup overhead,
respectively). Hint: There is an enormous literature on hash tables.

24. (∗2) Devise a strategy for dealing with overflow inh ha as sh h_ _m ma ap p (different values hashing to the
same hash value) that makese eq qu ua al l_ _r ra an ng ge e() trivial to implement.

25. (∗2.5) Estimate the space overhead of ah ha as sh h_ _m ma ap p and then measure it. Compare the estimate
to the measurements. Compare the space overhead of yourh ha as sh h_ _m ma ap p and your
implementation’sm ma ap p.

26. (∗2.5) Profile your h ha as sh h_ _m ma ap p to see where the time is spent. Do the same for your
implementation’sm ma ap p and a widely-distributedh ha as sh h_ _m ma ap p.

27. (∗2.5) Implement ah ha as sh h_ _m ma ap p based on av ve ec ct to or r<m ma ap p<K K, V V>*> so that eachm ma ap p holds all
keys that have the same hash value.

28. (∗3) Implement ah ha as sh h_ _m ma ap p using Splay trees (see D. Sleator and R. E. Tarjan:Self-Adjusting
Binary Search Trees, JACM, Vol. 32. 1985).

29. (∗2) Given a data structure describing a string-like entity:

s st tr ru uc ct t S St t {
i in nt t s si iz ze e;
c ch ha ar r t ty yp pe e_ _i in nd di ic ca at to or r;
c ch ha ar r* b bu uf f; / / point to size characters
s st t( c co on ns st t c ch ha ar r* p p) ; / / allocate and fill buf

};

Create 1000S St ts and use them as keys for ah ha as sh h_ _m ma ap p. Devise a program to measure the per-
formance of theh ha as sh h_ _m ma ap p. Write a hash function (aH Ha as sh h; §17.6.2.3) specifically forS St t keys.

30. (∗2) Give at least four different ways of removing thee er ra as se ed d elements from ah ha as sh h_ _m ma ap p. You
should use a standard library algorithm (§3.8, Chapter 18) to avoid an explicit loop.

31. (∗3) Implement ah ha as sh h_ _m ma ap p that erases elements immediately.
32. (∗2) The hash function presented in §17.6.2.3 doesn’t always consider all of the representation

of a key. When will part of a representation be ignored? Write a hash function that always con-
siders all of the representations of a key. Give an example of when it might be wise to ignore
part of a key and write a hash function that computes its value based only on the part of a key
considered relevant.

33. (∗2.5) The code of hash functions tends to be similar: a loop gets more data and then hashes it.
Define aH Ha as sh h (§17.6.2.3) that gets its data by repeatedly calling a function that a user can
define on a per-type basis. For example:

s si iz ze e_ _t t r re es s = 0 0;
w wh hi il le e ( s si iz ze e_ _t t v v = h ha as sh h( k ke ey y)) r re es s = ( r re es s<<3 3)^ v v;

Here, a user can defineh ha as sh h( K K) for each typeK K that needs to be hashed.
34. (∗3) Given some implementation ofh ha as sh h_ _m ma ap p, implementh ha as sh h_ _m mu ul lt ti im ma ap p, h ha as sh h_ _s se et t, and

h ha as sh h_ _m mu ul lt ti is se et t.
35. (∗2.5) Write a hash function intended to map uniformly distributedi in nt t values into hash values

intended for a table size of about 1024. Given that function, devise a set of 1024 key values, all
of which map to the same value.
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