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Foreword

ISO (the International Organization for Standardization) and IEC (the International Electrotechnical
Commission) form the specialized system for worldwide standardization. National bodies that are members
of ISO or IEC participate in the development of International Standards through technical committees
established by the respective organization to deal with particular fields of technical activity. ISO and TEC
technical committees collaborate in fields of mutual interest. Other international organizations, governmental
and non-governmental, in liaison with ISO and TEC, also take part in the work. In the field of information
technology, ISO and IEC have established a joint technical committee, ISO/IEC JTC 1.
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TECHNICAL SPECIFICATION ISO/IEC TS 21425:2017(E)

Programming languages — C++ Extensions for ranges

1 Scope [intro.scope]

1 This document describes extensions to the C++ Programming Language (2) that permit operations on ranges
of data. These extensions include changes and additions to the existing library facilities as well as the
extension of one core language facility. In particular, changes and extensions to the Standard Library include:

(1.1) — The formulation of the foundational and iterator concept requirements using the syntax of the Concepts
TS (2).

(1.2) — Analogues of the Standard Library algorithms specified in terms of the new concepts.

(1.3)  — The loosening of the algorithm constraints to permit the use of sentinels to denote the endyof g range

nd corresponding changes to algorithm return types where necessary.

(1.4) — The addition of new concepts describing range and view abstractions; that is, objeéts with a begin
iterator and an end sentinel.

(1.5) — New algorithm overloads that take range objects.

(1.6) — Support of callable objects (as opposed to function objects) passed as arguments to the algorithms.

(1.7) — The addition of optional projection arguments to the algorithms to petmit on-the-fly data trangforma-
fions.

(1.8) — Analogues of the iterator primitives and new primitives in suppert of the addition of sentinels|to the
library.

(1.9) — C(onstrained analogues of the standard iterator adapgors and stream iterators that satisfy tlie new

iterator concepts.
(1.10)  — NNew iterator adaptors (counted_iterator and common_iterator) and sentinels (unreachablg).
2 Changes to the core language include:
(2.1) — fhe extension of the range-based for statement to support the new iterator range requirements|(10.4).

3 This document does not specify constraine@analogues of other parts of the Standard Library (e.p., the
numertfic algorithms), nor does it add range support to all the places that could benefit from it (e.p., the
contaihers).

4 This document does not specify ahy-new range views, actions, or facade or adaptor utilities; all are|left as
future work.

2 |Normative references [intro.refs]

1 The following deetiments are referred to in the text in such a way that some or all of their content congdtitutes
requir¢ments.of this document. For dated references, only the edition cited applies. For undated references,
the latlest, édition of the referenced document (including any amendments) applies.

(1.1) — ISO/IEC 14882:2014, Programming Languages - C+

(1.2) — ISO/IEC TS 19217:2015, Programming Languages - C++ Extensions for Concepts
ISO/IEC 14882:2014 is herein called the C++ Standard and ISO/IEC TS 19217:2015 is called the Concepts
TS.

3 Terms and definitions [intro.defs]

For the purposes of this document, the terms and definitions given in ISO/TEC 14882:2014, ISO/IEC TS
19217:2015, and the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following addresses:

— ISO Online browsing platform: available at http://www.iso.org/obp

© ISO/IEC 2017 - All rights reserved
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(1.1) — 1nodify an existing interface’in the C++ Standard Library in-place,

(1.2) — gre declared in namesSpace std: :experimental::ranges::vl.

ISO/IEC TS 21425:2017(E)

— IEC Electropedia: available at http://www.electropedia.org/

3.1 [defns.expr.equiv]
expression-equivalent
relationship that exists between two expressions E1 and E2 such that

— E1 and E2 have the same effects,
— noexcept(E1) == noexcept(E2), and

— E1 is a constant subexpression — an expression whose evaluation as subexpression of a conditional-
expression CE (ISO/IEC 14882:2014 §5.16) would not prevent CE from being a core constant expres-
sion (ISO/IEC 14882:2014 §5.19) — if and only if E2 is a constant subexpression

3.2 fdefns.proje¢tion)|
proje¢tion
(functipn object argument) transformation which an algorithm applies before inspecting the values of elgments

[ Ezaniple:

std:|:pair<int, comnst charx*> pairs[] = {{2, "foo"}, {1, "bar"}, {0, "baz"}};
ranges: :sort(pairs, std::less<>{}, [](auto const& p) { return p.first; 1});

sorts the pairs in increasing order of their first members:

{{O, "baz"}, {1, "bar"}, {2, "fOO"}}

— end example ]

4 | General principles lintiro]
4.1 [Implementation compliance [intro.compliance]

1 Conformance requirements for this specification are¢the same as those defined in ISO/IEC 14882:2014 §1.4.
[ Notel Conformance is defined in terms of the behavior of programs. — end note]

4.2 [Namespaces, headers, and modifications to standard classes [intro.namespaces]

1 Since the extensions described in this document are experimental and not part of the C++ standard library,
they should not be declared directly within namespace std. Unless otherwise specified, all comppnents
descrilped in this document either:

2 The Ifternational Standard, ISO/IEC 14882, together with ISO/IEC TS 19217:2015 (the Concepts TS),
provide important context and specification for this document. In places, this document suggests changes
to be made to cdmponents in namespace std in-place. In other places, entire chapters and sectiqns are
copied from ISOJTEC 14882 and modified so as to define similar but different components in namkspace

xisting
resent
deleted text.

4 This document assumes that the contents of the std: :experimental: :ranges: :v1 namespace will become
a new constrained version of the C++ Standard Library that will be delivered alongside the existing
unconstrained version.

5 Unless otherwise specified, references to other entities described in this document are assumed to be qualified
with std::experimental: :ranges: :, and references to entities described in the International Standard are
assumed to be qualified with std: :.

6 New header names are prefixed with experimental/ranges/. Where the final element of a new header
name is the same as an existing standard header name (e.g., <experimental/ranges/algorithm>), the new
header shall include the standard header as if by

2
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(2.1)

(2.2)

(2.3)

(2.3.1)

#include <algorithm>

5

5.1
5.1.1

Statements [stmt]

Iteration statements [stmt.iter]

The range-based for statement [stmt.ranged]
L [Note: This clause is presented as a set of differences to apply to ISO/IEC 14882:2014 §6.5.4 to allow

differently typed begin and end iterators, as in C++17. — end note]

|

q

q

i

A

The range-based for statement

For a range-based for statement of the form

for ( for-range-declaration : expression ) statement
et range-init be equivalent to the expression surrounded by parentheses

( expression )
nd for a range-based for statement of the form

for ( for-range-declaration : braced-init-list ) statement
et range-init be equivalent to the braced-init-list. In each case, a range-bésed for statement i
quivalent to

{
auto && __range = range-init;
for ( auto __begin = begin-expr,
__end = end-expr;
__begin !'= __end;
++__begin ) {
for-range-declaration = *__begin;
statement
}
}

for ( for-range-declaration : for-pgnge-initializer ) statement
5 equivalent to

{
auto &&__range = forprapge-initializer;
auto __begin = begin~eTpr;
auto __end = end-BzpT;
for ( ; __begim\»’ __end; ++__begin ) {
for-rangefdaClaration = *__begin;
statemgn
}
}
vhere

MVIf the for-range-initializer is an expression. it is regarded as if it were surrounded b

parentheses (so that a comma operator cannot be reinterpreted as delimiting two init-
declarators);

— __range, __begin, and __end are variables defined for exposition only

; and —RangeT-is-the

— begin-expr and end-expr are determined as follows:

— if _RangeTthe for-range-initializer is an expression of array type R, begin-expr and end-
erpr are __range and __range + __bound, respectively, where __bound is the array
bound. If —RangeTR is an array of unknown sizebound or an array of incomplete type,
the program is ill-formed;

© ISO/IEC 2017 - All rights reserved
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(2.3.2)

(2.3.3)

ISO/IEC TS 21425:2017(E)

6

6.1

This (Jlause describes the contents of the Ranges library, how a well-formed C++ program makes use
library, and how a conforming implementation may provide the entitiés in the library.

Clausq 6.3, Clauses 7 through 12, and Annex Annex A specify/the“contents of the library, as well as
requir¢ments and constraints on both well-formed C++ progfams and conforming implementations.

Detailg¢d specifications for each of the components in thelibrary are in Clauses 7-12, as shown in Ta

The cpncepts library (Clause 7) describes library components that C++ programs may use to p
compile-time validation of template parameters and perform function dispatch based on properties of

The gdneral utilities library (Clause 8) includes components used by other library elements and comp
used ab infrastructure in C++ programs, such as function objects.

The itgrators library (Clause 9) describes components that C++ programs may use to perform iteratio
Contai ors ((MNause TQ(\//TF‘(‘ 148892-92014 §‘)Q>7 stroame (TQﬂ /TEC 14882:-2014 5‘)7 7), stroam buffore (Tq

— if —RangeTthe for-range-initializer is aan expression of class type C, the unqualified-ids
begin and end are looked up in the scope of elass—RangeTC as if by class member access
lookup (3.4.5), and if either (or both) finds at least one declaration, begin-expr and

end-expr are __range.begin() and __range.end (), respectively;

— otherwise, begin-expr and end-expr are begin(__range) and end (__range), respectively,
where begin and end are looked up in the associated namespaces (3.4.2). [ Note: Ordinary

unqualified lookup (3.4.1) is not performed. — end note]
[ Ezample:

int array(5] = {1, 2, 3, 4, 5 };
for (int& x : array)
X *= 2;

— end example|

In the decl-specifier-seq of a for-range-declaration, each decl-specifier shall be either a typetspecifie
r constexpr. The decl-specifier-seq shall not define a class or enumeration.

Library introduction libral

General [library.ges

Table 1 — Library categories

] Clause Category ‘

7 Concepts library

8 General utilities library
9 Tterators library

10 Ranges library

11 Algorithms library

12 Numerics library

ry]

neral]
of the

library

ble 1.

brform
types.

lonents

1S over

14882:2014 §27.6), and ranges (10).

The ranges library (Clause 10) describes components for dealing with ranges of elements.

JIEC

The algorithms library (Clause 11) describes components that C++ programs may use to perform algorithmic
operations on containers (Clause ISO/IEC 14882:2014 §23) and other sequences.

The numerics library (Clause 12) provides concepts that are useful to constrain numeric algorithms.

6.2

Method of description (Informative) [description]

This subclause describes the conventions used to specify the Ranges library. 6.2.1 describes the structure of
the normative Clauses 7 through 12 and Annex Annex A. 6.2.2 describes other editorial conventions.

4
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(1.1)
(1.2)

(1.3)

t

6.2.1 Structure of each clause [structure]
6.2.1.1 Elements [structure.elements]
Each library clause contains the following elements, as applicable:!

— Summary

— Requirements

— Detailed specifications

6.2.1.2 Summary [structure.summary]

The Summary provides a synopsis of the category, and introduces the first-level subclauses. Each subclause
also provides a summary, listing the headers specified in the subclause and the library entities provided in
each hpader-

Paragtaphs labeled “Note(s):” or “Example(s):” are informative, other paragraphs are normatjve:
The c¢ntents of the summary and the detailed specifications include:

— 1nacros

— yalues

— {ypes

— ¢lasses and class templates

— flunctions and function templates

— @bjects

— doncepts

6.2.1.B Requirements [structure.requirerhents]

Requirements describe constraints that shall be met by &/Ct+ program that extends the Ranges library.
Such dxtensions are generally one of the following:

— Template arguments
— Derived classes
— (Containers, iterators, and algorithms .that meet an interface convention or satisfy a concept

Interface convention requirements are stated as generally as possible. Instead of stating “class X has to define
a menjber function operator++(),” thenxinterface requires “for any object x of class X, ++x is defined.J] That
is, whether the operator is a memhér,is unspecified.

Requitements are stated in terms of concepts (Concepts TS [dcl.spec.concept]). Concepts are stgted in
terms pf well-defined expressions that define valid terms of the types that satisfy the concept. For evpry set
of well-defined expressiomrequirements there is a named concept that specifies an initial set of the¢ valid
expressions and their §entantics. Any generic algorithm (Clause 11) that uses the well-defined expfession
requir¢ments is described in terms of the valid expressions for its formal type parameters.

Templhte argumext requirements are sometimes referenced by name. See ISO/IEC 14882:2014 §17.5/2.1.

In somfe casesithe semantic requirements are presented as C++ code. Such code is intended as a specificgtion of
equivalencéwof a construct to another construct, not necessarily as the way the construct must be implem¢nted.?

Requi od nparafinﬂc of ans nnﬂﬂopf definedin this document need not - be total F11‘nr=f1'n1nc; that-isl some

arguments to a required operation may result in the required semantics failing to be satisfied. [ Example: The
required < operator of the StrictTotallyOrdered concept (7.4.4) does not meet the semantic requirements
of that concept when operating on NaNs. — end example] This does not affect whether a type satisfies the
concept.

A declaration may explicitly impose requirements through its associated constraints (Concepts TS [temp.
constr.decl]). When the associated constraints refer to a concept (Concepts TS [dcl.spec.concept]), additional
semantic requirements are imposed on the use of the declaration.

1) To save space, items that do not apply to a Clause are omitted. For example, if a Clause does not specify any requirements,
there will be no “Requirements” subclause.
2) Although in some cases the code given is unambiguously the optimum implementation.

© ISO/IEC 2017 - All rights reserved
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6.2.1.4 Detailed specifications [structure.specifications]

The detailed specifications of each entity defined in Clauses 7—12 follow the conventions established by
ISO/IEC 14882:2014 §17.5.1.4.

6.2.2 Other conventions [conventions]
This subclause describes several editorial conventions used to describe the contents of the Ranges library.
These conventions are for describing member functions (6.2.2.1), and private members (6.2.2.2).

6.2.2.1 Functions within classes [functions.within.classes]
This document follows the same conventions as specified in ISO/IEC 14882:2014 §17.5.2.2.

6.2.2.2 Private members [objects.within.classes]
This document follows the same conventions as specified in ISO/IEC 14882:2014 §17.5.2.3.

6.3 |Library-wide requirements [requirenjents]

This subclause specifies requirements that apply to the entire Ranges library. Clauses(7 through 12 and
Annex] Annex A specify the requirements of individual entities within the library.

Requitements specified in terms of interactions between threads do not apply te-pregrams having jonly a
single thread of execution.

Within this subclause, 6.3.1 describes the library’s contents and organizations 6.3.3 describes how well-formed
C++ programs gain access to library entities, 6.3.4 describes constraints onwell-formed C++ prograngs, and
6.3.5 describes constraints on conforming implementations.
6.3.1| Library contents and organization [organization)]

6.3.1.1f describes the entities and macros defined in the RangeSdibrary.

6.3.1.l Library contents [contents]

The Rlanges library provides definitions for the entitiesrand macros specified in the Ranges library head-
ers (6.B.2).

All libfary entities are defined within an inline namespace v1 within the namespace std: :experimeptal: :
range$ or namespaces nested within namespaggstd: : experimental: :ranges: :v1. It is unspecified whether
names| declared in a specific namespace aré, declared directly in that namespace or in an inline nampspace
inside [that namespace.
6.3.2 Headers [hegdders]

Each glement of the Ranges library is declared or defined (as appropriate) in a header.

The Rhnges library providesithe Ranges library headers, shown in Table 2.

Table 2 — Ranges TS library headers

<experimental/ranges/algorithm>  <experimental/ranges/range>

<éxperimental/ranges/concepts> <experimental/ranges/tuple>
<experimental/ranges/functional> <experimental/ranges/type_traits>
<experimental/ranges/iterator> <experimental/ranges/utility>

. . B L o
P ImenTa/ rangesS7 Iancont

6.3.3 Using the library [using]
6.3.3.1 Overview [using.overview]
This section describes how a C++ program gains access to the facilities of the Ranges library. 6.3.3.2 describes
effects during translation phase 4, while 6.3.3.3 describes effects during phase 8 (ISO/IEC 14882:2014 §2.2).
6.3.3.2 Headers [using.headers]

The entities in the Ranges library are defined in headers, the use of which is governed by the same requirements
as specified in ISO/IEC 14882:2014 §17.6.2.2.

6
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6.3.3.3 Linkage [using.linkage]

Entities in the C++ standard library have external linkage (ISO/IEC 14882:2014 §3.5). Unless otherwise
specified, objects and functions have the default extern "C++" linkage (ISO/IEC 14882:2014 §7.5).

6.3.4 Constraints on programs [constraints]
6.3.4.1 Overview [constraints.overview]

This section describes restrictions on C++ programs that use the facilities of the Ranges library. The following
subclauses specify constraints on the program’s use of Ranges library classes as base classes (6.3.4.2) and
other constraints.

6.3.4.2 Derived classes [derived.classes]

Virtugl member function signatures delined 10T a base class 11 the Ralges library may be overrigden in a
deriveql class defined in the program (ISO/IEC 14882:2014 §10.3).
6.3.4.8 Other functions [res.onfungtions]

In cerfain cases (operations on types used to instantiate Ranges library template compenéts), the Ranges
library depends on components supplied by a C++ program. If these components 'do not meef their
requir¢ments, this document places no requirements on the implementation.

In parficular, the effects are undefined if an incomplete type (ISO/IEC 14882:2014§3.9) is used as a template
argument when instantiating a template component or evaluating a concept{ unless specifically allowed for
that cpmponent.
6.3.4.4 Function arguments [res.on.argurhents]
The c¢nstraints on arguments passed to C++ standard library funétion as specified in ISO/IEC 14882:2014
§17.6.4.9 also apply to arguments passed to functions in the Rangés library.
6.3.4.5 Library object access [res.on.oRjects]
The constraints on object access by C++ standard library functions as specified in ISO/TEC 14882:2014
§17.6.4.10 also apply to object access by functions in the Ranges library.
6.3.4.p Requires paragraph [res.on.reqpired]
Violatjon of the preconditions specified in-alfunction’s Requires: paragraph results in undefined bghavior
unless|the function’s Throws: paragraph specifies throwing an exception when the precondition is viplated.
6.3.4.f Semantic requirements [res.on.requirements]

If the pemantic requirements of a~declaration’s constraints (6.2.1.3) are not satisfied at the point of use, the
program is ill-formed, no diagnostic required.

6.3.5| Conforming implementations [conforming]
The cqnstraints upon, and latitude of, implementations of the Ranges library follow the same constraiijts and
latitudes for implementations of the C++ standard library as specified in ISO/IEC 14882:2014 §17.6,5.
6.3.5.]l. Customization Point Objects [customization.point.object]

A custpmization point object is a function object (8.3) with a literal class type that interacts with user-dlefined
types while’ enforcing semantic requirements on that interaction.

The type of a customization point object shall satisfy Semiregular (7.5.3).
All instances of a specific customization point object type shall be equal (7.1.1).

The type of a customization point object T shall satisfy Invocable<const T, Args...> (7.6.2) when the
types of Args... meet the requirements specified in that customization point object’s definition. Otherwise,
T shall not have a function call operator that participates in overload resolution.

Each customization point object type constrains its return type to satisfy a particular concept.

The library defines several named customization point objects. In every translation unit where such a name
is defined, it shall refer to the same instance of the customization point object.

[ Note: Many of the customization point objects in the library evaluate function call expressions with an
unqualified name which results in a call to a user-defined function found by argument dependent name
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lookup (ISO/IEC 14882:2014 §3.4.2). To preclude such an expression resulting in a call to unconstrained
functions with the same name in namespace std, customization point objects specify that lookup for these
expressions is performed in a context that includes deleted overloads matching the signatures of overloads
defined in namespace std. When the deleted overloads are viable, user-defined overloads must be more
specialized (ISO/TEC 14882:2014 §14.5.6.2) or more constrained (Concepts TS [temp.constr.order]) to be
used by a customization point object. — end note|

7 Concepts library [concepts.lib]

7.1 General [concepts.lib.general]

This (flause describes library components that C++ programs may use to perform compile-time validation
of tempplate parameters and perform function dispatch based on properties of types. The purpose of these
conceflts is to establish a foundation for equational reasoning in programs.

The following subclauses describe core language concepts, comparison concepts, object congepts; and finction
conceylts as summarized in Table 3.

Table 3 — Fundamental concepts library summary

] Subclause Header(s)

7.3 Core language concepts <experimental/rangesyconcepts>
7.4 Comparison concepts

7.5 Object concepts

7.6 Callable concepts

7.1.1| Equality Preservation [concepts.lib.general.equiality]

An exjpression is equality preserving if, given equal inputs; the expression results in equal outputs. Thelinputs
to an ¢xpression are the set of the expression’s opérands. The output of an expression is the exprefsion’s
result pnd all operands modified by the expression:

Not all input values must be valid for a giveexpression; e.g., for integers a and b, the expression a|/ b is
not well-defined when b is 0. This does not preclude the expression a / b being equality preserving. The
domaif of an expression is the set of injput values for which the expression is required to be well-defiped.

Expresgsions required by this specification to be equality preserving are further required to be stable: two
evaluaiions of such an expression with the same input objects must have equal outputs absent any gxplicit
intervgning modification of those input objects. [ Note: This requirement allows generic code to reason about
the current values of objects based on knowledge of the prior values as observed via equality prederving
exprespions. It effectively ferbids spontaneous changes to an object, changes to an object from another [thread
of exegution, changes.to"an object as side effects of non-modifying expressions, and changes to an objfject as
side effects of modifying a distinct object if those changes could be observable to a library function [via an
equalify preserying expression that is required to be valid for that object. — end note]

Expregsions~declared in a requires-expression in this document are required to be equality preserving, [except

for thgselannotated with the comment “not required to be equality preserving.” An expression so annotated
may b r\quo]if} pvnonvwn'ﬂg7 but-isnot v-nq111.v‘nd to-be-so-

An expression that may alter the value of one or more of its inputs in a manner observable to equality
preserving expressions is said to modify those inputs. This document uses a notational convention to specify
which expressions declared in a requires-expression modify which inputs: except where otherwise specified,
an expression operand that is a non-constant lvalue or rvalue may be modified. Operands that are constant
lvalues or rvalues must not be modified.

Where a requires-expression declares an expression that is non-modifying for some constant lvalue operand,
additional variations of that expression that accept a non-constant lvalue or (possibly constant) rvalue for
the given operand are also required except where such an expression variation is explicitly required with
differing semantics. These implicit expression variations must meet the semantic requirements of the declared
expression. The extent to which an implementation validates the syntax of the variations is unspecified.

[ Ezample:

8
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template <class T>
concept bool C =
requires(T a, T b, const T ¢, const T d) {

};

¢ ==d; // #1
a = std::move(b); // #2
a =c; /) #3

Expression #1 does not modify either of its operands, #2 modifies both of its operands, and #3 modifies
only its first operand a.

Expression #1 implicitly requires additional expression variations that meet the requirements for ¢ ==
(including non-modification), as if the expressions

a =9 d; a == b; a == move(b); a == d;
c =9 a; c == move(a); c == move(d);
movel(a) == d; move(a) == b; move(a) == move(b); move(a) == move(d);
movel(c) == b; move(c) == move(b); move(c) == d; move(c) == move(d);
had b¢en declared as well.
Expregsion #3 implicitly requires additional expression variations that meet th€.requirements for
(including non-modification of the second operand), as if the expressions a = b’and a = move(c) ha
declar¢d. Expression #3 does not implicitly require an expression variation with a non-constant rvalue
operaild, since expression #2 already specifies exactly such an expression‘explicitly. — end example
[ Ezanple: The following type T meets the explicitly stated syntactig-requirements of concept C abd
does nlot meet the additional implicit requirements:
struct T {
bool operator==(const T&) const { return true; }
bdol operator==(T&) = delete;
};
T fails [to meet the implicit requirements of C, so C<T’is not satisfied. Since implementations are not rq
to valiflate the syntax of implicit requirements, it*i$ unspecified whether or not an implementation dia
as ill-fbrmed a program which requires C<T>. 5% end ezample]
7.2 |Header <experimental/ranges/concepts> synopsis [concepts.lib.syn
namespace std { namespace experimental { namespace ranges { inline namespace vl {
/N 7.8, core language concepts:
/N 7.8.2, Same:
template <class T, class U>
concept bool Same =_See below;
/N 7.8.3, DerivedErom:
template <class-T, class U>
concept boplDérivedFrom = see below;
/N 7.5.4; EonvertibleTo:
template <class T, class U>

C

a=c
1 been
second

ve but

quired
gnoses

bpsis]

cept bool ConvertibleTo = see bhelow:

// 7.3.5, CommonReference:

te
co

mplate <class T, class U>
ncept bool CommonReference = see below;

// 1.8.6, Common:

te
Cco

mplate <class T, class U>
ncept bool Common = see below;

// 1.3.7, Integral:

te
co

mplate <class T>
ncept bool Integral = see below;
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// 1.8.8, SignedIntegral:
template <class T>
concept bool SignedIntegral = see below;

// 7.3.9, UnsignedIntegral:
template <class T>
concept bool UnsignedIntegral = see below;

// 71.8.10, Assignable:
template <class T, class U>
concept bool Assignable = see below;

// 1.8.11, Swappable:
telnplate <class T>
concept bool Swappable = see below;

template <class T, class U>
concept bool SwappableWith = see below;

/N 7.8.12, Destructible:
template <class T>
concept bool Destructible = see below;

/N 7.3.13, Constructible:
tegmplate <class T, class... Args>
concept bool Constructible = see below;

/N 7.8.14, DefaultConstructible:
template <class T>
concept bool DefaultConstructible = see below;

/N 7.3.15, MoveConstructible:
template <class T>
concept bool MoveConstructible = see below$

/N 7.8.16, CopyConstructible:
template <class T>
concept bool CopyConstructible =xsee below;

/A 7.4, comparison concepts:

/A 7.4.2, Boolean:

template <class B>

concept bool Boolean-=see below;

/N 7.4.3, EqualityComparable:
template <class“T, class U>
concept bool ‘WeaklyEqualityComparableWith = see below;

template)<class T>
c$:cept bool EqualityComparable = see below;

template <class T, class U>
concept bool EqualityComparableWith = see below;

// 1.4.4, StrictTotallyOrdered:
template <class T>
concept bool StrictTotallyOrdered = see below;

template <class T, class U>
concept bool StrictTotallyOrderedWith = see below;

// 1.5, object concepts:
// 1.5.1, Movable:
template <class T>

10
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concept bool Movable = see below;

// 1.5.2, Copyable:
template <class T>
concept bool Copyable = see below;

// 1.5.8, Semiregular:
template <class T>
concept bool Semiregular = see below;

// 1.5.4, Regular:
template <class T>
concept bool Regular = see below;

/A 7.6, callable concepts:

// 7.6.2, Invocable:

template <class F, class... Args>
concept bool Invocable = see below;

/AN 7.6.3, RegularInvocable:
tegmplate <class F, class... Args>

concept bool RegularInvocable = see below;

/A 7.6.4, Predicate:
tegmplate <class F, class... Args>
comcept bool Predicate = see below;

// 7.6.5, Relation:
template <class R, class T, class U>
concept bool Relation = see below;

/N 7.6.6, StrictWeakOrder:
template <class R, class T, class U>

concept bool StrictWeakOrder = see below;

113}

7.3 |Core language concepts
7.3.1| General

[concepts.lib.corglang]

[concepts.lib.corelang.general]

This section contains the definitionof concepts corresponding to language features. These concepts g¢xpress

relatiopships between types, type classifications, and fundamental type properties.

7.3.2| Concept Samé

template <class T, c¢lass U>

concept bool Sam€)l= is_same<T, U>::value; // see below

A

Rentarks: For the purposes of constraint checking, Same<T, U> implies Same<U, T>.

[concepts.lib.corelang.same]

[here-heed not be any subsumption relationship between Same<T, U> and is_same<T, U>::value.

7.3.3 Concept DerivedFrom

template <class T, class U>
concept bool DerivedFrom =
is_base_of<U, T>::value &&

[concepts.lib.corelang.derived]

is_convertible<remove_cv_t<T>*, remove_cv_t<U>*>::value; // see below

There need not be any subsumption relationship between DerivedFrom<T, U> and either is_base_-
0f<U, T>::value or is_convertible<remove_cv_t<T>*, remove_cv_t<U>*>::value.

[ Note: DerivedFrom<T, U> is satisfied if and only if T is publicly and unambiguously derived from U,
or T and U are the same class type ignoring cv-qualifiers. — end note]

© ISO/IEC 2017 - All rights reserved
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7.3.4 Concept ConvertibleTo [concepts.lib.corelang.convertibleto]

template <class T, class U>
concept bool ConvertibleTo =
is_convertible<From, To>::value && // see below
requires(From (&£)()) {
static_cast<To>(f());
};

1 Let test be the invented function:

To test(From (&f) ()) {

return f();
ne
J

gnd let £ be a function with no arguments and return type From such that £ () is equalitypregerving.
onvertibleTo<From, To> is satisfied only if:

(1.1) — To is not an object or reference-to-object type, or static_cast<To>(£()) is gqual to test (£).
(1.2) — From is not a reference-to-object type, or

(1.2.1) — If From is an rvalue reference to a non const-qualified type, the reSulting state of the|object
referenced by £ () after either above expression is valid but unspecified (ISO/IEC 148§2:2014
§17.6.5.15).

(1.2.2) — Otherwise, the object referred to by £ () is not modified by either above expression.

2 There need not be any subsumption relationship between ConvertibleTo<From, To> and is_copvert-
1ble<From, To>::value.

7.3.5| Concept CommonReference [concepts.lib.corelang.commg@nref]

1 For two types T and U, if common_reference_t<T, U> is well-formed and denotes a type C such that both
ConvertibleTo<T, C> and ConvertibleTo<U, C> are satisfied, then T and U share a common referenge type,
C. [ Ndte: C could be the same as T, or U, or it could-be a different type. C may be a reference type. C need
not be unique. — end note|

template <class T, class U>

conce bool CommonReference =
Same<common_reference_t<T, U>, common_reference_t<U, T>> &&
ConvlertibleTo<T, common_reference_ tXT, U>> &&
ConvlertibleTo<U, common_reference’ t<T, U>>;

2 et C be common_referénce_t<T, U>. Let t be a function whose return type is T, and let p be a
nction whose returfictype is U. CommonReference<T, U> is satisfied only if:
(2.1) — C(t ) equélsyC(t )) if and only if t() is an equality preserving expression (7.1.1).
(2.2) — C(u()).aguals C(u()) if and only if u() is an equality preserving expression.
3 Note: Uséers can customize the behavior of CommonReference by specializing the basic_common_-

teference class template (8.4.3). — end note ]

7.3.6| “Concept Common [concepts.lib.corelang.common]

1 If T and U can both be explicitly converted to some third type, C, then T and U share a common type, C.
[ Note: C could be the same as T, or U, or it could be a different type. C may not be unique. — end note]

template <class T, class U>
concept bool Common =
Same<common_type_t<T, U>, common_type_t<U, T>> &&
ConvertibleTo<T, common_type_t<T, U>> &&
ConvertibleTo<U, common_type_t<T, U>> &&
CommonReference<
add_lvalue_reference_t<const T>,
add_lvalue_reference_t<const U>> &&
CommonReference<
add_lvalue_reference_t<common_type_t<T, U>>,

12
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(2.1)

(2.2)

(1.2.1)

(1.2.2)

(1.2.3)

common_reference_t<
add_lvalue_reference_t<const T>,
add_lvalue_reference_t<const U>>>;

Let C be common_type_t<T, U>. Let t be a function whose return type is T, and let u be a function
whose return type is U. Common<T, U> is satisfied only if:

— C(tO) equals C(t()) if and only if t() is an equality preserving expression (7.1.1).
— C(u0)) equals C(u(Q)) if and only if u() is an equality preserving expression (7.1.1).

[ Note: Users can customize the behavior of Common by specializing the common_type class tem-
plate (8.4.2). — end note]

7.3.7 Concept Integral —_________________[concepts.iib.corelang-integral]

template <class T>
concept bool Integral = is_integral<T>::value; // see below

.

[here need not be any subsumption relationship between Integral<T> and is_integral<T>: :value.

7.3.8] Concept SignedIntegral [concepts.lib.corelang.signedint¢gral]

template <class T>
concept bool SignedIntegral = Integral<T> && is_signed<T>::value; // gee~below

here need not be any subsumption relationship between SignedIntegral<T> and is_signef<T>::
alue.

[Note: SignedIntegral<T> may be satisfied even for types that are not signed integral types (ISP /IEC
4882:2014 §3.9.1); for example, char. — end note|

7.3.9| Concept UnsignedIntegral [concepts.lib.corelang.unsignedintegral]

template <class T>

concept bool UnsignedIntegral = Integral<T> &&\!SignedIntegral<T>;

[Note: UnsignedIntegral<T> may begatisfied even for types that are not unsigned integral typeg (ISO/
IEC 14882:2014 §3.9.1); for example, char. — end note |

Concept Assignable [concepts.lib.corelang.assignable]

concept bool Assignable =
alue_reference<T>:ivalue && // see below

C DT a SIS O 4 a at de YPE S d X fon such
that decltype((u)) is U. Let u2 be a distinct object that is equal to u. Assignable<T, U> is satisfied
only if

— addressof (t = u) == addressof (o).

— After evaluating t = w
— t is equal to u2, unless u is a non-const xvalue that refers to o.

If u is a non-const xvalue, the resulting state of the object to which it refers is valid but
unspecified (ISO/TEC 14882:2014 §17.6.5.15).

Otherwise, if u is a glvalue, the object to which it refers is not modified.

13
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There need not be any subsumption relationship between Assignable<T, U> and is_lvalue_refer-
ence<T>::value.

[ Note: Assignment need not be a total function (6.2.1.3); in particular, if assignment to an object x

can result in a modification of some other object y, then x = y is likely not in the domain of =. — end
note |
7.3.11 Concept Swappable [concepts.lib.corelang.swappable]

template <class T>
concept bool Swappable =
requires(T& a, T& b) {
ranges: :swap(a, b);

};

templ

conce
Co

c

c

requires(T&& t, U&& u) {

r

r
r
r

e <class T, class U>

bool SwappableWith =
nReference<

st remove_reference_t<T>&,

st remove_reference_t<U>&> &&

ges: :swap(std: :forward<T>(t), std::forward<T>(t));
ges: :swap(std: :forward<U>(u), std::forward<U>(u));
ges: :swap(std: :forward<T>(t), std::forward<U>(u));
ges: :swap(std: :forward<U>(u), std::forward<T>(t));

This subclause provides definitions for swappable types aumd‘expressions. In these definitiong, let t
lenote an expression of type T, and let u denote an expression of type U.

An object t is swappable with an object u if and only<4f SwappableWith<T, U> is satisfied. Swappable-
Jith<T, U> is satisfied only if given distinct objects.t2 equal to t and u2 equal to u, after evaluating
dither ranges: :swap(t, u) or ranges::swap (U, ~t), t2 is equal to u and u2 is equal to t.

An rvalue or lvalue t is swappable if and onlyNf t is swappable with any rvalue or lvalue, respeftively,
f type T.

Ezxample: User code can ensure that‘the evaluation of swap calls is performed in an appr¢priate
ontext under the various conditions as follows:

#include <utility>

// Requires: std::forward<T>(t) shall be swappable with std: :forward<U>(u).
template <class T, «lass U>
void value_swap(F&& t, U&& u) {
using std::experimental::ranges: :swap;
swap (std: sforward<T>(t), std::forward<U>(u)); // OK: uses “swappable with” conditions
// for rvalues and lvalues

}

// Requires: lvalues of T shall be swappable.
template <class T>

I I | Vi J ] Lo 0N [
FOTra—TvV —SWaptTr¥—TtI; ¥tz T

using std::experimental::ranges::swap;
swap(tl, t2); // OK: uses swappable conditions for
} // lalues of type T

namespace N {
struct A { int m; };
struct Proxy { A* a; };
Proxy proxy(A& a) { return Proxy{ &a }; }

void swap(A& x, Proxy p) {
std: :experimental::ranges::swap(x.m, p.a->m); // OK: uses context equivalent to swappable
// conditions for fundamental types

14
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(1.1)
(1.2)

(1.3)

void swap(Proxy p, A& x) { swap(x, p); } // satisfy symmetry constraint
}

int main() {
int i =1, j = 2;
lv_swap(i, j);
assert(i == 2 & j == 1);

N::Aal={513 a2={-51;
value_swap(al, proxy(a2));
assert(al.m == -5 && a2.m == 5);

}

7.3.1]
The D
of theli

templa
concep

]

[
1
7.3.1;
The C
types.

templa
concep
Dest

7.3.14

templa
concep

There need not be any subsumption relationship between Destructiblé<T> and is_nothrow_des

There need not be any subsumption relationship between Constructible<T, Args...> an

— end example |

P Concept Destructible [concepts.lib.corelang.destruc

estructible concept specifies properties of all types, instances of which can be destroyed at t
r lifetime, or reference types.

te <class T>
[t bool Destructible = is_nothrow_destructible<T>::value; /7'see below

ble<T>::value.

Note: Unlike the Destructible library concept in the C++ Stadndard (ISO/IEC 14882:2014 §17]
his concept forbids destructors that are noexcept (false), even if non-throwing. — end note

B Concept Constructible [concepts.lib.corelang.construc

nstructible concept constrains the initialization.of<@ variable of a type with a given set of arg

te <class T, class... Args>
t bool Constructible =
ructible<T> && is_constructible<T, Args...>::value; // see below

onstructible<T, Args...>:ivalue.

7.3.1%

templ
conce
Con

I Concept DefaultConstructible [concepts.lib.corelang.defaultconstruc
te <class T>
it bool DefaultConistructible = Constructible<T>;

Concept'MoveConstructible [concepts.lib.corelang.moveconstrud

e <class™I>
boolk-MoveConstructible =
ructible<T, T> && ConvertibleTo<T, T>;

tible]
he end

truct-

6.3.1),

tible]

ument

d is_-

tible]

tible]

11 T 15 an object type, then let rv be an rvalue ot type T and u2 a distinct object ot type 1 equa

MoveConstructible<T> is satisfied only if

— After the definition T u = rv;, u is equal to u2.

— T{rv} is equal to u2.

to rv.

— If T is not const, rv’s resulting state is valid but unspecified (ISO/IEC 14882:2014 §17.6.5.15);

otherwise, it is unchanged.

© ISO/IEC 2017 - All rights reserved
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1

(1.1)

(1.2)

2 Given|const lvalues-b1 and b2 of type remove_reference_t<B>, then Boolean<B> is satisfied only if

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

ISO/IEC TS 21425:2017(E)

7.3.1

6 Concept CopyConstructible [concepts.lib.corelang.copyconstruc

template <class T>

concept bool CopyConstructible =
MoveConstructible<T> &&
Constructible<T, T&> && ConvertibleTo<T&, T> &&
Constructible<T, const T&> && ConvertibleTo<const T&, T> &&
Constructible<T, const T> && ConvertibleTo<const T, T>;

7.4 |Comparison concepts [concepts.lib.com
7.4.1| General [concepts.lib.conipare.gei
This s¢ction describes concepts that establish relationships and orderings on values of passibly differing
types.

7.4.2| Concept Boolean [concepts:lib.compare.bod

The Bpolean concept specifies the requirements on a type that is usable in’Boolean contexts.

conce
Mov:

requires(const remove_reference_t<B>& bl,

B S S S e e e e

}s

templage <class B>

tible]

If T is an object type, then let v be an lvalue of type (possibly const) T or an rvalue of type const T.

CopyConstructible<T> is satisfied only if

— After the definition T u = v;, u is equal to v.

— T{v} is equal to v.

bool Boolean =
le<decay_t<B>> && // (see 7.5.1)

const remove_reference_t<B>& b2, const bool a)\{

b1l } -> ConvertibleTo<bool>&&;
bl } -> ConvertibleTo<bool>&&;
bl &% a } -> Same<bool>&&;
bl || a } -> Same<bool>&&;
bl && b2 } -> Same<bool>&&;
2 && b2 } -> Same<bool>&&;
bl || b2 } -> Same<bool>&&;
a || b2 } -> Same<bool>&&;
bl == b2 } -> ConvertibleTo<bobl>&&;
bl == a } -> ConvertibleTo<bool>&&;
a == b2 } -> ConvertibleTo<bool>&&;
bl !'= b2 } -> ConvertibleTo<bool>&&;
bl != a } -> ConverbtibleTo<bool>&&;
a !'= b2 } -> ConvertibleTo<bool>&&;

Bool(bl) == !'bool(!bl).

pare]
neral]

object

lean)|

bl &&\b2), (bl && bool(b2)), and (bool(bl) && b2) are all equal to (bool(bl) && bool(b2)),
nd have the same short-circuit evaluation.
bt 52 (ot oo (b)) amd (oo v b2 arc att oquat to (oo b1 boo1 (b2))

and have the same short-circuit evaluation.

— bool(bl == b2), bool(bl == bool(b2)), and bool(bool(bl) == b2) are all equal to (bool(bl) ==

— bool(bl !'= b2), bool(bl != bool(b2)), and bool(bool(bl)

bool(b2)).

bool(b2)).

I= b2) are all equal to (bool(bl) !=

3 [ Ezample: The types bool, std: :true_type, and std: :bitset<N>::reference are Boolean types. Point-
ers, smart pointers, and types with explicit conversions to bool are not Boolean types. — end example]

16
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7.4.3 Concept EqualityComparable [concepts.lib.compare.equalitycomparable]

template <class T, class U>
concept bool WeaklyEqualityComparableWith =
requires(const remove_reference_t<T>& t,
const remove_reference_t<U>& u) {

{t ==u} -> Boolean&&;

{t !'=ul} -> Boolean&&;

{u==t 3} -> Boolean&&;

{u'=t} -> Boolean&&;

};
1 Let t and u be const lvalues of types remove_reference_t<T> and remove_reference_t<U> respec-
flively. WeaklyEqualityComparableWith<T, U> is satisfied only if:

(1.1) — t ==u,u==1t,t != u and u !'= t have the same domain.
(1.2) — bool(u == t) == bool(t == u).
(1.3) — bool(t !'= u) == !bool(t == u).
(1.4) — bool(u !'= t) == bool(t != u).

template <class T>
concept bool EqualityComparable = WeaklyEqualityComparableWith<T, T>;

2 LLet a and b be objects of type T. EqualityComparable<T> is satisfied only if:
(2.1) — bool(a == b) if and only if a is equal to b.
3 | Note: The requirement that the expression a == b is equality preserving implies that == is reflexive,

tlransitive, and symmetric. — end note]

e <class T, class U>

concept bool EqualityComparableWith =
EqualityComparable<T> &&
EqualityComparable<U> &&
CommonReference<

st remove_reference_t<T>&,

st remove_reference_t<U>&> &&
ityComparable<

on_reference_t<

const remove_reference_t<T>&,
const remove_reference_t<U>&>> &&
WeakllyEqualityComparableWith<T, U>;

4 let t be a const lvalue of type remove_reference_t<T>, u be a const lvalue of type remove_-
referenceH<U>, and C be:

common, reference_t<const remove_reference_t<T>&, const remove_reference_t<U>&>

EqdalityComparableWith<T, U> is satisfied only if:

(4.1) — boolI(t == u) == bool(C(T) == Cc{w-

7.4.4 Concept StrictTotallyOrdered [concepts.lib.compare.stricttotallyordered]

template <class T>
concept bool StrictTotallyOrdered =
EqualityComparable<T> &&
requires(const remove_reference_t<T>& a,
const remove_reference_t<T>& b) {

{a<b} ->Boolean&&;
{a>b} ->Boolean&&;
{ a<=b } -> Boolean&&;
{ a> b} -> Boolean&&;

};

17
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1 Let a, b, and ¢ be const lvalues of type remove_reference_t<T>. StrictTotallyOrdered<T> is
satisfied only if

(1.1) Exactly one of bool(a < b), bool(a > b), or bool(a == b) is true.

If bool(a < b) and bool(b < c), then bool(a < c).
bool(a > b) == bool(b < a).

bool(a <= b) == !bool(b < a).

bool(a >= b) == !bool(a < b).

template <class T, class U>

concept bool StrictTotallyOrderedWith =
StrijctTotallyOrdered<T> &&
StrijctTotallyOrdered<U> &&

onReference<

st remove_reference_t<T>&,

st remove_reference_t<U>&> &&

StrijctTotallyOrdered<

on_reference_t<

const remove_reference_t<T>&,

const remove_reference_t<U>&>> &&

EquallityComparableWith<T, U> &&

requires(const remove_reference_t<T>& t,
const remove_reference_t<U>& u) {

< u} -> Boolean&&;

>u } -> Boolean&&;

-> Boolean&&;

Boolean&&;

-> Boolean&&;

-> Boolean&&;

-> Boolean&&;

-> Boolean&&;

B N N N s
E B B & cf of of of
v
It
[~ =}
o
!
v

2 let t be a const lvalue of type reméve_reference_t<T>, u be a const lvalue of type remove_-
teference_t<U>, and C be:

common_reference_t<const remove_reference_t<T>&, const remove_reference_t<U>&>

JtrictTotallyOrderedWith<T, U> is satisfied only if

bool(t <= u) =
bool (€/>= u) =
bool¢a < t) =

bool(u <= 1) == hool (C(1) <=

bool(t < u) ==thool(C(t) < C(u)).
bool(t > u) (=3 bool(C(t) > C(w).
bool(C(t) <=
bool(C(t) >=
bool(C(u) < C(t)).
— bool(u > t) == bool(C(u) > C(t)).

c(u)).
c(u)).

cE))

7.5 Object concepts

bool(u >= t) == bool(C(u) >= C(t)).

[concepts.lib.object]

1 This section describes concepts that specify the basis of the value-oriented programming style on which the

library is based.

18
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7.5.1 Concept Movable [concepts.lib.object.movable]

template <class T>

concept bool Movable =
is_object<T>::value &&
MoveConstructible<T> &&
Assignable<T&, T> &&
Swappable<T>;

There need not be any subsumption relationship between Movable<T> and is_object<T>: :value.

7.5.2 Concept Copyable [concepts.lib.object.copyable]

template XTcIass I~

concept bool Copyable =
CopylConstructible<T> &&
Movable<T> &&
Assilgnable<T&, const T&>;

7.5.3| Concept Semiregular [concepts.lib.ebject.semiregular]

template <class T>

concept bool Semiregular =
Copyjable<T> &&
DefaultConstructible<T>;

| Note: The Semiregular concept is satisfied by types that hehave similarly to built-in types like int,
gxcept that they may not be comparable with ==. — end nate}

7.5.4| Concept Regular [concepts.lib.object.regular]

template <class T>

concept bool Regular =
Semifregular<T> &&
EqualityComparable<T>;

| Note: The Regular concept is satisfied by types that behave similarly to built-in types like int and

hat are comparable with ==. — end note |
7.6 |Callable concepts [concepts.lib.callable]
7.6.1| General [concepts.lib.callable.geperal]

The c¢ncepts in this section.describe the requirements on function objects (8.3) and their arguments|

7.6.2| Concept Invdcable [concepts.lib.callable.invo¢able]
The Invocable conéept specifies a relationship between a callable type (ISO/IEC 14882:2014 §20.9.1) F and
a set df argumeTit types Args. .. which can be evaluated by the library function invoke (8.3.1).
template <class F, class... Args>
concept, 6ol Invocable =

req-lH-v- AN -F’ I\-v-g 733 -v-g ) {

invoke (std: :forward<F>(f), std::forward<Args>(args)...); // not required to be equality preserving
1

[ Note: Since the invoke function call expression is not required to be equality-preserving (7.1.1), a
function that generates random numbers may satisfy Invocable. — end note]

7.6.3 Concept RegularInvocable [concepts.lib.callable.regularinvocable]

template <class F, class... Args>
concept bool RegularInvocable =
Invocable<F, Args...>;

19
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(1.1)

(1.2)

(2.2.1)
(2.2.2)

(2.2.3)

ISO/IEC TS 21425:2017(E)

The invoke function call expression shall be equality-preserving and shall not modify the function

object or the arguments (7.1.1). [ Note: This requirement supersedes the annotation in the definition of
Invocable. — end note]

[ Note: A random number generator does not satisfy RegularInvocable. — end note |

[ Note: The distinction between Invocable and RegularInvocable is purely semantic. — end note]

7.6.4 Concept Predicate [concepts.lib.callable.predicate]

template <class F, class... Args>

concept bool Predicate =
RegularInvocable<F, Args...> &&
Boolean<result_of_t<F&&(Args&&...)>>;

7.6.5| Concept Relation [concepts.lib.callable.relzlltion]

e <class R, class T, class U>
bool Relation =

nReference<

st remove_reference_t<T>&,

st remove_reference_t<U>&> &&
Predicate<R,

on_reference_t<

const remove_reference_t<T>&,
const remove_reference_t<U>&>,
common_reference_t<

const remove_reference_t<T>&,

const remove_reference_t<U>&>> &&
Predicate<R, T, U> &&
Predicate<R, U, T>;

LLet r be an expression such that decltypef(¥)) is R, t be an expression such that decltype({t)) is
T, u be an expression such that decltype((u)) is U, and C be common_reference_t<const repnove_-
reference_t<T>&, const remove_reférence_t<U>&>. Relation<R, T, U> is satisfied only i

— bool(r(t, u)) == bool(r(C(t), C(u))).
— bool(r(u, t)) == bool(xr(C(u), C(t))).

7.6.6| Concept StrictWeakOrder [concepts.lib.callable.strictweakqrder]

template <class R, class«I,“class U>
concept bool StrictWeakDrder = Relation<R, T, U>;

A Relation satisfies StrictWeakOrder only if it imposes a strict weak ordering on its argumeipts.

['he termyStyict refers to the requirement of an irreflexive relation (!comp(x, x) for all x), and the term
eak torequirements that are not as strong as those for a total ordering, but stronger than thoge for a

partialordering. If we define equiv(a, b) as !'comp(a, b) && !'comp(b, a), then the requir¢gments
re.that comp and equiv both be transitive relations:

— comp(a, b) && comp(b, c) implies comp(a, c)

— equiv(a, b) & equiv(b, c) implies equiv(a, c¢) [ Note: Under these conditions, it can be
shown that

— equiv is an equivalence relation

— comp induces a well-defined relation on the equivalence classes determined by equiv

— The induced relation is a strict total ordering. — end note]
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8

8.1

General utilities library [utilities]

General [utilities.general]

1 This Clause describes utilities that are generally useful in C++ programs; some of these utilities are used by
other elements of the Ranges library. These utilities are summarized in Table 4.

8.2

Table 4 — General utilities library summary

[ Subclause T—Tpat‘]pr(q) |
8.2 Utility components <experimental/ranges/utility>
8.3 Function objects <experimental/ranges/functional>
8.4 Type traits <type_traits>

8.5 Tagged tuple-like types <experimental/ranges/utility> &
<experimental/ranges/tuple>

Utility components [u

1 This spbclause contains some basic function and class templates that are\used throughout the rest

librarsf.

Headér <experimental/ranges/utility> synopsis

2 The h¢ader <experimental/ranges/utility> defines several types, function templates, and concep

are de

templgtes that operate on tagged_pair objects.

namespace std { namespace experimental { namespace)ranges { inline namespace vl {

}

/N 8.2.1, swap:
namespace {

constexpr unspecified swap = unspecyfted ;

// 8.2.2, exchange:
template <MoveConstructible T,\class U=T>

requires Assignable<T&, U>
constexpr T exchange(T& obj, U&& new_val) noexcept(see below);

/AN 8.5.2, struct with naned accessors
template <class T>

concept bool TagSpecifier = see below;

template <class F>

concept bool TaggedType = see below;

ility]
of the

bs that

eribed in this Clause. It also defines the templates tagged and tagged_pair and various function

teEplate <class Base, TagSpecifier... Tags>
-1 - = -1 Rac PP TN T

struct tagged;

// 8.5.4, tagged pairs
template <TaggedType T1, TaggedType T2> using tagged_pair = see below;

template <TagSpecifier Tagl, TagSpecifier Tag2, class T1l, class T2>
constexpr see below make_tagged_pair(T1&& x, T2&& y);

33

namespace std {

// 8.5.3, tuple-like access to tagged
template <class Base, class... Tags>
struct tuple_size<experimental::ranges::tagged<Base, Tags...>>;
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8.2.1
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template <size_t N, class Base, class... Tags>
struct tuple_element<N, experimental::ranges::tagged<Base, Tags...>>;

swap [utility.swap]

I The name swap denotes a customization point object (6.3.5.1). The effect of the expression ranges: : swap (E1,

(1.1)

(1.2)

Rematk: Whenever ranges: :swap(E1, E2) is axvalid expression, it exchanges the values referenced
and EZ and has type void.

8.2.2( exchange [utility.exch

template <MoveConstructible T, class U=T>
requires Assignable<T&, U>
constexpr T exchange(T& obj, U&¥% new_val) noexcept(see below);

8.3 Function objects

E2) for some expressions E1 and E2 is equivalent to:

includes the declarations

template <class T>
void swap(T&, T&) = delete;

— (void)swap(E1l, E2), if that expression is valid, with overload resolution performed in a context that

template <class T, size_t N>
void swap(T(&) [N], T(&)[N]) = delete;

4nd does not include a declaration of ranges: :swap. If the function selected by oveérload res
loes not exchange the values referenced by E1 and E2, the program is ill-formedywith no diag
lequired.

Dtherwise, (void)swap_ranges(E1l, E2) if E1 and E2 are lvalues of arrag-types (ISO/IEC
2014 §3.9.2) of equal extent and ranges::swap(*(E1), *(E2)) is a valid expression, excef
noexcept (ranges: :swap(E1l, E2)) is equal to noexcept (ranges: :swap(*(E1), *(E2))).

therwise, if E1 and E2 are lvalues of the same type T which meets the syntactic requirem
NoveConstructible<T> and Assignable<T&, T>, exchanges thereferenced values. ranges: :sw
E2) is a constant expression if the constructor selected by oyerload resolution for T{std: :mov
ik a constexpr constructor and the expression E1 = std;:move(E2) can appear in a constexp
fion. noexcept(ranges::swap(E1l, E2)) is equal to is{nothrow_move_constructible<T>:
&% is_nothrow_move_assignable<T>::value. If either MoveConstructible or Assignable
datisfied, the program is ill-formed with no diagnostic'required.

Dtherwise, ranges: :swap(E1, E2) is ill-formed.

Effects: Equivalent 4¢:

T old_val = std;:move(obj);
obj = std:«forward<U>(new_val);
return old-val;

Remarks:*The expression in noexcept is equivalent to:

lution
nostic

14882:
t that

ents of
ap (E1,
b (E1)}
r func-
value
is not

by E1

ange|

i€_nothrow_move_constructible<T>: :value &&

—IS_MOtHTIoW_asSSigNabiesi&,; u> T varue

1 Header <experimental/ranges/functional> synopsis

namespace std { namespace experimental { namespace ranges { inline namespace vi {
// 8.3.1, invoke:
template <class F, class... Args>
result_of _t<F&&(Args&&...)> invoke(F&& f, Args&&... args);

// 8.8.2, comparisons:
template <class T = void>

requires see below

[function.objects]

22
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struct equal_to;

template <class T = void>
requires see below
struct not_equal_to;

template <class T = void>
requires see below
struct greater;

template <class T = void>
requires see below
struct less;

tJmplate <class T = void>
requires see below
stfruct greater_equal;

template <class T = void>
requires see below

stiruct less_equal;

plate
plate
plate
plate
plate
plate

o o o o o o

<>
<>
<>
<>
<>
<>

struct
struct
struct
struct
struct
struct

// 8.3.3, identity:
stiruct identity;

311}

equal_to<void>;
not_equal_to<void>;
greater<void>;
less<void>;
greater_equal<void>;
less_equal<void>;

8.3.1| Function template invoke

template <class F, class... Args>

resuly of t<F&&(Args&&...)> invoke(F&& f, Args&&. ..

0.9.2).

Effects: Equivalent to:
teturn INVOKE (std::forward<F>(f), std::forward<Args>(args)...); (ISO/IEC 14882

8.3.2|] Comparisons

args);

[func.in

[compar

The lilhrary provides basic function object classes for all of the comparison operators in the language (IS
14882:p014 §5.9, ISO/IEC 14882:2014 §5.10).

In thi$ sectiony BUILTIN_PTR_CMP (T, op, U) for types T and U and where op is an equality (IS
14882:R014-§5.10) or relational operator (ISO/IEC 14882:2014 §5.9) is a boolean constant expi
BUILTIN{PTRE_CMP (T, op, U) is true if and only if op in the expression declval<T>() op declva

I‘esolv s o a huiltain r\pﬂv‘afnv‘ anpqr1hg prnhfov‘c

voke]

P014 §

sons]|
D/IEC

D/IEC
ession.
1 <U>()

There is an implementation-defined strict total ordering over all pointer values of a given type. This total
ordering is consistent with the partial order imposed by the builtin operators <, >, <=, and >=.

template <class T = void>
requires EqualityComparable<T> || Same<T, void> || BUILTIN_PTR_CMP (const T&, ==, const T&)
struct equal_to {
constexpr bool operator() (const T& x, const T& y) const;

};

operator () has effects equivalent to: return equal_to<>(x, y);

© ISO/IEC 2017 - All rights reserved
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10

11

(11.1)

(11.2)

ISO/IEC TS 21425:2017(E)

template <class T = void>

requires EqualityComparable<T> || Same<T, void> || BUILTIN_PTR_CMP(const T&, ==, const T&)
struct not_equal_to {

constexpr bool operator() (const T& x, const T& y) const;

};

operator () has effects equivalent to: return !'equal_to<>(x, y);

template <class T = void>

requires StrictTotallyOrdered<T> || Same<T, void> || BUILTIN_PTR_CMP (const T&, <, const T&)
struct greater {

constexpr bool operator() (const T& x, const T& y) const;

};

perator () has effects equivalent to: return less<>(y, x);

template <class T = void>

requires StrictTotallyOrdered<T> || Same<T, void> || BUILTIN_PTR_CMP (const T&,\<, const T&)
struct less {

consitexpr bool operator() (const T& x, const T& y) const;

};

perator () has effects equivalent to: return less<>(x, y);

template <class T = void>

requires StrictTotallyOrdered<T> || Same<T, void> || BUILTIN PTR_CMP (const T&, <, const T&)
struct greater_equal {

constexpr bool operator() (const T& x, const T& y) consty

};

perator () has effects equivalent to: return@less<>(x, y);

template <class T = void>

requires StrictTotallyOrdered<T> || Same<T, void> || BUILTIN_PTR_CMP (const T&, <, const T&)
struct less_equal {

consitexpr bool operator() (const “I& x, const T& y) const;

};

¢perator () has effects.equivalent to: return !less<>(y, x);

template <> struct equal_to<void> {
template <class«I,“class U>
requires EqualityComparableWith<T, U> || BUILTIN_PTR_CMP(T, ==, U)
conjgexpr bool) operator() (T&& t, U&& u) const;

typedef ,unspecified is_transparent;
};

Requires: If the expression std: : forward<T>(t) == std::forward<U>(u) results in a call to a built-in
operator == comparing pointers of type P, the conversion sequences from both T and U to P shall be
equality-preserving (7.1.1).

Effects:
— If the expression std::forward<T>(t) == std::forward<U>(u) results in a call to a built-in
operator == comparing pointers of type P: returns false if either (the converted value of) t

precedes u or u precedes t in the implementation-defined strict total order over pointers of type P
and otherwise true.

— Otherwise, equivalent to: return std::forward<T>(t) == std::forward<U>(u);
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template <> struct not_equal_to<void> {
template <class T, class U>

requires EqualityComparableWith<T, U> || BUILTIN_PTR_CMP(T, ==, U)
constexpr bool operator() (T&& t, U&& u) const;

}}

12

typedef unspecified is_transparent;

operator () has effects equivalent to:

return 'equal_to<>{}(std::forward<T>(t), std::forward<U>(u));

templ

};

13

tem
r
con

e <> struct greater<void> 1

ate <class T, class U>

uires StrictTotallyOrderedWith<T, U> || BUILTIN_PTR_CMP (U, <, T)
expr bool operator() (T&& t, U&& u) const;

typgdef unspecified is_transparent;

templa

};

14

15

(15.1)

(15.2)

temp

con

perator () has effects equivalent to:

return less<>{}(std::forward<U>(u), std::forward<T>(t));

te <> struct less<void> {
late <class T, class U>

rjguires StrictTotallyOrderedWith<T, U> || BUILTIN_PTR/CMP (T, <, U)

expr bool operator() (T&& t, U&& u) const;

typegdef unspecified is_transparent;

y

1

H

templa

1

16

temp

Requires: If the expression std: :forward<T>(t) < std::forward<U>(u) results in a call to a |
perator < comparing pointers of typ@;P, the conversion sequences from both T and U to 1
e equality-preserving (7.1.1). For any expressions ET and EU such that decltype((ET)) is
lecltype ((EU)) is U, exactly one-of less<>{}(ET, EU), less<>{}(EU, ET) or equal_to<>
U) shall be true.

ffects:

— If the expressiontstd: :forward<T>(t) < std::forward<U>(u) results in a call to a Hb
operator < comparing pointers of type P: returns true if (the converted value of) t preced
the impleméntation-defined strict total order over pointers of type P and otherwise false

— Otherwiseyequivalent to: return std::forward<T>(t) < std::forward<U>(u);

te <>sstruct greater_equal<void> {
late, <ctlass T, class U>

r

qquires StrictTotallyOrderedWith<T, U> || BUILTIN_PTR_CMP(T, <, U)

uilt-in
P shall
T and
{}(ET,

uilt-in
es u in

cons

Texpr bool operator()(lg& T, U&& u) Const;

typedef unspecified is_transparent;

operator () has effects equivalent to:

return !less<>{}(std::forward<T>(t), std::forward<U>(u));

template <> struct less_equal<void> {
template <class T, class U>

Ire
cons

quires StrictTotallyOrderedWith<T, U> || BUILTIN_PTR_CMP (U, <, T)
texpr bool operator() (T&& t, U&& u) const;
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typedef unspecified is_transparent;

} 3
operator () has effects equivalent to:
return !'less<>{}(std::forward<U>(u), std::forward<T>(t));
8.3.3 Class identity [func.identity]

struct identity {
template <class T>
constexpr T&& operator() (T&& t) const noexcept;

typedef—unspectfted —Is_tramsparent;

};

perator () returns std::forward<T>(t).
8.4 [Metaprogramming and type traits [meta]
8.4.1| Header <experimental/ranges/type_traits> synopsis [meta.type.synop]

namgspace std { namespace experimental { namespace ranges { inline namespace vl {
/N 8.4.2, type properties:
template <class T, class U> struct is_swappable_with;
tI:plate <class T> struct is_swappable;

template <class T, class U> struct is_nothrow_swappable_with;
template <class T> struct is_nothrow_swappable;

template <class T, class U> constexpr bool is_swappable_with_v
= is_swappable_with<T, U>::value;

template <class T> constexpr bool is_swappable_w

= is_swappable<T>::value;

template <class T, class U> constexpr boolvis_nothrow_swappable_with_v
= is_nothrow_swappable_with<T, U>::yvalue;

template <class T> constexpr bool is\mothrow_swappable_v

= is_nothrow_swappable<T>::valugs

/N 8.4.3, other transformations:
tI:plate <class... T> struct“common_type;

template <class T, class+U, template <class> class TQual, template <class> class UQual>
struct basic_common.reference { };

template <class... (I>) struct common_reference;

template <class:uw: T>
using common-type_t = typename common_type<T...>::type;

template <class... T>
using. common_reference_t = typename common_reference<T...>::type;

1333
8.4.2 Type properties [meta.unary.prop]

These templates provide access to some of the more important properties of types.
It is unspecified whether the library defines any full or partial specializations of any of these templates.

For all of the class templates X declared in this subclause, instantiating that template with a template
argument that is a class template specialization may result in the implicit instantiation of the template
argument if and only if the semantics of X require that the argument must be a complete type.

For the purpose of defining the templates in this subclause, a function call expression declval<T>() for
any type T is considered to be a trivial (ISO/IEC 14882:2014 §3.9, ISO/IEC 14882:2014 §12) function call
that is not an odr-use (ISO/IEC 14882:2014 §3.2) of declval in the context of the corresponding definition
notwithstanding the restrictions of (ISO/IEC 14882:2014 §20.2.5).
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Table 5 — Additional type property predicates

Template

Condition

Precondition

template <class T, class U>
struct is_swappable_with;

The expressions

ranges: :swap (
declval<T>(),
declval<U>()) and
ranges: :swap(
declval<U>(),
declval<T>()) are each
well-formed when treated
as an unevaluated operand

T and U shall be complete
types, (possibly
cv-qualified) void, or
arrays of unknown bound.

(Clause ISO/IEC
14882:2014 §5). Access
checking is performed as if
in a context unrelated to T
and U. Only the validity of
the immediate context of
the swap expressions is
considered. [ Note: The
compilation of the
expressions can result in
side effects such as the
instantiation of class
template specializations
and function template
specializatiohs, ‘the
generationof
implicitly*defined
functions, and so on. Such
sideeffects are not in the
‘ithmediate context” and
can result in the program
being ill-formed. — end
note|

template <class T>
strpct is_swappable;

For a referenceable type T,
the same result as
is_swappable_with_v<
T& ,T&>, otherwise

false.

T shall be a complete type,
(possibly cv-qualified)
void, or an array of
unknown bound.

template <class T, /class U>
strpct is_nothrow_swappable_with;

is_swappable_with_v<T,
U> is true and each swap
expression of the definition
of is_swappable_with<T,
U> is known not to throw
any exceptions (ISO/IEC

T and U shall be complpte
types, (possibly

cv-qualified) void, or
arrays of unknown bound.

14884:2U14 39.9.7).

template <class T>
struct is_nothrow_swappable;

For a referenceable type T,
the same result as
is_nothrow_swappable_
with_v<T&, T&>,
otherwise false.

T shall be a complete type,
(possibly cv-qualified)
void, or an array of
unknown bound.

8.4.3 Other transformations

© ISO/IEC 2017 - All rights reserved
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1

(2.3.1)

(2.3.1.1)

(2.3.1.2)
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Table 6 — Other transformations

Template Comments

template <class... T> The member typedef type shall be defined or omitted as

struct common_type;

specified below. If it is omitted, there shall be no member

type. Each type in the parameter pack T shall be complete or

(possibly cv) void. A program may specialize this tra

it if at

least one template parameter in the specialization depends on

a user-defined type and sizeof...(T) == 2. [ Note:

Such

specializations are needed when only explicit conversions are

desired among the template arguments. — end note|

template <class T, class U, The primary template shall have no member typedef

temp|
temp|
stru

late <class> class TQual, program may specialize this trait it at least one temp
late <class> class UQual> parameter in the specialization depends on a user‘defi
ct basic_common_reference; In such a specialization, a member typedef type-anay

type. [ Note: Such specializations may be.used to infly
result of common_reference. — end note]

type. A
ate
1ed type.
be

defined or omitted. If it is omitted, there siall.be no member

ence the

temp
stru

late <class... T> The member typedef type shall be-defined or omitte
ct common_reference; specified below. If it is omitted,/here shall be no me
type. Each type in the paranieter pack T shall be coq
(possibly cv) void.

| as
nber
hplete or

Let CR
cv_t<
the sa
qualifi
examp
RES (X

types
B) be:

— IIf A and B are both Ivalue reference typesgGOMMON_REF (A, B) is COND_RES(COPYCV(X, Y) &, COH

3

1

q

;

If any
Note 4

remove_reference_t<A>>. Let XREF(A) denote a unary teriplate T such that T<UNCVREF (A)>
e type as A. Let COPYCV(FROM, TO) be an alias for typg€ TO with the addition of FROM’s top-l4
brs. [ Example: COPYCV(const int, volatile shox®)NS an alias for const volatile short.
e] Let RREF_RES(Z) be remove_reference_t<Z>&& il Z is a reference type or Z otherwise. Let
Y) be decltype(declval<bool>() ? declvalkX(&) O>O)() : declval<Y(&) (>0 0).
\ and B, let X be remove_reference_t<A>, let/Y be remove_reference_t<B>, and let COMMON _

) &).

therwise, let C be RREF_RES (COMMON_REF (X&, Y&)). If A and B are both rvalue reference typ4
is well-formed, and is_convertible<A, C>::value and is_convertible<B, C>::value ar(
hen COMMON_REF (A, B) i§ G

therwise, let D be COMMON_REF (const X&, Y&). If A is an rvalue reference and B is an lvalue re
nd D is well-formed~and is_convertible<A, D>::value is true, then COMMON_REF (A, B) is

therwise, if A issan lvalue reference and B is an rvalue reference, then COMMON_REF (A, B) is CO
JEF (B, A).

Dtherwisé; COMMON_REF (A, B) is decay_t<COND_RES(CREF (A), CREF(B))>.
of the types computed above are ill-formed, then COMMON_REF (A, B) is ill-formed.

FF(A) be add_lvalue_reference_t<const remove_reference t<A>>. Let UNCVREF (A) be remove_-

enotes
vel cu-
—end
COND_-
Given
REF (A,

YCV (Y,

s, and
P true,

erence

D.
MMON _-

either

 ~JFor the common_type trait applied to a parameter pack T of types, the member type shall bg

defined or ot present as follows:

— If sizeof...(T) is zero, there shall be no member type.

— Otherwise, if sizeof...(T) is one, let T1 denote the sole type in the pack T. The member typedef
type shall denote the same type as decay_t<T1>.

— Otherwise, if sizeof...(T) is two, let T1 and T2 denote the two types in the pack T, and let D1 and
D2 be decay_t<T1> and decay_t<T2> respectively. Then

— If D1 and T1 denote the same type and D2 and T2 denote the same type, then

— If std::common_type_t<T1, T2> is well-formed, then the member typedef type denotes

std::common_type_t<T1, T2>.

— If COMMON_REF(T1, T2) is well-formed, then the member typedef type denotes that type.
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(4.3)

(4.3.1)

(4.3.2)

(4.3.3)

(4.3.4)

(4.3.5)

(4.4)

(4.4.1)

(4.4.2)

ot

— Otherwise, there shall be no member type.

— Otherwise, if common_type_t<D1, D2> is well-formed, then the member typedef type denotes

that type.

— Otherwise, there shall be no member type.

— Otherwise, if sizeof...(T) is greater than two, let T1, T2, and Rest, respectively, denote the first,
second, and (pack of) remaining types comprising T. Let C be the type common_type_t<T1, T2>. Then:

— If there is such a type C, the member typedef type shall denote the same type, if any, as

common_type_t<C, Rest...>.

— Otherwise, there shall be no member type.

Note B: Notwithstanding the provisions of ISO/IEC 14882:2014 §20.10.2. and pursuant to ISO/IEC 14882:2014

§17.6.4
decay
are ne
specia,
for an
T2 is ¢
commo

For th

1

Notwi
§17.6.4

deﬁnej] or not present as follows:

.2.1, a program may specialize common_type<T1, T2> for types T1 and T2 such that is/§
[ t<T1>>::value and is_same<T2, decay_t<T2>>::value are each true. [ Note: Such speciali
bded when only explicit conversions are desired between the template arguments. — end|note]
ization need not have a member named type, but if it does, that member shall b¢a ‘typede

xplicitly convertible. Moreover, common_type_t<T1, T2> shall denote the same ‘type, if any, 4
1_type_t<T2, T1>. No diagnostic is required for a violation of this Note’s ules.

e common_reference trait applied to a parameter pack T of types, the-member type shall be

f sizeof...(T) is zero, there shall be no member type.

Dtherwise, if sizeof...(T) is one, let T1 denote the sole typ&.in the pack T. The member t
ype shall denote the same type as T1.

therwise, if sizeof...(T) is two, let T1 and T2 dengte¢he two types in the pack T. Then

— If T1 and T2 are reference types and COMMON_REE(T1, T2) is well-formed and denotes a re
type then the member typedef type denotes-that type.

— Otherwise, if basic_common_reference<UNCVREF(T1), UNCVREF(T2), XREF(T1), XREF(
type is well-formed, then the memberdtypedef type denotes that type.

— Otherwise, if COND_RES(T1, T2) isswell-formed, then the member typedef type denotes ths

— Otherwise, if common_type_t<Td, T2> is well-formed, then the member typedef type d
that type.

— Otherwise, there shall be{no member type.

Dtherwise, if sizeof...(T) is greater than two, let T1, T2, and Rest, respectively, denote th
econd, and (pack of) remaining types comprising T. Let C be the type common_reference_t<T1
hen:

— If there is such a type C, the member typedef type shall denote the same type, if 3
common.treference_t<C, Rest...>.

— Othérwise, there shall be no member type.

hstanding the provisions of ISO/IEC 14882:2014 §20.10.2, and pursuant to ISO/TEC 1488

such t

ahe<T1,

tations
Such a
-name

accessible and unambiguous cv-unqualified non-reference type C to which each 6f. the types T1 and

s does

either

ypedef

erence
r2)>::
t type.

lenotes

e first,
, T2>.

ny, as

2:2014
and U

L 2.1, 2 program may specialize basic_common_reference<T, U, TQual, UQual> for types Tj

[ Note:

Such specializations are needed when only explicit conversions are desired between the template arguments.
— end note] Such a specialization need not have a member named type, but if it does, that member shall
be a typedef-name for an accessible and unambiguous type C to which each of the types TQual<T> and
UQual<U> is convertible. Moreover, basic_common_reference<T, U, TQual, UQual>::type shall denote
the same type, if any, as does basic_common_reference<U, T, UQual, TQual>::type. A program may
not specialize basic_common_reference on the third or fourth parameters, TQual or UQual. No diagnostic
is required for a violation of these rules.
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8.5 Tagged tuple-like types [taggedtup]
8.5.1 General [taggedtup.general]

1 The library provides a template for augmenting a tuple-like type with named element accessor member
functions. The library also provides several templates that provide access to tagged objects as if they were
tuple objects (see ISO/IEC 14882:2014 §20.4.2.6).

8.5.2 Class template tagged [taggedtup.tagged]

1 Class template tagged augments a tuple-like class type (e.g., pair (ISO/IEC 14882:2014 §20.3), tuple
(ISO/IEC 14882:2014 §20.4)) by giving it named accessors. It is used to define the alias templates tagged_-
pair (8.5.4) and tagged_tuple (8.5.5).

2 In the class svnopsis below, let 7 be in the range [0,sizeof (Tags)) and T, be the it" type in Tags, where
indexing is zero-based.

// defined in header <exzperimental/ranges/utility>

namespace std { namespace experimental { namespace ranges { inline namespace vl {
template <class T>
concept bool TagSpecifier = implementation-defined;

template <class F>
comcept bool TaggedType = implementation-defined;

template <class Base, TagSpecifier... Tags>

requires sizeof...(Tags) <= tuple_size<Base>::value

stiruct tagged :

Base, TAGGET (tagged<Base, Tags...>, T;, i)... { // see below
using Base::Base;

tagged() = default;

tagged(tagged&&) = default;

tagged (const tagged&) = default;

tagged &operator=(tagged&&) = default;

tagged &operator=(const tagged&) = defaulty

tagged (Base&&) noexcept(see below)

requires MoveConstructible<Base>:;

tagged(const Base&) noexcept(see dbelow)

requires CopyConstructible<Base>;

template <class Other>

requires Constructible<Base, Other>

constexpr tagged(tagged<Other, Tags...> &&that) noexcept(see below);
template <class Othex>

requires Constructible<Base, const Other&>

constexpr tagged(const tagged<Other, Tags...> &that);
template <clags“O@ther>

requires Assignable<Base&, Other>

constexpr-~tagged& operator=(tagged<Other, Tags...>&& that) noexcept(see below);
template’<class Other>

requires Assignable<Base&, const Other&>

constexpr tagged& operator=(const tagged<Other, Tags...>& that);
mp'l ate <clags 11>

requires Assignable<Base&, U> && !Same<decay_t<U>, tagged>

constexpr tagged& operator=(U&& u) noexcept(see below);

constexpr void swap(tagged& that) noexcept(see below)
requires Swappable<Base>;

friend constexpr void swap(tagged&, tagged&) noexcept(see below)
requires Swappable<Base>;

};
133}

3 A tagged getter is an empty trivial class type that has a named member function that returns a reference
to a member of a tuple-like object that is assumed to be derived from the getter class. The tuple-like type
of a tagged getter is called its DerivedCharacteristic. The index of the tuple element returned from the
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10

11

12

13

14

15

getter’s member functions is called its ElementIndex. The name of the getter’s member function is called its

FEleme

ntName

A tagged getter class with DerivedCharacteristic D, ElementIndex ¥, and ElementName name shall provide
the following interface:

struct __TAGGED_GETTER {
constexpr decltype(auto) name() & { return get<N>(static_cast<D&>(xthis)); }
constexpr decltype(auto) name() && { return get<N>(static_cast<D&&>(*this)); }
constexpr decltype(auto) name() const & { return get<N>(static_cast<const D&>(*this)); }

};

A tag specifier is a type that facilitates a mapping from a tuple-like type and an element index into a tagged

getter
Tis a

that gives named access to the element at that index TagSpecifier<T> is satisfied if and

tag specifier. The tag specifiers in the Tags parameter pack shall be unique. [ Note: The/mn

mechahism from tag specifier to tagged getter is unspecified. — end note |

Let TAGGET (D, T, N) name a tagged getter type that gives named access to the N-th _element
tuple-like type D.

It shal

than Hase.

Tagge
TagSp
the ar

iType<F> is satisfied if and only if F is a unary function type with rettwrn type T which s
bcifier<T>. Let TAGSPEC (F) name the tag specifier of the TaggedType-F, and let TAGELEM (F
bument type of the TaggedType F.

tagged(Base&& that) noexcept(see below)
requires MoveConstructible<Base>;

tagged
requ

y

A

templa
requ
consteg

A

Effects: Initializes Base with std: :move(that).

Remarks: The expression in the noexcept is equivalént to:

is_nothrow_move_constructible<Base>::value

(const Base& that) noexcept(see below)

ires CopyConstructible<Base>;

fffects: Initializes Base with that:

Remarks: The expression imnthe noexcept is equivalent to:

is_nothrow_copy_constructible<Base>: :value

te <class Other>
ires Constructible<Base, Other>
xpr tagged(tagged<Other, Tags...> &&that) noexcept(see below);

ffects:Nnitializes Base with static_cast<0Other&&> (that).

y

Remharks: The expression in the noexcept is equivalent to:

only if
Lpping

of the

| not be possible to delete an instance of class template tagged through a poiuter to any bas¢ other

htisfies
name

is_nothrow_constructible<Base, Other>::value

template <class Other>
requires Constructible<Base, const Other&>

conste

xpr tagged(const tagged<Other, Tags...>& that);

Effects: Initializes Base with static_cast<const Other&>(that).

templa
requ
conste

te <class Other>
ires Assignable<Base&, Other>
xpr tagged& operator=(tagged<Other, Tags...>&& that) noexcept(see below);
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16 Effects: Assigns static_cast<Other&&>(that) to static_cast<Base&> (*this).
17 Returns: *this.
18 Remarks: The expression in the noexcept is equivalent to:

is_nothrow_assignable<Base&, Other>::value

template <class Other>
requires Assignable<Base&, const Other&>
constexpr tagged& operator=(const tagged<Other, Tags...>& that);

19 Effects: Assigns static_cast<const Other&>(that) to static_cast<Base&>(*this).

20 Returns: *this.

template <class U>
requires Assignable<Base&, U> && !Same<decay_t<U>, tagged>
constexpr tagged& operator=(U&& u) noexcept(see below);

21 FEffects: Assigns std: :forward<U>(u) to static_cast<Base&>(*this).
22 Returns: *this.
23 Remarks: The expression in the noexcept is equivalent to:

is_nothrow_assignable<Base&, U>::value

constexpr void swap(tagged& rhs) noexcept(see below)
requlires Swappable<Base>;

24 FEffects: Calls swap on the result of applying statie._cast to *this and that.
25 ['hrows: Nothing unless the call to swap on the,Base sub-objects throws.
26 Remarks: The expression in the noexcept, is‘equivalent to:

noexcept (swap(declval<Base&>(), declval<Base&>()))

friend constexpr void swap(tagged&\Ihs, tagged& rhs) noexcept(see below)
requlires Swappable<Base>;

27 Effects: Equivalent to Ths.swap(rhs).

28 Remarks: The expression in the noexcept is equivalent to:

noexcept (lhshswap (rhs))

8.5.3| Tuple-like access to tagged [tagged.astluple]

namespace, std {
template <class Base, class... Tags>
struct tuple_size<experimental::ranges::tagged<Base, Tags...>>
: tuple_size<Base> { };

template <size_t N, class Base, class... Tags>
struct tuple_element<N, experimental::ranges::tagged<Base, Tags...>>
: tuple_element<N, Base> { };
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8.5.4 Alias template tagged_pair [tagged.pairs]
// defined in header <experimental/ranges/utility>

namespace std { namespace experimental { namespace ranges { inline namespace vl {
template <TaggedType T1, TaggedType T2>
using tagged_pair = tagged<pair<TAGELEM (T1), TAGELEM(T2)>,
TAGSPEC (T1), TAGSPEC(T2)>;
13

L [ Ezample:

&p.first);
assgrt (&p.max() == &p.second);

— end example]

8.5.4.l Tagged pair creation functions [tagged.pairs.creption]

// defiped in header <experimental/ranges/utility>

namespace std { namespace experimental { namespace ranges { inline namespace vl {
template <TagSpecifier Tagl, TagSpecifier Tag2, class T1, class T2X
constexpr see below make_tagged_pair(T1&& x, T2&& y);

111}
1 LLet P be the type of make_pair(std::forward<T1>(x), std::forward<T2>(y)). Then the freturn
fype is tagged<P, Tagl, Tag2>.
2 Returns: {std::forward<T1>(x), std::forward<T2>(y)}.
3 | Ezample: In place of:
return tagged_pair<tag::min(int), tag:{max(double)>(5, 3.1415926); // explicit types
g CH++ program may contain:
return make_tagged_pair<tag::minh;-“tag::max>(5, 3.1415926); // types are dedufed
— end example]
8.5.5| Alias template tagged-tuple [tagged.tiuple]

1 Headér <experimental/ranges7tuple> synopsis

template <TaggedType.... Types>
ugiing tagged_tuple-= tagged<tuple<TAGELEM (Types)...>,
TAGSPEC (Types) . ..>;

namgsnpace std { namespace ‘experimental { namespace ranges { inline namespace vi {

template <TagSpecifier... Tags, class... Types>
requires sizeof...(Tags) == sizeof...(Types)
constexpr see below make_tagged_tuple(Types&&... t);

333}

template <TaggedType... Types>
using tagged_tuple = tagged<tuple<TAGELEM (Types)...>,
TAGSPEC (Types) . ..>;

3 [ Ezample:
// See 11.2:
tagged_tuple<tag::in(char#*), tag::out(char*)> t{0, 0};
assert(&t.in() == &get<0>(t));
assert(&t.out() == &get<1>(t));

— end example]
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8.5.5.1 Tagged tuple creation functions [tagged.tuple.creation]
template <TagSpecifier... Tags, class... Types>
requires sizeof...(Tags) == sizeof...(Types)

constexpr see below make_tagged_tuple(Types&&... t);

1 Let T be the type of make_tuple(std::forward<Types>(t)...). Then the return type is tagged<T,
Tags...>.

2 Returns: tagged<T, Tags...>(std::forward<Types>(t)...).

3 [ Ezample:

int i; float j;

504 £
T T T

~

1 + TP, | + 3l 4 . N
mare—taggea—tupre<tag IRt —teg Tz —tag ok —F

reates a tagged tuple of type

tagged_tuple<tag::ini(int), tag::in2(int&), tag::out(const float&)>

— end example]

9 |Iterators library [iterators]

9.1 [General [iterators.general]

L This (Jlause describes components that C++ programs may use to perform iterations over containers (Clause
ISO/TEC 14882:2014 §23), streams (ISO/IEC 14882:2014 §27.7), dand stream buffers (ISO/IEC 14882:2014
§27.6)

2 The fdllowing subclauses describe iterator requirements,’and components for iterator primitives, predefined
iteratdrs, and stream iterators, as summarized in Table 7.

Table 7 — Itérators library summary

] Subclause Header(s)

9.3 [Iterator requirements

9.4 Indirect callable regquirements

9.5 Common algorithm requirements

9.6 Iterator prifnitives <experimental/ranges/iterator>
9.7 Predefined iterators

9.8 Streatfiterators

9.2 |Header <gxperimental/ranges/iterator> synopsis [iterator.synopsis]

na.mIpace std“{ namespace experimental { namespace ranges { inline namespace vl {
template,<class T> concept bool dereferenceable // exposition only
= Téquires(T& t) { {*t} -> auto&&; };

// 9.3, iterator requirements:
// 9.8.2, customization points:
namespace {

// 9.3.2.1, iter_move:

constexpr unspecified 1iter_move = unspecified ;

// 9.8.2.2, iter__swap:
constexpr unspecified 1iter_swap = unspecified ;

}

// 9.3.3, associated types:
// 9.8.3.1, difference__type:
template <class> struct difference_type;
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template <class T> using difference_type_t
= typename difference_type<T>::type;

// 9.8.3.2, value__type:

template <class> struct value_type;

template <class T> using value_type_t
= typename value_type<T>::type;

// 9.8.8.3, iterator__category:

template <class> struct iterator_category;

template <class T> using iterator_category_t
= typename iterator_category<T>::type;

telnplate <dereferenceable T> using reference_t
= decltype (*declval<T&>());

template <dereferenceable T>
requires see below using rvalue_reference_t
= decltype(ranges::iter_move(declval<T&>()));

/N 9.5.4, Readable:
template <class In>
concept bool Readable = see below;

/N 9.3.5, Writable:
template <class Out, class T>
concept bool Writable = see below;

/N 9.3.6, WeaklyIncrementable:
template <class I>
concept bool WeaklyIncrementable = see below;

/N 9.8.7, Incrementable:
template <class I>
concept bool Incrementable = see below;

/N 9.8.8, Iterator:
template <class I>
concept bool Iterator = see below;

/N 9.5.9, Sentinel:
template <class S, class I>
concept bool Sentinel = see below;

/N 9.5.10, SizedSentirel:
template <classS, class I>
constexpr~bool disable_sized_sentinel = false;

template)<class S, class I>
c$cept bool SizedSentinel = see below;

// 9.8.11, Inputlterator:
template <class I>
concept bool InputIterator = see below;

// 9.3.12, Outputlterator:
template <class I>
concept bool Outputlterator = see below;

// 9.8.13, ForwardIterator:
template <class I>

concept bool ForwardIterator = see below;

// 9.8.14, Bidirectionallterator:
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template <class I>
concept bool Bidirectionallterator = see below;

// 9.8.15, RandomAccesslterator:
template <class I>
concept bool RandomAccessIterator = see below;

// 9.4, indirect callable requirements:

// 9.4.2, indirect callables:

template <class F, class I>

concept bool IndirectUnarylInvocable = see below;

template <class F, class I>

concept bool IndirectRegularUnaryInvocable = see below;

template <class F, class I>
concept bool IndirectUnaryPredicate = see below;

template <class F, class Il1, class I2 = I1>
concept bool IndirectRelation = see below;

tegmplate <class F, class Il1, class I2 = I1>
concept bool IndirectStrictWeakOrder = see below;

template <class> struct indirect_result_of;

template <class F, class... Is>
requires Invocable<F, reference_t<Is>...>
struct indirect_result_of<F(Is...)>;

template <class F>
usfing indirect_result_of_t
~ typename indirect_result_of<F>::type;

/N 9.4.3, projected:
template <Readable I, IndirectRegularUnaryInvocable<I> Proj>
stiruct projected;

tegmplate <WeaklyIncrementable 'Is. class Proj>
stiruct difference_type<projected<I, Proj>>;

/N 9.5, common algorithm,requirements:

/N 9.5.2 IndirectlyMoyable:

template <class Im,~elass Out>

concept bool IndirectlyMovable = see below;

tegmplate <class In, class Out>
concept .booY IndirectlyMovableStorable = see below;

/N 955.3 IndirectlyCopyable:

t 1ot u I 31 Dot
empreat tass—ta—etass—0ut

concept bool IndirectlyCopyable = see below;

template <class In, class Out>
concept bool IndirectlyCopyableStorable = see below;

// 9.5.4 IndirectlySwappable:
template <class Il, class I2 = I1>
concept bool IndirectlySwappable = see below;

// 9.5.5 IndirectlyComparable:

template <class Il, class I2, class R = equal_to<>, class P1 = identity,
class P2 = identity>

concept bool IndirectlyComparable = see below;
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// 9.5.6 Permutable:
template <class I>
concept bool Permutable = see below;

// 9.5.7 Mergeable:
template <class I1, class I2, class Out,

class R = less<>, class P1 = identity, class P2 = identity>
concept bool Mergeable = see below;

template <class I, class R = less<>, class P = identity>
concept bool Sortable = see below;

// 9.6, primitives:

/N 9.6.1, traits:
tegmplate <class Iterator> using iterator_traits = see below;

template <Readable T> using iter_common_reference_t
= common_reference_t<reference_t<T>, value_type_t<T>&>;

/N 9.6.3, iterator tags:
stiruct output_iterator_tag { };
sfruct input_iterator_tag { };

stiruct forward_iterator_tag : input_iterator_tag { };

struct bidirectional_iterator_tag
stiruct random_access_iterator_tag

forward_iterator_tag { };
bidirectional_iterator_tag {)‘};

/N 9.6.4, iterator operations:

namespace {

constexpr unspecified advance = unspecified ;
constexpr unspecified distance = unspecified ;
constexpr unspecified mnext = unspecified ;
constexpr unspectified prev = unspecified ;

/N 9.7, predefined iterators and sentinels:
/

9.7.1, reverse iterators:
template <Bidirectionallterator I>/class reverse_iterator;

template <class Il, class I2>

requires EqualityComparableWith<I1l, I2>
constexpr bool operator==

const reverse_iterator<Ii>& x,

const reversesiterator<I2>& y);
template <classyIly class I2>

requires EqualityComparableWith<I1, I2>
constexpr~bool operator!=(

const\reverse_iterator<Ii>& x,

const* reverse_iterator<I2>& y);
template <class Il, class I2>

[ AR, WP P, [ I o PO | Allatl T 1 h s}

requires—StrictTotattyOrderediith<ii—F
constexpr bool operator<(
const reverse_iterator<Ii>& x,
const reverse_iterator<I2>& y);
template <class Il, class I2>
requires StrictTotallyOrderedWith<I1, I2>
constexpr bool operator>(
const reverse_iterator<Ii>& x,
const reverse_iterator<I2>& y);
template <class I1, class I2>
requires StrictTotallyOrderedWith<I1l, I2>
constexpr bool operator>=(
const reverse_iterator<Ii>& x,
const reverse_iterator<I2>& y);

\
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template <class I1, class I2>
requires StrictTotallyOrderedWith<I1, I2>
constexpr bool operator<=(
const reverse_iterator<I1>& x,
const reverse_iterator<I2>& y);

template <class Il, class I2>
requires SizedSentinel<I1, I2>
constexpr difference_type_t<I2> operator-(
const reverse_iterator<Ii>& x,
const reverse_iterator<I2>& y);
template <RandomAccessIterator I>
constexpr reverse_iterator<I> operator+(
difference_type_t<I> n,
const reverse_iterator<I>& x);

template <Bidirectionallterator I>
constexpr reverse_iterator<I> make_reverse_iterator(I i);

9.7.2, insert iterators:

plate <class Container> class back_insert_iterator;
template <class Container>

back_insert_iterator<Container> back_inserter(Container& x);

NS

tegmplate <class Container> class front_insert_iterator;
template <class Container>
front_insert_iterator<Container> front_inserter(Containér&"‘x) ;

tj;plate <class Container> class insert_iterator;
plate <class Container>
insert_iterator<Container> inserter(Container&’x,' iterator_t<Container> i);

9.7.3, mowve iterators and sentinels:
plate <InputIterator I> class move_itexrator;
template <class Il, class I2>
requires EqualityComparableWith<Ii;) I2>
constexpr bool operator==
const move_iterator<I1>& x, ‘const move_iterator<I2>& y);
template <class I1, class I2>
requires EqualityComparableWith<I1l, I2>
constexpr bool operator h=(
const move_iterator<Ii>& x, const move_iterator<I2>& y);
template <class Il,-class I2>
requires StrictTetallyOrderedWith<I1, I2>
constexpr bool operator<(
const mowveliterator<I1>& x, const move_iterator<I2>& y);
template <class I1, class I2>
requires StrictTotallyOrderedWith<I1l, I2>
consttexpr bool operator<=(
const move_iterator<I1>& x, const move_iterator<I2>& y);

NS

tempteat tass—H—etass—I2
requires StrictTotallyOrderedWith<I1, I2>
constexpr bool operator>(
const move_iterator<I1>& x, const move_iterator<I2>& y);
template <class Il, class I2>
requires StrictTotallyOrderedWith<I1, I2>
constexpr bool operator>=(
const move_iterator<I1>& x, const move_iterator<I2>& y);

template <class I1, class I2>
requires SizedSentinel<I1, I2>
constexpr difference_type_t<I2> operator-(
const move_iterator<Ii>& x,
const move_iterator<I2>& y);
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template <RandomAccessIterator I>
constexpr move_iterator<I> operator+(
difference_type_t<I> n,
const move_iterator<I>& x);
template <Inputlterator I>
constexpr move_iterator<I> make_move_iterator(I i);

template <Semiregular S> class move_sentinel;

template <class I, Sentinel<I> S>
constexpr bool operator==
const move_iterator<I>& i, const move_sentinel<S>& s);
template <class I, Sentinel<I> S>

constexpr bool operator==

const move_sentinel<S>& s, const move_iterator<I>& i);
template <class I, Sentinel<I> S>
constexpr bool operator!=(

const move_iterator<I>& i, const move_sentinel<S>& s);
tegmplate <class I, Sentinel<I> S>
constexpr bool operator!=(

const move_sentinel<S>& s, const move_iterator<I>& i);

template <class I, SizedSentinel<I> S>
constexpr difference_type_t<I> operator-(
const move_sentinel<S>& s, const move_iterator<I>& i);
template <class I, SizedSentinel<I> S>
constexpr difference_type_t<I> operator-(
const move_iterator<I>& i, const move_sentinel<S>&, s)y

template <Semiregular S>
constexpr move_sentinel<S> make_move_sentinel(S, s);

/AN 9.7.4, common iterators:

template <Iterator I, Sentinel<I> S>
requires !Same<I, S>

cllass common_iterator;

template <Readable I, class S>
stiruct value_type<common_iterater<I, S>>;

template <Inputlterator I, class S>
stiruct iterator_category<common_iterator<I, S>>;

tegmplate <ForwardIterator I, class S>
stiruct iteratorycategory<common_iterator<I, S>>;

template <class Il, class I2, Sentinel<I2> S1, Sentinel<I1> S2>
bool operator==
const common_iterator<Il, S1>& x, const common_iterator<I2, S2>& y);

template <class Il, class I2, Sentinel<I2> S1, Sentinel<I1> S2>
Tzeq&éfee—Eqﬁaié%yGemyuLubl With<ti—F2

bool operator==

const common_iterator<Il, S1>& x, const common_iterator<I2, S2>& y);
template <class I1, class I2, Sentinel<I2> S1, Sentinel<I1> S2>
bool operator!=(

const common_iterator<Il, S1>& x, const common_iterator<I2, S2>& y);

template <class I2, SizedSentinel<I2> I1, SizedSentinel<I2> S1, SizedSentinel<I1> 52>
difference_type_t<I2> operator-(
const common_iterator<Il, S1>& x, const common_iterator<I2, S2>& y);

// 9.7.5, default sentinels:
class default_sentinel;
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// 9.7.6, counted iterators:
template <Iterator I> class counted_iterator;

template <class I1, class I2>
requires Common<I1, I2>
constexpr bool operator==
const counted_iterator<Il1>& x, const counted_iterator<I2>& y);
constexpr bool operator==
const counted_iterator<auto>& x, default_sentinel);
constexpr bool operator==
default_sentinel, const counted_iterator<auto>& x);
template <class I1, class I2>
requires Common<I1, I2>
constexpr bool operator!=(
const counted_iterator<I1>& x, const counted_iterator<I2>& y);
constexpr bool operator!=(
const counted_iterator<auto>& x, default_sentinel y);
constexpr bool operator!=(
efault_sentinel x, const counted_iterator<auto>& y);
template <class Il, class I2>
requires Common<I1l, I2>
constexpr bool operator<(
const counted_iterator<I1>& x, const counted_iterator<I2>& y);
template <class I1, class I2>
requires Common<I1, I2>
constexpr bool operator<=(
const counted_iterator<I1>& x, const counted_iterator&I2>& y);
template <class Il, class I2>
requires Common<I1, I2>
constexpr bool operator>(
const counted_iterator<I1>& x, const counted)iterator<I2>& y);
template <class Il, class I2>
requires Common<I1l, I2>
constexpr bool operator>=(
const counted_iterator<I1>& x, constl\counted_iterator<I2>& y);
template <class I1, class I2>
requires Common<I1, I2>
constexpr difference_type_t<I2>\operator-(
const counted_iterator<I1>&-x, const counted_iterator<I2>& y);
template <class I>
constexpr difference_type/t<I> operator-(
const counted_iterator<I>& x, default_sentinel y);
template <class I>
constexpr differenee_type_t<I> operator-(
default_sentinel x, const counted_iterator<I>& y);
template <RandemAccessIterator I>
constexpr~counted_iterator<I>
operator+(difference_type_t<I> n, const counted_iterator<I>& x);
templatey<Iterator I>
conStexpr counted_iterator<I> make_counted_iterator(I i, difference_type_t<I> n);

// 9.7.8, unreachable sentinels:
class unreachable;
template <Iterator I>

constexpr bool operator==(const I&, unreachable) noexcept;
template <Iterator I>

constexpr bool operator==(unreachable, const I&) noexcept;
template <Iterator I>

constexpr bool operator!=(const I%, unreachable) noexcept;
template <Iterator I>

constexpr bool operator!=(unreachable, const I&) noexcept;

// 9.7.7, dangling wrapper:
template <class T> class dangling;
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// 9.8, stream iterators:

template <class T, class charT = char, class traits = char_traits<charT>,

class Distance = ptrdiff_t>
class istream_iterator;
template <class T, class charT, class traits, class Distance>

bool operator==(const istream_iterator<T, charT, traits, Distance>& x,
const istream_iterator<T, charT, traits, Distance>& y);
template <class T, class charT, class traits, class Distance>
bool operator==(default_sentinel x,
const istream_iterator<T, charT, traits, Distance>& y);
template <class T, class charT, class traits, class Distance>
bool operator==(const istream_iterator<T, charT, traits, Distance>& x,
default_sentinel y);
tdmplate <class T, class charT, class traits, class Distance>
bool operator!=(const istream_iterator<T, charT, traits, Distance>& x,
const istream_iterator<T, charT, traits, Distance>& y);
tegmplate <class T, class charT, class traits, class Distance>
Yool operator!=(default_sentinel x,
const istream_iterator<T, charT, traits, Distance>& y);
template <class T, class charT, class traits, class Distance>
bool operator!=(const istream_iterator<T, charT, traits, Distance>& x§

default_sentinel y);

template <class T, class charT = char, class traits = char_traits<&cHarT>>

class ostream_iterator;

template <class charT, class traits = char_traits<charT> >

class istreambuf_iterator;

template <class charT, class traits>

bool operator==(const istreambuf_iterator<charT trdits>& a,
const istreambuf_iterator<charT, traits&>&' b);

template <class charT, class traits>

bool operator==(default_sentinel a,
const istreambuf_iterator<charTytraits>& b);

template <class charT, class traits>

bool operator==(const istreambuf_itérator<charT, traits>& a,
default_sentinel b);

template <class charT, class traits>

bool operator!=(const istreambuf_iterator<charT, traits>& a,
const istreambuf_iterator<charT, traits>& b);

template <class charT, class traits>

bool operator!=(default:sentinel a,
const istreambuf_iterator<charT, traits>& b);

template <class charF, class traits>

bool operatord=(const istreambuf_iterator<charT, traits>& a,
default_sentinel b);

template <XcYass charT, class traits = char_traits<charT> >
class ostreambuf_iterator;

311}

namespace std {

// 9.6.2, iterator traits:

template <experimental::ranges::Iterator Out>
struct iterator_traits<Out>;

template <experimental::ranges::Inputlterator In>
struct iterator_traits<In>;

template <experimental::ranges::Inputlterator In>

requires experimental::ranges::Sentinel<In, In>

struct iterator_traits;
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9.3 Iterator requirements [iterator.requirements]

9.3.1 General [iterator.requirements.generall]

Iterators are a generalization of pointers that allow a C++ program to work with different data structures
(for example, containers and ranges) in a uniform manner. To be able to construct template algorithms
that work correctly and efficiently on different types of data structures, the library formalizes not just the
interfaces but also the semantics and complexity assumptions of iterators. All input iterators i support the
expression *i, resulting in a value of some object type T, called the value type of the iterator. All output
iterators support the expression *i = o where o is a value of some type that is in the set of types that are
writable to the particular iterator type of i. For every iterator type X there is a corresponding signed integer
type called the difference type of the iterator.

Since iterators are an abstraction of pointers, their semantics are a generalization of most of the semantics of
pointers in C++. This ensures that every function template that takes iterators works as well with tegular
pointers. This document defines five categories of iterators, according to the operations definedvon| them:
input fterators, output iterators, forward iterators, bidirectional iterators and random access) fteratprs, as
shown|in Table 8.

Table 8 — Relations among iterator categories

Random Access — Bidirectional — Forward — Imput
— Output

The fiye categories of iterators correspond to the iterator concepts Inputiterator, OutputIterator, Fofward-
Iterator, Bidirectionallterator, and RandomAccessIteratory respectively. The generic term iterator
refers fo any type that satisfies Iterator.

Forward iterators satisfy all the requirements of input iterators*and can be used whenever an input itefator is
specified; Bidirectional iterators also satisfy all the requirenfents of forward iterators and can be used wHenever
a forward iterator is specified; Random access iterators also satisfy all the requirements of bidire¢tional
iteratdrs and can be used whenever a bidirectional iterator is specified.

Iteratqgrs that further satisfy the requirements ofsdutput iterators are called mutable iterators. Nonmnjutable
iteratdrs are referred to as constant iterators.

Just a$ a regular pointer to an array guarantees that there is a pointer value pointing past the last elethent of
the artfay, so for any iterator type there is@n iterator value that points past the last element of a corresppnding
sequerfce. These values are called past-the-end values. Values of an iterator i for which the expression *i is
definegl are called dereferenceables~The library never assumes that past-the-end values are dereferenceable.
Iteratgrs can also have singular values that are not associated with any sequence. [ Ezample: Affer the
declarftion of an uninitialized pointer x (as with int* x;), x must always be assumed to have a singular
value ¢f a pointer. — end~ezumple]| Results of most expressions are undefined for singular values; the only
exceptlfions are destroying an iterator that holds a singular value, the assignment of a non-singulay value
to an lterator that holds a singular value, and using a value-initialized iterator as the source of a copy or
move ¢peration. {Note: This guarantee is not offered for default initialization, although the distinctiqn only
matters for types with trivial default constructors such as pointers or aggregates holding pointers. [— end
note | In theseases the singular value is overwritten the same way as any other value. Dereferenceable|values
are alyays non-singular.

MOSt f bllﬁ hbldly’b dlgUlibilllliL belllp‘ld.beb l/ildb OpPCILalt OIL dd.bd. SLIUCLures 1llor:LVG illb@ldeUb bildb use anges.
A range is an iterator and a sentinel that designate the beginning and end of the computation, or an iterator
and a count that designate the beginning and the number of elements to which the computation is to be
applied.

An iterator and a sentinel denoting a range are comparable. The types of a sentinel and an iterator that
denote a range must satisfy Sentinel (9.3.9). A range [i,s) is empty if i == s; otherwise, [i,s) refers to
the elements in the data structure starting with the element pointed to by i and up to but not including the
element pointed to by the first iterator j such that j ==

A sentinel s is called reachable from an iterator i if and only if there is a finite sequence of applications of
the expression ++i that makes i == s. If s is reachable from i, [i,s) denotes a range.
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11

12

13

14

(1.1)

(1.2)
(1.2.1)
(1.2.2)

(1.3)

(1.1)

(1.2)

(1.3)

(1.4)

4

A counted range [i,n) is empty if n == 0; otherwise, [i,n) refers to the n elements in the data structure
starting with the element pointed to by i and up to but not including the element pointed to by the result of
incrementing i n times.

A range [i,s) is valid if and only if s is reachable from i. A counted range [i,n) is valid if and only if n
== 0; or n is positive, i is dereferenceable, and [++i,--n) is valid. The result of the application of functions

in the

library to invalid ranges is undefined.

All the categories of iterators require only those functions that are realizable for a given category in constant
time (amortized).

Destruction of an iterator may invalidate pointers and references previously obtained from that iterator.

An invalid iterator is an iterator that may be singular.?

9.3.2
9.3.2.

The n4
for sor

If ran

9.3.2.

The n:
E2) fo

1

]
i

If ran

is ill-f

ot include ranges: :iter_swap but déés include the lookup set produced by argument-dep

Customization points [iterator.custp
I iter_move [iterator.custpoints.iter__
yme iter_move denotes a customization point object (6.3.5.1). The expression rangesé+iter_m

he subexpression E is expression-equivalent to the following;:

lated in a context that does not include ranges: :iter_move but does include-the lookup set pr
y argument-dependent lookup (ISO/TEC 14882:2014 §3.4.2).

therwise, if the expression *E is well-formed:

— if #E is an lvalue, std: :move (¥E);

— otherwise, static_cast<decltype (*E)>(*E).
therwise, ranges: :iter_move(E) is ill-formed.

bes: :iter_move (E) does not equal *E, the program i§ ill*formed with no diagnostic required.

P iter_swap [iterator.custpoints.iter_|

ime iter_swap denotes a customization point object (6.3.5.1). The expression ranges: :iter_sw
some subexpressions E1 and E2 is expression-equivalent to the following:

void)iter_swap(El, E2), if that expréssion is well-formed when evaluated in a context thd

bokup (ISO/IEC 14882:2014 §3.4.2) and the following declaration:

void iter_swap(auto, auto)‘\s.delete;

vith (7.3.11) the reference type of E2, then ranges: :swap(*E1, *E2)

therwise, if the fypés T1 and T2 of E1 and E2 satisfy IndirectlyMovableStorable<T1, 1
ndirectlyMovableStorable<T2, T1>, (void) (*E1 = iter_exchange_move(E2, E1)), exce]
1 is evaluated.only once.

therwis¢, ranges: :iter_swap(E1l, E2) is ill-formed.

bes:siter_swap(E1l, E2) does not swap the values denoted by the expressions E1 and E2, the p1
rmied-with no diagnostic required.

bints|
move]
ve(E)

tatic_cast<decltype(iter_move(E))>(iter_move(E)), if that expression iswell-formed whén eval-

duced

swap]
ap (E1,

t does
bndent

therwise, if the types of ELlJand E2 both satisfy Readable, and if the reference type of E1 is swappable

2> &&
t that

ogram

iter_

templa
cons
no

eXChiange_move 1S all eXpoSItion-only runction speciied as:

te <class X, class Y>
texpr value_type_t<remove_reference_t<X>> iter_exchange_move (X&& x, Y&& y)
except(see below);

Effects: Equivalent to:

value_type_t<remove_reference_t<X>> old_value(iter_move(x));
*x = iter_move(y);
return old_value;

3) This definition applies to pointers, since pointers are iterators. The effect of dereferencing an iterator that has been
invalidated is undefined.
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5 Remarks: The expression in the noexcept is equivalent to:

NE (remove_reference_t<X>, remove_reference_t<Y>) &&
NE(remove_reference_t<Y>, remove_reference_t<X>)

Where NE(T1, T2) is the expression:

is_nothrow_constructible<value_type_t<T1>, rvalue_reference_t<T1>>::value &&
is_nothrow_assignable<value_type_t<T1>&, rvalue_reference_t<T1>>::value &&
is_nothrow_assignable<reference_t<T1>, rvalue_reference_t<T2>>::value &&
is_nothrow_assignable<reference_t<T1>, value_type_t<T2>>::value> &&
is_nothrow_move_constructible<value_type_t<T1>>::value &&

noexcept (ranges: :iter_move (declval<T1&>()))

9.3.3| Iterator associated types [iterator.assoc\tiypes]

1 To implement algorithms only in terms of iterators, it is often necessary to determine the valuesand difference
types fhat correspond to a particular iterator type. Accordingly, it is required that if WI is the-name of|a type
that sqtisfies the WeaklyIncrementable concept (9.3.6), R is the name of a type that satisfies the Regdable
concegt (9.3.4), and II is the name of a type that satisfies the InputIterator concept9.3.11) concept, the
types

difflerence_type_t<WI>
valye_type_t<R>
iterator_category_t<II>

be deflned as the iterator’s difference type, value type and iterator category, respectively.

9.3.3.lL difference_type [iterator.assoc.types.difference_|type]
1 difference_type_t<T> is implemented as if:

template <class> struct difference_type { };

tegmplate <class T>
stiruct difference_type<T*>
: enable_if<is_object<T>::value, ptrdiff_t> { };

template <class I>
stiruct difference_type<const I> y(difference_type<decay_t<I>> { };

template <class T>

requires requires { typendme T::difference_type; }
stiruct difference_typegT>. {

using type = typename T::difference_type;

};

template <class\T>

requires,lrxequires { typename T::difference_type; } &&
requixes(const T& a, const T& b) { { a - b } -> Integral; }
stiruct/difference_type<T>

: fnake_signed< decltype(declval<T>() - declval<T>()) > {

template <class T> using difference_type_t
= typename difference_type<T>::type;

2 Users may specialize difference_type on user-defined types.

9.3.3.2 value_type [iterator.assoc.types.value__type]
1 A Readable type has an associated value type that can be accessed with the value_type_t alias template.
template <class> struct value_type { };

template <class T>
struct value_type<T*>
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: enable_if<is_object<T>::value, remove_cv_t<T>> { };

template <class I>
requires is_array<I>::value
struct value_type<I> : value_type<decay_t<I>> { };

template <class I>
struct value_type<const I> : value_type<decay_t<I>> { };

template <class T>
requires requires { typename T::value_type; }
struct value_type<T>
: enable_if<is_object<typename T::value_type>::value, typename T::value_type> { };

tJmplate <class T>
requires requires { typename T::element_type; }
stfruct value_type<T>
: enable_if<
is_object<typename T::element_type>::value,
remove_cv_t<typename T::element_type>>

{ };

template <class T> using value_type_t
= typename value_type<T>::type;

2 If a type I has an associated value type, then value_type<I>::typelshall name the value type. Otherwise,
there ghall be no nested type type.

3 The value_type class template may be specialized on user-defined types.

4 When [instantiated with a type I such that I::value_type isvalid and denotes a type, value_type<I>{]:type
names| that type, unless it is not an object type (ISO/HEC*14882:2014 §3.9) in which case value_type<I>
shall hfave no nested type type. [ Note: Some legacy output iterators define a nested type named valug_type
that i an alias for void. These types are not ReaddBile and have no associated value types. — end rote ]

5 When |instantiated with a type I such that I::element_type is valid and denotes a type, value_typp<I>::
type 1lames the type remove_cv_t<I::element_type>, unless it is not an object type (ISO/IEC 14842:2014
§3.9) in which case value_type<I> shall have no nested type type. [ Note: Smart pointers like shhred_-

ptr<ipt> are Readable and have an associated value type. But a smart pointer like shared_ptr<v¢gid> is
not Refadable and has no associated>value type. — end note|

9.3.3.8 iterator_category [iterator.assoc.types.iterator__cat¢gory]
1 iterapor_category_t<T>_isNniplemented as if:
template <class> struct iterator_category { };
tegmplate <class.\T>

stiruct iterator_category<T*>
: enablevif<is_object<T>::value, random_access_iterator_tag> {3}

template <class T>
slmmmnwwaorwb {3

template <class T>
requires requires { typename T::iterator_category; }
struct iterator_category<T> {

using type = see below;

})

template <class T> using iterator_category_t
= typename iterator_category<T>::type;
2 Users may specialize iterator_category on user-defined types.

3 If T::iterator_category is valid and denotes a type, then the type iterator_category<T>::type is
computed as follows:
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ator_category<T>::type is ranges: :random_access_iterator_tag.

(3.2)

tag, iterator_category<T>::type is ranges::bidirectional_iterator_tag.

(3.3)

iterator_category<T>::type is ranges::forward_iterator_tag.

(3.4)

iterator_category<T>::type is ranges::input_iterator_tag.

(3.5)

iterator_category<T> has no nested type.

(3.6)

4 rvalu

temp

t

9.3.4

The R
smart

1

If T::iterator_category is the same as or derives from std: :random_access_iterator_tag, iter-
Otherwise, if T: :iterator_category is the same as or derives from std: :bidirectional_iterator_-
Otherwise, if T::iterator_category is the same as or derives from std::forward_iterator_tag,
Otherwise, if T::iterator_category is the same as or derives from std::input_iterator_tag,

Otherwise, if T::iterator_category is the same as or derives from std::output_iterator_tag,

therwise, 1terator_category<I>::type 1s T::1terator_category

b

_reference_t<T> is implemented as if:

T>
requires see below using rvalue_reference_t
decltype (ranges::iter_move(declval<T&>()));

late <dereferenceable

[he expression in the requires clause is equivalent to:

requires(T& t) { { ranges::iter_move(t) } -> autok&; }

Concept Readable

badable concept is satisfied by types that are readable by applying operator* including p
pointers, and iterators.

tegmplate <class In>

concept bool Readable =
requires {
typename value_type_t<In>;
typename reference_t<In>;
typename rvalue_reference_t<In>;
 &&

9.3.5

1 The Wi

CommonReference<reference_t<In>&&,. value_type_t<In>&> &&
CommonReference<reference_t<In>&&j;\rvalue_reference_t<In>&&> &&
CommonReference<rvalue_reference )t<In>&&, const value_type_t<In>&>;

Concept Writable

Fitable concept specifies the requirements for writing a value into an iterator’s referenced obj

template <class Outs;~class T>

COQ

ncept bool Writable
requires (Out&&, o3 T&& t) {
*0 = stdssforward<T>(t); // not required to be equality preserving
*std: ;forward<Out> (o) std: :forward<T>(t); // not required to be equality preserving
const Cast<const reference_t<0ut>&&>(*o0) =

std: :forward<T>(t); // not required to be equality preserving
const_cast<const reference_t<0ut>&&>(*std::forward<Qut>(o0)) =

[iterators.reac

[iterators.wrif

lable]

inters,

able]

ect.

3 ry 1< n . I ] L :
SCd. . LoIwarasr-\xc,, ol regurren o U eqguaitly prescr oty

};

Writable<Out, T> is satisfied only if

(2.1)

assignment is equal to the value of E before the assignment.

After evaluating any above assignment expression, o is not required to be dereferenceable.

If E is an xvalue (ISO/IEC 14882:2014 §3.10), the resulting state of the object it denotes is valid but

unspecified (ISO/IEC 14882:2014 §17.6.5.15).

through the same value of the writable type happens only once. — end note]

Let E be an an expression such that decltype((E)) is T, and let o be a dereferenceable object of type Out.

— If Readable<0Qut> && Same<value_type_t<0Out>, decay_t<T>> is satisfied, then *o after any above

[ Note: The only valid use of an operator* is on the left side of the assignment statement. Assignment
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(2.1)

(2.1)

(2.2)

9.3.6

Concept WeaklyIncrementable [iterators.weaklyincrement

able]

The WeaklyIncrementable concept specifies the requirements on types that can be incremented with the
pre- and post-increment operators. The increment operations are not required to be equality-preserving, nor
is the type required to be EqualityComparable.

template <class I>

concept bool WeaklyIncrementable =
Semiregular<I> &&
requires(I i) {

typename difference_type_t<I>;

requires SignedIntegral<difference_type_t<I>>;

{ ++i } -> Same<I>&; // not required to be equality preserving
i+t not required to be equality preserving

Let i
incre

[ Note
not gu

types
pass a|
istre

9.3.7
The I

The expressions ++i and i++ have the same domain.

— T i is incrementable, then both ++i and i++ advance i to the next element,

};

be an object of type I. When i is in the domain of both pre- and post-increment, ivis’said
entable. WeaklyIncrementable<I> is satisfied only if

f i is incrementable, then &++i is equal to &i.

arantee the substitution property or referential transparency.) Algorithms on weakly incremd
thould never attempt to pass through the same incrementable ‘value twice. They should be

hm_iterator class template. — end note|

Concept Incrementable [iterators.increment

hcrementable concept specifies requirements ontypes that can be incremented with the pr

to be

For WeaklyIncrementable types, a equals b does not imply that #*aequals ++b. (Equality does

ntable
single

gorithms. These algorithms can be used with istreams as the source of the input data througgh the

able]

e- and

post-ilicrement operators. The increment operations are)required to be equality-preserving, and the fype is
requir¢d to be EqualityComparable. [ Note: This réquirement supersedes the annotations on the inctement
exprespions in the definition of WeaklyIncrementable. — end note]
template <class I>
concept bool Incrementable =
Regular<I> &&
WeaklyIncrementable<I> &&
requires(I i) {
{ i++ } -> Same<I>&&;
};
Let a 4nd b be incrementable objects of type I. Incrementable<I> is satisfied only if
— T bool(a ==_B) {then bool(a++ == b).
— If bool(a-=="b) then bool((a++, a) == ++b).
[ Noteq The requirement that a equals b implies ++a equals ++b (which is not true for weakly incremgntable
types)|allows)the use of multi-pass one-directional algorithms with types that satisfy Incrementable.|— end
note |
9.3.8 Concept Iterator [iterators.iterator]

The Iterator concept forms the basis of the iterator concept taxonomy; every iterator satisfies the Iterator
requirements. This concept specifies operations for dereferencing and incrementing an iterator.
algorithms will require additional operations to compare iterators with sentinels (9.3.9), to read (9.3.11) or
write (9.3.12) values, or to provide a richer set of iterator movements (9.3.13, 9.3.14, 9.3.15).)

template <class I>
concept bool Iterator =

requires(I i) {

{ *i } -> auto&&; // Requires: i is dereferenceable
} &k
WeaklyIncrementable<I>;

© ISO/IEC 2017 - All rights reserved
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2 [ Note: The requirement that the result of dereferencing the iterator is deducible from auto&& means that it

(2.1)

(2.2)

(2.1)

(2.2)

3

cannot be void. — end note]

9.3.9 Concept Sentinel [iterators.sentinel]

The Sentinel concept specifies the relationship between an Iterator type and a Semiregular type whose
values denote a range.

template <class S, class I>

concept bool Sentinel =
Semiregular<S8> &&
Iterator<I> &&
WeaklyEqualityComparableWith<S, I>;

let s and i be values of type S and I such that [i,s) denotes a range. Types S and” I katisfy
Jentinel<S, I> only if:

— i == s is well-defined.

— If bool(i != s) then i is dereferenceable and [++i,s) denotes a range.

The d¢main of == can change over time. Given an iterator i and sentinel s such that [i,s) denotes g4 range

and i|'= s, [i,s) is not required to continue to denote a range after incrementing any iterator equjl to i.
Conseqjuently, i == s is no longer required to be well-defined.
9.3.10 Concept SizedSentinel [iterators.sizedsentinel]

The SjzedSentinel concept specifies requirements on an Iterator.and a Sentinel that allow the|use of
the - ¢perator to compute the distance between them in constant~time.

template <class S, class I>

condept bool SizedSentinel =
Sentinel<S, I> &&
!disable_sized_sentinel<remove_cv_t<S>, removeiev_t<I>> &&
requires(const I& i, const S& s) {

{ s - i } -> Same<difference_type_t<I>>&&;

{ i - s } -> Same<difference_type_t<I3>&&;

lLet i be an iterator of type I, and's a sentinel of type S such that [i,s) denotes a range. Let N|be the
gmallest number of applicationsyof ++i necessary to make bool(i == s) be true. SizedSentipel<S,
1> is satisfied only if:

— If N is representable‘by difference_type_t<I>, then s - i is well-defined and equals M.
— If —N is représentable by difference_type_t<I>, then i - s is well-defined and equals |- N.

[ Note| disable_sgized_sentinel provides a mechanism to enable use of sentinels and iterators with the
library that meet{the syntactic requirements but do not in fact satisfy SizedSentinel. A prograin that
instantiates a library template that requires SizedSentinel with an iterator type I and sentinel type|S that
meet fhe syntactic requirements of SizedSentinel<S, I> but do not satisfy SizedSentinel is ill-formed
with foldiagnostic required unless disable_sized_sentinel<S, I> evaluates to true (6.2.1.3). [—end
note |

[ Note: The SizedSentinel concept is satisfied by pairs of RandomAccessIterators (9.3.15) and by counted
iterators and their sentinels (9.7.6.1). — end note|

9.3.11 Concept InputIterator [iterators.input]

The InputIterator concept is a refinement of Iterator (9.3.8). It defines requirements for a type whose
referenced values can be read (from the requirement for Readable (9.3.4)) and which can be both pre-
and post-incremented. [ Note: Unlike in ISO/IEC 14882, input iterators are not required to satisfy
EqualityComparable (7.4.3). — end note]

template <class I>
concept bool InputIterator =
Iterator<I> &&
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(4.1)

(4.2)

Readable<I> &&
requires { typename iterator_category_t<I>; } &&
DerivedFrom<iterator_category_t<I>, input_iterator_tag>;

9.3.12 Concept OutputIterator [iterators.output]

The OutputIterator concept is a refinement of Iterator (9.3.8). It defines requirements for a type that
can be used to write values (from the requirement for Writable (9.3.5)) and which can be both pre- and
post-incremented. However, output iterators are not required to satisfy EqualityComparable.

template <class I, class T>
concept bool OutputIterator =
Iterator<I> &&
Writablell, I> &&
requires(I i, T&& t) {
*i++ = std::forward<T>(t); // not required to be equality preserving

+;

Let E [be an expression such that decltype((E)) is T, and let i be a dereferenceable: 6bject of type I.
Outputlterator<I, T> is satisfied only if *i++ = E; has effects equivalent to:
*il = E;
+Hi;

[ Noteq Algorithms on output iterators should never attempt to pass througl' the same iterator twice| They
should be single pass algorithms. Algorithms that take output iterators/can be used with ostreams|as the
destingition for placing data through the ostream_iterator class as\weéll as with insert iterators and insert
pointefs. — end note|

9.3.13 Concept ForwardIterator [iterators.forward]

The ForwardIterator concept refines InputIterator (9.3'11), adding equality comparison and thel multi-
pass gharantee, specified below.

template <class I>

concept bool ForwardIterator =

InputIterator<I> &&

DerivedFrom<iterator_category_t<I>} “forward_iterator_tag> &&
Incrementable<I> &&

Sentinel<I, I>;

The dpmain of == for forward iterators is that of iterators over the same underlying sequence. Hdwever,
value-initialized iterators of the same type may be compared and shall compare equal to other value-inifialized
iteratdrs of the same type.JiNote: Value-initialized iterators behave as if they refer past the end of thp same
empty[sequence. — end ‘note|

Pointers and references obtained from a forward iterator into a range [i,s) shall remain valid while| [i,s)
continfies to dendte-a range.

Two dpreferenceable iterators a and b of type X offer the multi-pass guarantee if:

— 3 z=“P/implies ++a == ++b and

— "Hhe-exspressien—-—o-t+reHe)—a—is-eqtivalentto—the-expression—+«a-
[ Note: The requirement that a == b implies ++a == ++b (which is not true for weaker iterators) and the
removal of the restrictions on the number of assignments through a mutable iterator (which applies to output
iterators) allow the use of multi-pass one-directional algorithms with forward iterators. — end note|
9.3.14 Concept BidirectionalIterator [iterators.bidirectional]

The BidirectionalIterator concept refines ForwardIterator (9.3.13), and adds the ability to move an
iterator backward as well as forward.

template <class I>
concept bool Bidirectionallterator =
ForwardIterator<I> &&
DerivedFrom<iterator_category_t<I>, bidirectional_iterator_tag> &&
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requires(I i) {
{ --i } -> Same<I>&;
{ i-- } -> Same<I>&&;

}’

2 A bidirectional iterator r is decrementable if and only if there exists some s such that ++s == r. Decrementable
iterators r shall be in the domain of the expressions --r and r--.

3 Let a and b be decrementable objects of type I. Bidirectionallterator<I> is satisfied only if:

31  — &-a == &a.
(3.2) — If bool(a == b), then bool(a-- == b).
(3-3) — If bool(a == b), then after evaluating both a-- and --b, bool(a == b) still holds.
(3.4) — If a is incrementable and bool(a == b), then bool(--(++a) == b).
(3.5) — If bool(a == b), then bool(++(--a) == b).
9.3.1p Concept RandomAccessIterator [iterators.random.a¢cess]

1 The RgndomAccessIterator concept refines BidirectionalIterator (9.3.14) and add$sapport for copstant-
time afdvancement with +=, +, -=, and -, and the computation of distance in constant {time with -. Rhndom
access|iterators also support array notation via subscripting.

template <class I>
concept bool RandomAccessIterator =
Bidirectionallterator<I> &&
DerivedFrom<iterator_category_t<I>, random_access_iterator_tag> &&
StrictTotallyOrdered<I> &&
SizedSentinel<I, I> &&
requires(I i, const I j, const difference_type_t<I>d) {
{i+=n } -> Same<I>&;
{j+nl} -> Same<I>&&;
{n+ 3} -> Same<I>&&;
{i-=n} -> Same<I>&;
{j-nl} -> Same<I>&&;
jnl;
requires Same<decltype(j[nl]), reference_t<I>>;
};

2 Let a jand b be valid iterators of type I such that b is reachable from a. Let n be the smallest value of
type difference_type_t<I> such.that after n applications of ++a, then bool(a == b). RandomAfcess-
Iterator<I> is satisfied only if!

(2.1) — {a += n) is equal to.b:
(2.2) — &(a += n) is equal\to &a.
(2.3) — ({a + n) is equalto (a += n).
(2.4) — Tor any two<positive integers x and y, if a + (x + y) is valid, then a + (x + y) is equal to (& + x)
4 y.
(2.5) — 3 + 0.s equal to a.
(2.6) J— llf o+ (n = 1)) ig xq]iﬂy then a + nig ﬂqnq] tott(g + (n = 1))
(2.7) — (b += -n) is equal to a.
(2.8) — (b -= n) is equal to a.
(2.9) — &(b -= n) is equal to &b.
(2.10) — (b - n) isequal to (b -= n).
(2.11) — If b is dereferenceable, then a[n] is valid and is equal to *b.
9.4 Indirect callable requirements [indirectcallable]

9.4.1 General

[indirectcallable.general]

L There are several concepts that group requirements of algorithms that take callable objects (ISO/TEC
14882:2014 §20.9.2) as arguments.
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9.4.2 Indirect callables [indirectcallable.indirectinvocable]

The indirect callable concepts are used to constrain those algorithms that accept callable objects (ISO/IEC
14882:2014 §20.9.1) as arguments.

template <class F, class I>
concept bool IndirectUnaryInvocable =
Readable<I> &&
CopyConstructible<F> &&
Invocable<F&, value_type_t<I>&> &&
Invocable<F&, reference_t<I>> &&
Invocable<F&, iter_common_reference_t<I>> &&
CommonReference<
result_of _t<F&(value_type_t<I>&)>,
result_of_t<F&(reference_t<I>&&)>>;

template <class F, class I>

concept bool IndirectRegularUnarylInvocable =
Readable<I> &&

CopyConstructible<F> &&

RegularInvocable<F&, value_type_t<I>&> &&
RegularInvocable<F&, reference_t<I>> &&
RegularInvocable<F&, iter_common_reference_t<I>> &&
CommonReference<

result_of _t<F&(value_type_t<I>&)>,
result_of_t<F&(reference_t<I>&&)>>;

mplate <class F, class I>

concept bool IndirectUnaryPredicate =
eadable<I> &&
opyConstructible<F> &&
redicate<F&, value_type_t<I>&> &&
redicate<F&, reference_t<I>> &&
redicate<F&, iter_common_reference_t<I>>;

template <class F, class Il, class I2 =«l1>
concept bool IndirectRelation =
eadable<I1> && Readable<I2> &&
opyConstructible<F> &&
Relation<F&, value_type_t<II>&, value_type_t<I2>&> &&
Relation<F&, value_type_t<Il1>&, reference_t<I2>> &&
Relation<F&, reference_t<I1>, value_type_t<I2>&> &&
Relation<F&, referengce_t<I1>, reference_t<I2>> &&
Relation<F&, iterscommon_reference_t<I1>, iter_common_reference_t<I2>>;

template <class\F,”class Il1, class I2 = I1>
concept bool-IndirectStrictWeakOrder =
eadable<kl> && Readable<I2> &&
opyConstructible<F> &&
StrilctWeakOrder<F&, value_type_t<I1>&, value_type_t<I2>&> &&
StrictWeakOrder<F&, value_type_t<I1>&, reference_t<I2>> &&

- 4 & v —type— >—4c8
StrictWeakOrder<F&, reference_t<I1>, reference_t<I2>> &&
StrictWeakOrder<F&, iter_common_reference_t<I1>, iter_common_reference_t<I2>>;

- >

template <class> struct indirect_result_of { };

template <class F, class... Is>
requires Invocable<F, reference_t<Is>...>
struct indirect_result_of<F(Is...)> :
result_of<F(reference_t<Is>&&...)> { };

o1
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9.4.3

Class template projected [proje

cted]

The projected class template is intended for use when specifying the constraints of algorithms that accept

callable objects and projections (3.2). It bundles a Readable type I and a function Proj into a new Readable
type whose reference type is the result of applying Proj to the reference_t of I.

template <Readable I, IndirectRegularUnaryInvocable<I> Proj>
struct projected {
using value_type = remove_cv_t<remove_reference_t<indirect_result_of_t<Proj&(I)>>>;

};

indirect_result_of_t<Proj&(I)> operator*() const;

template <WeaklyIncrementable I, class Proj>
struct difference type<projected<I, Proj>> {

};

2 [ Note:
end n
9.5
9.5.1

1 There

group fogether iterator requirements of algorithm families. There are three relational concepts that spec

eleme
Copya
Merge
Indir

2 [ Note
constr
requir
Stric

9.5.2

1 The Ij
betweq

template <class In, class Qutd

[efe

2 The I
enabli

template <Class In, class Out>

[efe

using type = difference_type_t<I>;

it values are transferred between Readable and Writable typesi_IndirectlyMovable, Indir
ble, and IndirectlySwappable. There are three relational ¢concepts for rearrangements: Permy
hble, and Sortable. There is one relational concept for comiparing values from different seqy
pctlyComparable.

hints on their arguments beyond those that appear explicitly in the concepts’ bodies. equa
s its arguments satisfy EqualityComparableWith (7.4.3), and less<> requires its arguments
tTotallyOrderedWith (7.4.4). — end note]

Concept IndirectlyMovable [commonalgoreq.indirectlymoy

hdirectlyMovable concept specifies-thie relationship between a Readable type and a Writabl]
n which values may be moved.

ncept bool IndirectlyMovable =
Readable<In> &&
Writable<Out, rvalue)\reference_t<In>>;

ndirectlyMovabléStorable concept augments IndirectlyMovable with additional requirg
g the transfer\té be performed through an intermediate object of the Readable type’s value t

ncept <bool IndirectlyMovableStorable =
IndirectlyMovable<In, Out> &&

projected is only used to ease constraints specification. Its member function need get.be defined. —

te]

Common algorithm requirements [commonalgoreq]
General [cominonalgoreq.general]

are several additional iterator concepts that are commonly applied tosfamilies of algorithms. [ These

fy how
ectly-
table,
lences:

The equal_to<> and less<> (8.3.2) function typés used in the concepts below impose addjtional

| _to<>
satisfy

rable]
e type

ments
ype.

Writable<Out, value_type_t<In>> &&

9.5.3

MovabIevalue_type_tlins> &%

Constructible<value_type_t<In>, rvalue_reference_t<In>> &&
Assignable<value_type_t<In>&, rvalue_reference_t<In>>;

Concept IndirectlyCopyable [commonalgoreq.indirectlycopyable]

1 The IndirectlyCopyable concept specifies the relationship between a Readable type and a Writable type
between which values may be copied.

te
co

mplate <class In, class QOut>
ncept bool IndirectlyCopyable =
Readable<In> &&

Writable<Out, reference_t<In>>;
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2 The IndirectlyCopyableStorable concept augments IndirectlyCopyable with additional requirements
enabling the transfer to be performed through an intermediate object of the Readable type’s value type. It

1

also re

te
co

quires the capability to make copies of values.

mplate <class In, class QOut>

ncept bool IndirectlyCopyableStorable =
IndirectlyCopyable<In, Out> &&

Writable<Out, const value_type_t<In>&> &&
Copyable<value_type_t<In>> &&
Constructible<value_type_t<In>, reference_t<In>> &&
Assignable<value_type_t<In>&, reference_t<In>>;

9.5.4___Concept IndirectlySwappable [commonalgoreq.indirectlyswappable]
The IndirectlySwappable concept specifies a swappable relationship between the values referenced py two
Readaple types.
tegmplate <class Il, class I2 = I1>
concept bool IndirectlySwappable =
Readable<I1> && Readable<I2> &&
requires (I1&& i1, I2&& i2) {
ranges: :iter_swap(std::forward<I1>(il), std::forward<I2>(i2));
ranges: :iter_swap(std::forward<I2>(i2), std::forward<I1>(il));
ranges: :iter_swap(std::forward<I1>(il), std::forward<I1>(il));
ranges: :iter_swap(std::forward<I2>(i2), std::forward<I2>(i2)\)\
};
Given|an object i1 of type I1 and an object 12 of type I2, IndirfectlySwappable<Il, I2> is satigfied if
after qanges: :iter_swap(il, i2), the value of *il is equalso the value of *i2 before the call, annd vice
versa.
9.5.5| Concept IndirectlyComparable [commonalgoreq.indirectlycompatable]
The IpdirectlyComparable concept specifies the common requirements of algorithms that compare|values
from two different sequences.
template <class I1, class I2, class R _=Jequal_to<>, class P1 = identity,
class P2 = identity>
concept bool IndirectlyComparable =
IndirectRelation<R, projected<Id, P1>, projected<I2, P2>>;
9.5.6|/ Concept Permutable [commonalgoreq.permutable]
The Pe¢rmutable concept speégifies the common requirements of algorithms that reorder elements in place by
moving or swapping them.
template <classyI>
concept bool Permutable =
ForwardIterator<I> &&
IndirectlyMovableStorable<I, I> &&
IndifectlySwappable<I, I>;
9.5.7 Concept Mergeable [commonalgoreq.mergeable]

The Mergeable concept specifies the requirements of algorithms that merge sorted sequences into an output
sequence by copying elements.

te

CO

mplate <class I1, class I2, class Out,
class R = less<>, class P1 = identity, class P2 = identity>
ncept bool Mergeable =
InputIterator<I1> &&
InputIterator<I2> &&
WeaklyIncrementable<Qut> &&
IndirectlyCopyable<I1l, Out> &&
IndirectlyCopyable<I2, Out> &&
IndirectStrictWeakOrder<R, projected<Il, P1>, projected<I2, P2>>;
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9.5.8 Concept Sortable [commonalgoreq.sortable]

1 The Sortable concept specifies the common requirements of algorithms that permute sequences into ordered
sequences (e.g., sort).

template <class I, class R = less<>, class P = identity>
concept bool Sortable =

Permutable<I> &&

IndirectStrictWeakOrder<R, projected<I, P>>;

9.6 Iterator primitives [iterator.primitives]

1 To simplify the task of defining iterators, the library provides several classes and functions:

9.6.1| Iterator traits [iteratop.tiraits]

1 For thp sake of backwards compatibility, this document specifies the existence of an iterator_srait|s alias
that cpllects an iterator’s associated types. It is defined as if:

tgmplate <InputIterator I> struct __pointer_type { // exposition only
using type = add_pointer_t<reference_t<I>>;

}
template <Inputlterator I>

requires requires(I i) { { i.operator->() } -> auto&&; }

sfruct __pointer_type<I> { // expodition only
using type = decltype(declval<I>().operator->());

};
template <class> struct __iterator_traits { }; // exposition only
template <Iterator I> struct __iterator_traits<I> {

using difference_type = difference_type_t<I>;

using value_type = void;

using reference = void;

using pointer = void;

using iterator_category = output_iterator_tagy

};
template <InputIterator I> struct __iterator_traits<I> { // exposition only
using difference_type = difference_type_t<I>;

using value_type = value_type_t<I>;

using reference = reference_t<I>;

using pointer = typename __pointer_type<I>::type;

using iterator_category = iterator_category_t<I>;

};
template <class I>
using iterator_traits, =*__iterator_traits<I>;
2 [Note{ iterator_traits+s an alias template to prevent user code from specializing it. — end note

3 [ Exan{ple: To implemient a generic reverse function, a C++ program can do the following:

template <Bidirectionallterator I>

void revexrse(T first, I last) {
diffferlence_type_t<I> n = distance(first, last);
—dng

whitetm o€
value_type_t<I> tmp = *first;
*first++ = *—-last;
*last = tmp;
n -= 2;
}
}

— end example]
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9.6.2 Standard iterator traits [iterator.stdtraits]

1 To facilitate interoperability between new code using iterators conforming to this document and older code
using iterators that conform to the iterator requirements specified in ISO/TEC 14882, three specializations of
std::iterator_traits are provided to map the newer iterator categories and associated types to the older
ones.

namespace std {
template <experimental::ranges::Iterator Out>
struct iterator_traits<Qut> {

using difference_type = experimental::ranges::difference_type_t<0ut>;
using value_type = see below;
using reference = see below;
using pointer = gsee below;

using iterator_category = std::output_iterator_tag;
};
2 The n¢sted type value_type is computed as follows:

(2.1) — If Out::value_type is valid and denotes a type, then std::iterator_traits<Qup>: :value_type is
Qut::value_type.

(2.2) — OQtherwise, std: :iterator_traits<Out>::value_type is void.
3 The n¢sted type reference is computed as follows:

(3.1) — If Out::reference is valid and denotes a type, then std::iterator_traits<Qut>::referdnce is
Qut::reference.

(32)  — Qtherwise, std::iterator_traits<Out>::reference is void.

4 The n¢sted type pointer is computed as follows:

(4.1) — If Out: :pointer is valid and denotes a type, then gtdy/:iterator_traits<0Out>::pointer if Out::
pointer.
(4.2) — (therwise, std: :iterator_traits<Out>::pointer is void.

template <experimental::ranges::Inputlterator In>
stiruct iterator_traits<In> { };

template <experimental::ranges::Inputlterator In>
requires experimental::ranges::Sentinel<In, In>
struct iterator_traits<In> {

using difference_type =\experimental: :ranges::difference_type_t<In>;
using value_type =/experimental: :ranges::value_type_t<In>;
using reference = see below;

using pointer = see below;

using iterator_category = see below;

5 The n¢sted type-reference is computed as follows:

(5.1) — If In«Jreference is valid and denotes a type, then std::iterator_traits<In>::reference is
Insreference.

(5:2) — Otherwise, std::iterator_traits<In>::reference is experimental: :ranges: :reference_t<In>.

6 The nested type pointer is computed as follows:

(6.1) — If In::pointer is valid and denotes a type, then std::iterator_traits<In>::pointer is In::
pointer.
(6.2) — Otherwise, std: :iterator_traits<In>::pointer is experimental::ranges: :iterator_traits<In

>::pointer.

7 Let type C be experimental::ranges::iterator_category_t<In>. The nested type std::iterator_-
traits<In>::iterator_category is computed as follows:

(7.1) — If C is the same as or inherits from std: :input_iterator_tag or std::output_iterator_tag, std::
iterator_traits<In>::iterator_category is C.
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(7.2) — Otherwise, if experimental::ranges: :reference_t<In> is not a reference type, std::iterator_-

traits<In>::iterator_category is std::input_iterator_tag.

(7.3) — Otherwise, if C is the same as or inherits from experimental: :ranges::random_access_iterator_-

tag, std::iterator_traits<In>::iterator_category is std::random_access_iterator_tag.

(7.4) — Otherwise, if C is the same as or inherits from experimental: :ranges::bidirectional_iterator_-

tag, std::iterator_traits<In>::iterator_category is std::bidirectional_iterator_tag.

(7.5) — Otherwise, if C is the same as or inherits from experimental::ranges::forward_iterator_tag,

std::iterator_traits<In>::iterator_category is std::forward_iterator_tag.

(7.6)  — Otherwise, std: :iterator_traits<In>::iterator_category is std::input_iterator_tag.

8 [ Note: Some implementations may find it necessary to add additional constraints to these partial specializa-
tions tpo prevent them Irom being considered for types that conform to the iterator requirements speclfied in
ISO/IEC 14882. — end note ]

9.6.3| Standard iterator tags [std.iterator|tags]

1 Tt is often desirable for a function template specialization to find out what is the most specific category of its
iteratdr argument, so that the function can select the most efficient algorithm at compile time. To fagilitate
this, the library introduces category tag classes which can be used as compile time tags for algorithm selection.
[ Noteq The preferred way to dispatch to more specialized algorithm implementdtions is with conceptt-based
overlofpding. — end note] The category tags are: input_iterator_tag, output_iterator_tag, forfard_-
iterapor_tag, bidirectional_iterator_tag and random_access_iterator_tag. For every input iferator
of typ¢ I, iterator_category_t<I> shall be defined to be the most spgcific category tag that descrilpes the
iteratdr’s behavior.

namegspace std { namespace experimental { namespace ranges {“\inline namespace vi {
stiruct output_iterator_tag { };
sHruct input_iterator_tag { };
stiruct forward_iterator_tag : input_iterator_tag. {\J};
stiruct bidirectional_iterator_tag : forward_iterator_tag { };
struct random_access_iterator_tag : bidirectional_iterator_tag { };

iagg

2 [Note{ The output_iterator_tag is provided-for the sake of backward compatibility. — end note]

3 [ Exan{ple: For a program-defined iterator BinaryTreeIterator, it could be included into the bidiregtional
iteratdr category by specializing the difference_type, value_type, and iterator_category templates:

template <class T> struct difference_type<BinaryTreelterator<T>> {
usling type = ptrdiff_t;

I

template <class T> struct,‘value_type<BinaryTreeIlterator<T>> {
usling type = T;

I

template <class ¢T3 ‘struct iterator_category<BinaryTreelterator<T>> {
usling type =\bidirectional_iterator_tag;

};

— end egainple]

9.6.4 Iterator operations [iterator.operations]

1 Since only types that satisfy RandomAccessIterator provide the + operator, and types that satisfy SizedSent-
inel provide the - operator, the library provides customization point objects (6.3.5.1) advance, distance,
next, and prev. These customization point objects use + and - for random access iterators and ranges
that satisfy SizedSentinel (and are, therefore, constant time for them); for output, input, forward and
bidirectional iterators they use ++ to provide linear time implementations.

2 The name advance denotes a customization point object (6.3.5.1). It has the following function call operators:

template <Iterator I>
constexpr void operator() (I& i, difference_type_t<I> n) const;
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3 Requires: n shall be negative only for bidirectional iterators.

4 Effects: For random access iterators, equivalent to i += n. Otherwise, increments (or decrements for
negative n) iterator i by n.

template <Iterator I, Sentinel<I> S>
constexpr void operator() (I& i, S bound) const;

5 Requires: If Assignable<I&, S> is not satisfied, [i,bound) shall denote a range.
6 Effects:
(6.1) — If Assignable<I&, S> is satisfied, equivalent to i = std: :move(bound).
(6.2) —Otherwise; if-StzedSentime <S5 Tssatistredequivatenttoadvance ti;—bourd g
(6.3) — Otherwise, increments i until 1 == bound.
template <Iterator I, Sentinel<I> S>
congttexpr difference_type_t<I> operator() (I& i, difference_type_t<I> n, S bound)\cOnst;

7 Requires: If n > 0, [i,bound) shall denote a range. If n == 0, [1,bound) or_fbound,i) shall d¢note a
fange. If n < 0, [bound,i) shall denote a range and (BidirectionalIltérator<I> && Same<I, S>)
ghall be satisfied.

8 Effects:

(8.1) — If SizedSentinel<S, I> is satisfied:
(8.1.1) — If |n| >= |bound - i|, equivalent to advance(i, bdund).
(8.1.2) — Otherwise, equivalent to advance(i, n).
(8.2) — Otherwise, increments (or decrements for negative’n) iterator i either n times or until i == |bound,
whichever comes first.
9 Returns: n - M, where M is the distance from the starting position of i to the ending positign.
10 The njme distance denotes a customization point object. It has the following function call operators:
template <Iterator I, Sentinel<I> S>
constexpr difference_type_t<I> operator() (I first, S last) const;

n Requires: [first,last) shall-denote a range, or (Same<S, I> && SizedSentinel<S, I>) shall be
datisfied and [last,first)-shall denote a range.

12 KEffects: If SizedSentinel<S, I> is satisfied, returns (last - first); otherwise, returns the qumber

f increments needéd)to get from first to last.

template <Range R>
congttexpr difference_type_t<iterator_t<R>> operator() (R&& r) const;

FPffects? Equivalent to: return distance(ranges::begin(r), ranges::end(r)); (10.4)

Remarks: Instantiations of this member function template may he ill-formed if the declarations in
<experimental/ranges/range> are not in scope at the point of instantiation (ISO/IEC 14882:2014
§14.6.4.1).

template <SizedRange R>
constexpr difference_type_t<iterator_t<R>> operator() (R&& r) const;

13 Effects: Equivalent to: return ranges::size(r); (10.5.1)

14 Remarks: Instantiations of this member function template may be ill-formed if the declarations in
<experimental/ranges/range> are not in scope at the point of instantiation (ISO/IEC 14882:2014
§14.6.4.1).
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The name next denotes a customization point object. It has the following function call operators:

template <Iterator I>
constexpr I operator() (I x) const;

Effects: Equivalent to: ++x; return x;

template <Iterator I>
constexpr I operator() (I x, difference_type_t<I> n) const;

Effects: Equivalent to: advance(x, n); return x;

templjze <Iterator I, Sentinel<I> S>

con

A

templa
cons

y

The n;

templjte <Bidirectionallterator I>

con

y

templa

constexpr I operator() (I x, difference_type t<I> n) const;

y

templjte <Bidirectionallterator I>

con

y

9.7
9.7.1

Class 1
its und
and it
*prev

expr I operator()(I x, S bound) const;

offects: Equivalent to: advance(x, bound); return x;

te <Iterator I, Sentinel<I> S>
texpr I operator() (I x, difference_type_t<I> n, S bound) const;

ffects: Equivalent to: advance(x, n, bound); return x;

ume prev denotes a customization point object. It has the followiing function call operators:

expr I operator() (I x) const;

ffects: Equivalent to: --x; return x;

te <Bidirectionallterator I>

fffects: Equivalent to: advance(x, -n)’; return x;

expr I operator() (I x, difference_type_t<I> n, I bound) const;

ffects: Equivalent to:, advance(x, -n, bound); return x;

Iterator adaptors [iterators.py

Reverse_iterators [iterators.rey

erlying-iterator to the beginning of that sequence. The fundamental relation between a reverse i
corresponding underlying iterator i is established by the identity: *make_reverse_iterator

ide

edef]

rerse|

emplate réverse_iterator is an iterator adaptor that iterates from the end of the sequence defined by

rerator
i) ==

9.7.1.1 Class template reverse_iterator

name

space std { namespace experimental { namespace ranges { inline namespace vl {

template <Bidirectionallterator I>

cl
pu

ass reverse_iterator {

blic:

using iterator_type = I;

using difference_type = difference_type_t<I>;
using value_type = value_type_t<I>;

using iterator_category = iterator_category_t<I>;
using reference = reference_t<I>;

using pointer = I;

constexpr reverse_iterator();

[reverse.iterator]

o8
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explicit constexpr reverse_iterator(I x);
constexpr reverse_iterator(const reverse_iterator<ConvertibleTo<I>>& i);
constexpr reverse_iterator& operator=(const reverse_iterator<ConvertibleTo<I>>& i) ;

constexpr I base() const;
constexpr reference operator*() const;
constexpr pointer operator->() const;

constexpr reverse_iterator& operator++();
constexpr reverse_iterator operator++(int);
constexpr reverse_iterator& operator--();
constexpr reverse_iterator operator--(int);

Pr

};

constexpr reverse_iterator operator+ (difference_type n) const
requires RandomAccessIterator<I>;

constexpr reverse_iterator& operator+=(difference_type n)
requires RandomAccessIterator<I>;

constexpr reverse_iterator operator- (difference_type n) const
requires RandomAccessIterator<I>;

constexpr reverse_iterator& operator-=(difference_type n)
requires RandomAccessIterator<I>;

constexpr reference operator[](difference_type n) const
requires RandomAccessIterator<I>;

friend constexpr rvalue_reference_t<I> iter_move(const revexseé ‘iterator& i)
noexcept(see below);
template <IndirectlySwappable<I> I2>
friend constexpr void iter_swap(const reverse_iterator& x, const reverse_iterator<I2>
noexcept (see below);

ivate:
I current; // exposition only

template <class Il, class I2>

requires EqualityComparableWith<Ii,) I2>
constexpr bool operator==

const reverse_iterator<I1>& X}

const reverse_iterator<I23&-y);

tegmplate <class Il, class I2>

requires EqualityComparableWith<I1l, I2>
constexpr bool operator!=(

const reverse_iterator<Ii>& x,

const reversesiterator<I2>& y);

template <classyIl3y class I2>

requires, StrictTotallyOrderedWith<I1, I2>
constexpr~bool operator<(

const\reverse_iterator<Ii>& x,

cohst® reverse_iterator<I2>& y);

t

plate <class I1, class I2>

[ RN, WP, [ I o PO | ALl T 1 hla)

y)

te

te

\

FequrresS—rorTreerotarryvratreanton<r——=

constexpr bool operator>(

const reverse_iterator<Ii>& x,

const reverse_iterator<I2>& y);
mplate <class I1, class I2>

requires StrictTotallyOrderedWith<I1, I2>
constexpr bool operator>=(

const reverse_iterator<Ii>& x,

const reverse_iterator<I2>& y);
mplate <class Il, class I2>

requires StrictTotallyOrderedWith<I1, I2>
constexpr bool operator<=(

const reverse_iterator<Ii>& x,

const reverse_iterator<I2>& y);
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template <class I1, class I2>
requires SizedSentinel<I1, I2>
constexpr difference_type_t<I2> operator-(
const reverse_iterator<I1>& x,
const reverse_iterator<I2>& y);
template <RandomAccessIterator I>
constexpr reverse_iterator<I> operator+(
difference_type_t<I> n,
const reverse_iterator<I>& x);

template <BidirectionalIlterator I>
constexpr reverse_iterator<I> make_reverse_iterator(I i);

33
9.7.1.p reverse_iterator operations [reverse.iter.ops]
9.7.1.p.1 reverse_iterator constructor [reyerse.iter|.cons]

constexpr reverse_iterator();

FEffects: Value-initializes current. Iterator operations applied to the resulting‘iterator have defined
Ibehavior if and only if the corresponding operations are defined on a valuefinjtialized iterator of ftype I.

explidit constexpr reverse_iterator(I x);

Effects: Initializes current with x.

constexpr reverse_iterator(const reverse_iterator<ConvertibleTo<I>>& 1i);

Effects: Initializes current with i.current.
9.7.1.2.2 reverse_iterator::operator= [reverse.iten.op=]

constexpr reverse_iterator&
operjator=(const reverse_iterator<ConvertipleTo<I>>& i) ;

Effects: Assigns i.current to currént.
Returns: *this.

9.7.1.p.3 Conversion [reverse.iter{conv]

constexpr I base() consts

Returns: currént.

9.7.1.p.4 operatorx [reverse.iter.op.star]

constexpr feference operator*() const;

NIV = H 1 L e " L FEAY
JJC[/UG- J_l\,lul\/alcll\/ LU, L TULUULll "‘yJ.cV \CuUuL1L<liIiv/,
9.7.1.2.5 operator-> [reverse.iter.opref]

constexpr pointer operator->() const;

Effects: Equivalent to: return prev(current);
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9.7.1.2.6 operator++ [reverse.iter.op+-]

constexpr reverse_iterator& operator++();

Effects: ——current;

Returns: *this.

constexpr reverse_iterator operator++(int);

Effects:

reverse_iterator tmp = *this;

——current-.
Y

return tmp;

9.7.1.R.7 operator-- [reyerse.iter.op--]
constexpr reverse_iterator& operator--();

Effects: ++current

Returns: *this.

constexpr reverse_iterator operator--(int);

Effects:

reverse_iterator tmp = *this;
++current;

return tmp;

9.7.1.p.8 operator+ [reverse.itel.op+]

constexpr reverse_iterator
operfator+(difference_type n) const
requires RandomAccessIterator<I>;

Returns: reverse_iterator (current-n).

9.7.1.2.9 operator+= [reverse.iter.dp+=]

constexpr reverse_iterator
operfator+=(difference_{ype n)

rIuires RandomAceessIterator<I>;
Fffects: current -= n;

Returns; (xthis.

9.7.1.R.10\ Joperator- [reverse.itgr.op-]

constexpr—reverse—tterator
operator-(difference_type n) const
requires RandomAccessIterator<I>;

Returns: reverse_iterator(current+n).

9.7.1.2.11 operator-= [reverse.iter.op-=]

constexpr reverse_iterator&
operator-=(difference_type n)
requires RandomAccessIterator<I>;

Effects: current += n;

Returns: *this.
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9.7.1.2.12 operator([]

constexpr reference operator[](
difference_type n) const
requires RandomAccessIterator<I>;

Returns: current [-n-1].

9.7.1.2.13 operator==

template <class Il1, class I2>
requires EqualityComparableWith<I1, I2>
constexpr bool operator==
const reverse_iterator<Ti>& x

[reverse.iter.opindex]

[reverse.iter.o

const reverse_iterator<I2>& y);

ffects: Equivalent to: return x.current == y.current;

9.7.1.R.14 operator!=

template <class Il1, class I2>
requires EqualityComparableWith<I1l, I2>
constexpr bool operator!=(
const reverse_iterator<Ii>& x,
const reverse_iterator<I2>& y);

FEffects: Equivalent to: return x.current != y.current;

9.7.1.R.15 operator<

template <class I1, class I2>
requires StrictTotallyOrderedWith<I1l, I2>
conjgexpr bool operator<(
const reverse_iterator<Ii>& x,
const reverse_iterator<I2>& y);

FEffects: Equivalent to: return x.current > y.current;

9.7.1..16 operator>

template <class I1, class I2>
j:uires StrictTotallyOrderedWith<I1, I2>
constexpr bool operator>(
const reverse_iterator<Ii>& x,
const reverse_iterator<I2>& y);

r

Effects: Equivalent to: return x.current < y.current;

9.7.1.2.17 operator>=

template <elass I1, class I2>
requdres’ StrictTotallyOrderedWith<I1, I2>
congtexpr bool operator>=(

[zéverse.iter)

[reverse.iter]

[reverse.iteq

[reverse.iter.q

p==]

op!=]

.op<]

.0p>]

p>=]

const reverse_iterator<Ii>& x,
const reverse_iterator<I2>& y);

Effects: Equivalent to: return x.current <= y.current;

9.7.1.2.18 operator<=

template <class I1, class I2>
requires StrictTotallyOrderedWith<I1, I2>
constexpr bool operator<=(
const reverse_iterator<Ii>& x,
const reverse_iterator<I2>& y);

Effects: Equivalent to: return x.current >= y.current;

[reverse.iter.op<=]
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9.7.1.2.19 operator- [reverse.iter.opdiff]

template <class I1, class I2>
requires SizedSentinel<I1, I2>
constexpr difference_type_t<I2> operator-(
const reverse_iterator<Ii>& x,
const reverse_iterator<I2>& y);

1 Effects: Equivalent to: return y.current - x.current;

9.7.1.2.20 operator+ [reverse.iter.opsum]

template <RandomAccessIterator I>
L

consrexpr—reverse—tterator<b—operator+<t
diffference_type_t<I> n,
comst reverse_iterator<I>& x);

1 ffects: Equivalent to: return reverse_iterator<I>(x.current - n);

9.7.1..21 iter_move [reverse.iter.iter__move]

friend constexpr rvalue_reference_t<I> iter_move(const reverse_iterator& i)
noexcept (see below);
1 FEffects: Equivalent to: return ranges::iter_move(prev(i.current));
2 Remarks: The expression in noexcept is equivalent to:

noexcept (ranges: :iter_move(declval<I&>())) && noexcept(--declval<I&>()) &&
is_nothrow_copy_constructible<I>::value

9.7.1.R.22 iter_swa reverse.iter.iter_ |swap
P

template <IndirectlySwappable<I> I2>
frignd constexpr void iter_swap(const reversensiterator& x, const reverse_iterator<I2>& y)
noexcept(see below);
1 FEffects: Equivalent to ranges: :iter\swap(prev(x.current), prev(y.current)).
2 Remarks: The expression in noexcept is equivalent to:

noexcept (ranges: :iter_swap (declval<I>(), declval<I>())) && noexcept(--declval<I&>())

9.7.1.2.23 Non-memberifunction make_reverse_iterator() [reverse.iter.make]

template <Bidirectionallterator I>
constexpr reverse,iterator<I> make_reverse_iterator(I i);

1 Returns: reverse_iterator<I>(i).

9.7.2| Iusert iterators [iterators.insert]

1 To make\it"possible to deal with insertion in the same way as writing into an array, a special kind of iferator
adaptors, called insert iterators, are provided in the library. With regular iterator classes,

while (first != last) *result++ = *first++;

causes a range [first,last) to be copied into a range starting with result. The same code with result
being an insert iterator will insert corresponding elements into the container. This device allows all of the
copying algorithms in the library to work in the insert mode instead of the regular overwrite mode.

2 An insert iterator is constructed from a container and possibly one of its iterators pointing to where
insertion takes place if it is neither at the beginning nor at the end of the container. Insert iterators satisfy
OutputIterator. operator* returns the insert iterator itself. The assignment operator=(const T& x) is
defined on insert iterators to allow writing into them, it inserts x right before where the insert iterator is
pointing. In other words, an insert iterator is like a cursor pointing into the container where the insertion
takes place. back_insert_iterator inserts elements at the end of a container, front_insert_iterator
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inserts elements at the beginning of a container, and insert_iterator inserts elements where the iterator
points to in a container. back_inserter, front_inserter, and inserter are three functions making the
insert iterators out of a container.

9.7.2.1 Class template back_insert_iterator [back.insert.iterator]

namespace std { namespace experimental { namespace ranges { inline namespace vl {
template <class Container>
class back_insert_iterator {
public:
using container_type = Container;
using difference_type = ptrdiff_t;

onstexpr—back—insert—tteratori-;

explicit back_insert_iterator(Container& x);
back_insert_iterator&

operator=(const value_type_t<Container>& value);
back_insert_iterator&
operator=(value_type_t<Container>&& value);

back_insert_iterator& operator*();
back_insert_iterator& operator++();
back_insert_iterator operator++(int);

prjivate:
Container* container; // exposition only

};

template <class Container>
back_insert_iterator<Container> back_inserter (Confainer& x);

Y
9.7.2.p Dback_insert_iterator operations [back.insert.iter.ops]
9.7.2.p.1 Dback_insert_iterator constructor [back.insert.iter|cons]

constexpr back_insert_iterator();

FEffects: Value-initializes container:

explidit back_insert_iterator(Container& x);

Fffects: Initializes container with addressof (x).

9.7.2.p.2 back_insert_iterator::operator= [back.insert.itel.op=]

back_insert_iteratoer&
operjator=(const value_type_t<Container>& value);

FEffeets? Equivalent to container->push_back(value).

nerarmns. *uills.

back_insert_iterator&
operator=(value_type_t<Container>&& value);

Effects: Equivalent to container->push_back(std: :move (value)).

Returns: *this.

9.7.2.2.3 back_insert_iterator::operator* [back.insert.iter.op*]

back_insert_iterator& operator*();
Returns: *this.

64
© ISO/IEC 2017 - All rights reserved


https://iecnorm.com/api/?name=f6951394130aae461b3626a9086b5125

9.7.2.2.4 back_insert_iterator::operator++ [back.insert.iter.op+-]

back_insert_iterator& operator++();
back_insert_iterator operator++(int);

Returns: *this.

9.7.2.2.5 back_inserter

template <class Container>
back_insert_iterator<Container> back_inserter(Container& x);

Returns: back_insert_iterator<Container>(x).

[back.inserter]

9.7.2.3 Class template front_insert_iterator [front.insert. itefrator]

namgspace std { namespace experimental { namespace ranges { inline namespace v1 {
template <class Container>
cllass front_insert_iterator {
public:
sing container_type = Container;
sing difference_type = ptrdiff_t;

constexpr front_insert_iterator();
xplicit front_insert_iterator(Container& x);
front_insert_iterator&
operator=(const value_type_t<Container>& value);
front_insert_iterator&
operator=(value_type_t<Container>&& value);

front_insert_iterator& operator*();
front_insert_iterator& operator++();
front_insert_iterator operator++(int);

prjivate:
Container* container; // exposition only

};

template <class Container>
front_insert_iterator<Contaimer> front_inserter(Container& x);

313}

9.7.2.4 front_insert_iterator operations [front.insert.itdr.ops]

9.7.2.4.1 front_insert)iterator constructor [front.insert.iter}.cons]

constexpr front_insext_iterator();

Effects: Malue-initializes container.

explidit™front_insert_iterator(Container& x);

Effects: Initializes container with addressof (x).

9.7.2.4.2 front_insert_iterator::operator= [front.insert.iter.op=]

front_insert_iterator&
operator=(const value_type_t<Container>& value);

Effects: Equivalent to container->push_front (value).

Returns: *this.

front_insert_iterator&
operator=(value_type_t<Container>&& value);
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Effects: Equivalent to container->push_front(std: :move(value)).

Returns: *this.

9.7.2.4.3 front_insert_iterator::operator*

front_

insert_iterator& operator*();

Returns: *this.

9.7.2.4.4 front_insert_iterator::operator++

front_
front_

insert_iterator& operator++();
insert_iterator operator++(int);

[front.insert.iter.op*]

[front.insert.iter.op+-]

y

9.7.2.

Returns: *this.

1.5 front_inserter

template <class Container>

fron

y

9.7.2.

nam
t
cl

Py

};

Returns: front_insert_iterator<Container>(x).

b Class template insert_iterator

plate <class Container>

ass insert_iterator {

blic:

using container_type = Container;
using difference_type = ptrdiff_t;

insert_iterator();
insert_iterator(Container& x, iterator_t<Container> i);
insert_iterator&

operator=(const value_type_t<Container>& value);
insert_iterator&

operator=(value_type_t<Container>&& value);

insert_iterator& operator* ()%
insert_iterator& operator++();
insert_iterator& operator++(int);

ivate:
Container* container; // exposition only
iterator_t<Container> iter; // exposition only

template-<class Container>

333}

t_insert_iterator<Container> front_inserter(Container& x);

space std { namespace experimental { namespace ranges { inline)namespace vl {

insert) iterator<Container> inserter(Container& x, iterator_t<Container> i);

[fromt.ingerter]

[insert.iterator]

9.7.2.6 insert_iterator operations

9.7.2.6.1 insert_iterator constructor

insert

_iterator();

Effects: Value-initializes container and iter.

insert

_iterator(Container& x, iterator_t<Container> 1i);

Requires: i is an iterator into x.

[insert.iter.ops]

[insert.iter.cons]

Effects: Initializes container with addressof (x) and iter with i.
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9.7.2.6.2

insert_iterator: :operator=

insert_iterator&
operator=(const value_type_t<Container>& value);

Effects: Equivalent to:

iter = container->insert(iter, value);

++iter;

Returns: *this.

insert

_iterator&

[insert.iter.op=]

oper]

y

y

9.7.2.

insert

y

9.7.2.

insert
insert

A

9.7.2.

foffects: Equivalent to:

++iter;
Returns: *this.

5.3 insert_iterator::operator*

_iterator& operator*();

Returns: *this.
5.4 insert_iterator::operator++

_iterator& operator++();
_iterator& operator++(int);

Returns: *this.

5.5 inserter

templj;e <class Container>

ins

y

9.7.3
9.7.3.
Class 1

operat
copyin
[ Fza

lis

Move iterators and sentinels

I Class template'move_iterator

o with moving.
ple:

<string> s

iter = container->insert(iter, std

ator=(value_type_t<Container>&& value);

::move (value));

t_iterator<Container> inserterf€ontainer& x, iterator_t<Container> i);

Returns: insert_iterator<Container>(x, 1i).

emplate move_iterator is an iterator adaptor with the same behavior as the underlying iterator
that itls indirectioncoperator implicitly converts the value returned by the underlying iterator’s indis
br to an rvalue of the value type. Some generic algorithms can be called with move iterators to

[insert.ite

[insert.iter.d

[ins

r.op*]

p++]

erter|

[iterators.gove]

[move.ite

rator]

except
ection
eplace

// populate the list s

vect
vect

or<string> v1(s.begin(), s.end());

// copies strings into v1

or<string> v2(make_move_iterator(s.begin()),

make_move_iterator(s.end())); // moves strings into v2

— end example]

name

cl
pu

space std { namespace experimental { namespace ranges { inline namespace v1 {
template <Inputlterator I>

ass move_iterator {
blic:

using iterator_type = 1I;

using difference_type
using value_type

© ISO/IEC 2017 - All rights reserved
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using iterator_category
using reference

input_iterator_tag;
rvalue_reference_t<I>;

constexpr move_iterator();

explicit constexpr move_iterator(I i);

constexpr move_iterator(const move_iterator<ConvertibleTo<I>>& i);

constexpr move_iterator& operator=(const move_iterator<ConvertibleTo<I>>& i);

constexpr I base() const;
constexpr reference operator*() const;

constexpr move_iterator& operator++();
constexpr void operator++(int);
constexpr move_iterator operator++(int)
requires ForwardIterator<I>;
constexpr move_iterator& operator--()
requires BidirectionalIlterator<I>;
constexpr move_iterator operator--(int)
requires Bidirectionallterator<I>;

constexpr move_iterator operator+(difference_type n) const
requires RandomAccessIterator<I>;

constexpr move_iterator& operator+=(difference_type n)
requires RandomAccessIterator<I>;

constexpr move_iterator operator-(difference_type n) const
requires RandomAccessIterator<I>;

constexpr move_iterator& operator-=(difference_type n)
requires RandomAccessIterator<I>;

constexpr reference operator[](difference_type n) ,const
requires RandomAccessIterator<I>;

friend constexpr rvalue_reference_t<I> iter(move(const move_iterator& i)

noexcept(see below);

template <IndirectlySwappable<I> I2>

friend constexpr void iter_swap(const move_iterator& x, const move_iterator<I2>& y)
noexcept(see below);

prfivate:
I current; // exposition only

};

template <class I1, class-<I2>

requires EqualityComparableWith<I1l, I2>
constexpr bool operator==

const move_dteérator<I1>& x, const move_iterator<I2>& y);
template <class“I1, class I2>

requires ‘EqualityComparableWith<I1, I2>
constexpr-bool operator!=(

const* move_iterator<I1>& x, const move_iterator<I2>& y);
template <class Il, class I2>

[ RN, WP, [ I o PO | ALl T 1 ha)
FequrresS—rorTrrecroTarryvratreanton<r—=

constexpr bool operator<(
const move_iterator<I1>& x, const move_iterator<I2>& y);
template <class I1, class I2>
requires StrictTotallyOrderedWith<I1, I2>
constexpr bool operator<=(
const move_iterator<I1>& x, const move_iterator<I2>& y);
template <class Il, class I2>
requires StrictTotallyOrderedWith<I1, I2>
constexpr bool operator>(
const move_iterator<I1>& x, const move_iterator<I2>& y);
template <class Il, class I2>
requires StrictTotallyOrderedWith<I1l, I2>
constexpr bool operator>=(
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const move_iterator<I1>& x, const move_iterator<I2>& y);

template <class I1, class I2>

requires SizedSentinel<I1, I2>

constexpr difference_type_t<I2> operator-(
const move_iterator<Ii>& x,
const move_iterator<I2>& y);

template <RandomAccessIterator I>

constexpr move_iterator<I> operator+(
difference_type_t<I> n,
const move_iterator<I>& x);

template <Inputlterator I>

iagg

[ Note] move_iterator does not provide an operator-> because the class member access expressiol
may hpve different semantics than the expression (*%).m when the expression *% is an rvalue.”— en

9.7.3
9.7.3

constexpr move_iterator();

explidit constexpr move_iterator(I i);

constexpr move_iterator(const move_iterator<ConvertibleTo<I>>& i) ;

9.7.3

constexpr move_iterator& operator=(const move_iterator<ConvertibleTo<I>>& i);

9.7.3

constexpr I base() ‘const;

9.7.3

const

.2 move_iterator operations [move.ité

.L.1 move_iterator constructors [move.iter.op.

lesulting iterator have defined behavior if and only if the corresponding operations are define
Yalue-initialized iterator of type I.

.P.2 move_iterator: :operator% [move.itey

.2.3 move_iterator conversion [move.iter.op

.P.4 \move_iterator::operator* [move.iter.of

constexpr move_iterator<I> make_move_iterator(I i);

Effects: Constructs a move_iterator, value-initializing current. Iterator operations applied

FEffects: Constructs a move_iterator, initializing ‘¢urrent with i.

Effects: Constructs a move_iterator, initializing current with i.current.

FEffects: Assigns i.current to current.

Returns: (current.

7->m
note |

r.ops]

Const]

to the
d on a

.op=]

conv]

b.star]

s FAN
XpTr IeIeITIICE Uperator~\/ COIIST,

Effects: Equivalent to: return iter_move(current);

9.7.3.2.5 move_iterator::operator++ [move.iter.op.incr]

constexpr move_iterator& operator++();

Effects: Equivalent to ++current.

Returns: *this.

constexpr void operator++(int);
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Effects: Equivalent to ++current.

constexpr move_iterator operator++(int)
requires ForwardIterator<I>;
Effects: Equivalent to:

move_iterator tmp = *this;
++current;
return tmp;

9.7.3.2.6 move_iterator::operator-- [move.iter.op.decr]

constexpr move_iterator& operator--()
requires BidirectionalIlterator<I>;

KEffects: Equivalent to --current.

Returns: *this.

constexpr move_iterator operator--(int)
requires BidirectionalIlterator<I>;

Effects: Equivalent to:
move_iterator tmp = *this;
--current;

return tmp;

9.7.3.R.7 move_iterator::operator+ [move.iterop.+]

constexpr move_iterator operator+(difference_type )\ 'const
requlires RandomAccessIterator<I>;

Effects: Equivalent to: return move_iterator (current + n);

9.7.3.R.8 move_iterator::operator+= [move.iter.op.+=]

constexpr move_iterator& operator+=(difference_type n)
requlires RandomAccessIterator<I>;

Effects: Equivalent to currént += n.

Returns: *this.

9.7.3.2.9 move_iterator::operator- [move.iter.op.-]

constexpr move_iterator operator-(difference_type n) const
requires RandomAccessIterator<I>;

Effects: Equivalent to: return move_iterator(current - n);

9.7.3.2.T0 move_iterator: :operator-= |move.iter.op.-

constexpr move_iterator& operator-=(difference_type n)
requires RandomAccessIterator<I>;

Effects: Equivalent to current -= n.

Returns: *this.

9.7.3.2.11 move_iterator::operator[] [move.iter.op.index]

constexpr reference operator[](difference_type n) const
requires RandomAccessIterator<I>;

Effects: Equivalent to: return iter_move(current + n);
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9.7.3.2.12 move_iterator comparisons

template <class I1, class I2>
requires EqualityComparableWith<I1, I2>
constexpr bool operator==
const move_iterator<I1>& x, const move_iterator<I2>& y);

Effects: Equivalent to: return x.current == y.current;

template <class I1, class I2>
requires EqualityComparableWith<I1l, I2>
constexpr bool operator!=(

[move.iter.op.comp]

copst—move—iterator<ii>&—x; REt—HOVe—tberator<I2>d—y

Effects: Equivalent to: return !(x == y);

template <class I1, class I2>
requires StrictTotallyOrderedWith<I1, I2>
conjgexpr bool operator<(
const move_iterator<I1>& x, const move_iterator<I2>& y);

Effects: Equivalent to: return x.current < y.current;

template <class I1, class I2>
requires StrictTotallyOrderedWith<I1l, I2>
congtexpr bool operator<=(
const move_iterator<I1>& x, const move_iterator<I2>&-y);

FEffects: Equivalent to: return !(y < x);

template <class Il1, class I2>
requires StrictTotallyOrderedWith<I1, I2>
conjgexpr bool operator>(
const move_iterator<I1>& x, const move_iterator<I2>& y);

Effects: Equivalent to: returmjy < x;

template <class I1, class I2>
requires StrictTotallyOxderedWith<I1l, I2>
congtexpr bool operator>=(
const move_iteratlor<I1>& x, const move_iterator<I2>& y);

ffects: Eqivalent to: return !'(x < y);.

9.7.3.R.13__smove_iterator non-member functions

template<eclass I1, class I2>

IO

[move.iter.nonme

mber]

rGLiuiLCb SiéUdSﬁlLbilLGl Ii, L2

constexpr difference_type_t<I2> operator-(
const move_iterator<Ii>& x,
const move_iterator<I2>& y);

Effects: Equivalent to: return x.current - y.current;

template <RandomAccessIterator I>
constexpr move_iterator<I> operator+(
difference_type_t<I> n,
const move_iterator<I>& x);

Effects: Equivalent to: return x + n;
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friend constexpr rvalue_reference_t<I> iter_move(const move_iterator& i)
noexcept(see below);

Effects: Equivalent to: return ranges::iter_move(i.current);

Remarks: The expression in noexcept is equivalent to:

noexcept (ranges: :iter_move(i.current))

template <IndirectlySwappable<I> I2>

frie
no

nd constexpr void iter_swap(const move_iterator& x, const move_iterator<I2>& y)
except (see below);

y

y

templa

ffects: Equivalent to: ranges::iter_swap(x.current, y.current).
Remarks: The expression in noexcept is equivalent to:

noexcept (ranges: :iter_swap(x.current, y.current))

te <InputIterator I>

consttexpr move_iterator<I> make_move_iterator(I i);

A

9.7.3.

Class {
When

move_

[ Exan
senti

temp

Returns: move_iterator<I>(i).

emplate move_sentinel is a sentinel adaptor useful for denoting ranges together with move_itq
an input iterator type I and sentinel type S satisfy Sentinel<S, I>, Sentinel<move_sentin|
 terator<I>> is satisfied as well.

hel:

late <Inputlterator I, Sentinel<I> S, WeaklyIncrementable O,
IndirectUnaryPredicate<I> Pred>

requires IndirectlyMovable<I, 0>

void
{
cq

}

— Een

move_if (I first, S last, 0 out, Pré&d pred)

py_if (move_iterator<I>{first}, move_sentinel<S>{last}, out, pred);

example |

namgspace std { namespace experimental { namespace ranges { inline namespace vi {
template <Semiregular S>

C

ss move_sentined {

public:

constexpr-~move_sentinel();

xplicit move_sentinel(S s);

ove( séntinel (const move_sentinel<ConvertibleTo<S>>& s);
ov€_Sentinel& operator=(const move_sentinel<ConvertibleTo<S>>& s);

B Class template move_sentinel [move.sentinel]

rator.
£1<S>,

ple: A move_if algorithm is easily implemented With copy_if using move_iterator and move_-

S base() const;

private:

};

S last; // exposition only

template <class I, Sentinel<I> 38>

constexpr bool operator==
const move_iterator<I>& i, const move_sentinel<S>& s);

template <class I, Sentinel<I> S>

constexpr bool operator==
const move_sentinel<S>& s, const move_iterator<I>& i);

template <class I, Sentinel<I> S>
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constexpr bool operator!=(
const move_iterator<I>& i, const move_sentinel<S>& s);
template <class I, Sentinel<I> S>
constexpr bool operator!=(
const move_sentinel<S>& s, const move_iterator<I>& i);

template <class I, SizedSentinel<I> S>
constexpr difference_type_t<I> operator-(
const move_sentinel<S>& s, const move_iterator<I>& i);
template <class I, SizedSentinel<I> S>
constexpr difference_type_t<I> operator-(
const move_iterator<I>& i, const move_sentinel<S>& s);

template <Semiregular S>
constexpr move_sentinel<S> make_move_sentinel(S s);

333}

9.7.3.4 move_sentinel operations

9.7.3.4.1 move_sentinel constructors

constexpr move_sentinel();

1ble<S>::value is true, then this constructor is a constexpr comstructor.

explidit move_sentinel(S s);

FEffects: Constructs a move_sentinel, initializing lag§ with s.

move_sentinel (const move_sentinel<ConvertibleTo<S33&)s) ;

Effects: Constructs a move_sentinel, initializing last with s.last.

9.7.3.1.2 move_sentinel::operator=

move_sentinel& operator=(const move_sentinel<ConvertibleTo<S>>& s);

FEffects: Assigns s.last to-last.

Returns: *this.

9.7.3.1.3 move_sentimel‘comparisons

template <class I, Sentinel<I> S>
consgitexpr boolroperator==
const move iterator<I>& i, const move_sentinel<S>& s);
template <class”I, Sentinel<I> S>
consgitexpr bool operator==
const move_sentinel<S>& s, const move_iterator<I>& i);

FEffects: Constructs a move_sentinel, value-initializing last. If is_ $£ivially_default_cons

[move.sen

[move.sent.op.

[move.sent]

[move.sent.op.

t.ops]

Ctonst]

truct-

.op=]

tomp]

Effects: Equivalent to: return i.current == s.last;

template <class I, Sentinel<I> S>
constexpr bool operator!=(
const move_iterator<I>& i, const move_sentinel<S>& s);
template <class I, Sentinel<I> S>
constexpr bool operator!=(
const move_sentinel<S>& s, const move_iterator<I>& i);

Effects: Equivalent to: return !'(i == s);
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9.7.3.4.4 move_sentinel non-member functions [move.sent.nonmember]

template <class I, SizedSentinel<I> S>
constexpr difference_type_t<I> operator-(
const move_sentinel<S>& s, const move_iterator<I>& i);

Effects: Equivalent to: return s.last - i.current;

template <class I, SizedSentinel<I> S>
constexpr difference_type_t<I> operator-(
const move_iterator<I>& i, const move_sentinel<S>& s);

m o = . b — . =
jects. LQUIValCIIl 1O I'eturlll L. CUurrellt = s.1last,

templj:e <Semiregular S>

con

y

9.7.4

expr move_sentinel<S> make_move_sentinel(S s);

Returns: move_sentinel<S>(s).

Class femplate common_iterator is an iterator/sentinel adaptor that is capabl€ of representing a non-b

range
the saj
operat

[ Note:

ors appropriately.

The common_iterator type is useful for interfacing with legacy code that expects the begin a

of a range to have the same type. — end note]

[ Exam

temp
void

list

// P

usin

ple:

late <class ForwardIterator>
fun(ForwardIterator begin, ForwardIterator, end);

<int> s;
pulate the list s
c CI =

common_iterator<counted_iterator<list<int>::iterator>,

// ¢

fun

— en

9.7.4.

nameg

default_sentinegl>}
[l fun on a range of 10 ints
CI(make_counted_iterator (s begin(), 10)),
CI(default_sentinel()));

example |

I Class template common_iterator [common.ite

space std~{\ namespace experimental { namespace ranges { inline namespace vl {

t

C

plate XIterator I, Sentinel<I> S>
equires !Same<I, S>
g5’ common_iterator {

Common iterators [iterators.common]

unded

bf elements (where the types of the iterator and sentinel differ) as abounded range (where tley are
ne). It does this by holding either an iterator or a sentinel, and iiplementing the equality comparison

1d end

rator]

pubtre

using difference_type = difference_type_t<I>;

constexpr common_iterator();

constexpr common_iterator(I i);

constexpr common_iterator(S s);

constexpr common_iterator (const common_iterator<ConvertibleTo<I>, ConvertibleTo<S>>& u)

common_iterator& operator=(const common_iterator<ConvertibleTo<I>, ConvertibleTo<S>>& u);

decltype(auto) operator*();

decltype(auto) operator*() const
requires dereferenceable <const I>;

decltype(auto) operator->() const
requires see below;
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common_iterator& operator++();
decltype(auto) operator++(int);
common_iterator operator++(int)

requires ForwardIterator<I>;

friend rvalue_reference_t<I> iter_move(const common_iterator& i)
noexcept(see below)
requires Inputlterator<I>;
template <IndirectlySwappable<I> I2, class S2>
friend void iter_swap(const common_iterator& x, const common_iterator<I2, S2>& y)
noexcept(see below);

private:
bool is_sentinel; // exposition only
I iter; // exposition only
S sentinel; // exposition only
};

tegmplate <Readable I, class S>
stiruct value_type<common_iterator<I, S>> {
using type = value_type_t<I>;
};

template <Inputlterator I, class S>
sfruct iterator_category<common_iterator<I, S>> {
using type = input_iterator_tag;

};

template <ForwardIterator I, class S>
stiruct iterator_category<common_iterator<I, S>> {
using type = forward_iterator_tag;

};

tegmplate <class Il, class I2, Sentinel<I2>\S1, Sentinel<I1> S2>

bdol operator==

const common_iterator<Il, S1>& x, cénst common_iterator<I2, S2>& y);
tegmplate <class Il, class I2, Sentinel<I2> S1, Sentinel<I1> S2>
requires EqualityComparableWith<I1l, I2>

bool operator==

const common_iterator<I1,\Si>& x, const common_iterator<I2, S2>& y);
template <class Il, class\I2, Sentinel<I2> S1, Sentinel<I1> S2>

bool operator!=(

const common_iterator<Il, S1>& x, const common_iterator<I2, S2>& y);

template <classyI27 SizedSentinel<I2> I1, SizedSentinel<I2> S1, SizedSentinel<I1> 52>
diffference_type~t<I2> operator-(
const common_iterator<Il, S1>& x, const common_iterator<I2, S2>& y);

33
9.7.4.p\common_iterator operations [common.iter.ops]
9.7.4.2.1 common_iterator constructors [common.iter.op.const]

constexpr common_iterator();

Effects: Constructs a common_iterator, value-initializing is_sentinel, iter, and sentinel. Iterator
operations applied to the resulting iterator have defined behavior if and only if the corresponding

operations are defined on a value-initialized iterator of type I.

constexpr common_iterator(I i);

Effects: Constructs a common_iterator, initializing is_sentinel with false, iter with i, and

value-initializing sentinel.
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constexpr common_iterator(S s);

Effects: Constructs a common_iterator, initializing is_sentinel with true, value-initializing iter,
and initializing sentinel with s.

constexpr common_iterator(const common_iterator<ConvertibleTo<I>, ConvertibleTo<S>>& u);

Effects: Constructs a common_iterator, initializing is_sentinel with u.is_sentinel, iter with
u.iter, and sentinel with u.sentinel.

9.7.4.2.2 common_iterator: :operator= [common.iter.op=]

common]_1Iteratory operator=(const common_iteratorstonvertiblelo<l~>, Lonvertibleloss-,-,& u),

Effects: Assigns u.is_sentinel to is_sentinel, u.iter to iter, and u.sentinel to sénting¢l.

Returns: *this
9.7.4.2.3 common_iterator::operator* [common.iter.op.star]

decltype(auto) operatorx*();
decltﬂge(auto) operator*() const
requires dereferenceable <const I>;

Requires: 'is_sentinel

Effects: Equivalent to: return *iter;
9.7.4.2.4 common_iterator::operator-> [common.iter.gp.ref]

decltype (auto) operator->() const
requires see below;

Requires: 'is_sentinel

Effects: Equivalent to:

— If T is a pointer type or if the exp¥éssion i.operator->() is well-formed, return iter;
— Otherwise, if the expression xiter is a glvalue:

auto&& tmp = *iter;
return addressof (tmp)

— Otherwise, return, proxy(*iter); where proxy is the exposition-only class:

class proxy\{ // exposition only
value,type_t<I> keep_;
profy(reference_t<I>&& x)
 Keep_(std: :move(x)) {}
public:
const value_type_t<I>* operator->() const {
return addressof (keep_);
1

}s

The expression in the requires clause is equivalent to:

Readable<const I> &&
(requires(const I& i) { i.operator->(); } ||
is_reference<reference_t<I>>::value ||
Constructible<value_type_t<I>, reference_t<I>>)
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9.7.4.2.5 common_iterator: :operator++ [common.iter.op.incr]

common_iterator& operator++();

Requires: 'is_sentinel
Effects: Equivalent to ++iter.

Returns: *this.

decltype(auto) operator++(int);

Requires: 'is_sentinel.

Fffects: Equivalent to: return iter++;

common|_iterator operator++(int)
requlires ForwardIterator<I>;

Requires: 'is_sentinel
Effects: Equivalent to:

common_iterator tmp = *this;
++iter;
return tmp;

9.7.4.p.6 common_iterator comparisons [common.iter.op.

template <class I1, class I2, Sentinel<I2> S1, Sentinel<Il¥» S2>
bool gperator==
const common_iterator<Il, S1>& x, const common_iterator<I2, S2>& y);

Effects: Equivalent to:

return x.is_sentinel 7
(y.is_sentinel || y.iter == x.géntinel)
(ly.is_sentinel || x.iter == 'yvsentinel);

template <class I1, class I2, Sentinel<I2> S1, Sentinel<I1> S2>
requires EqualityComparableWith<I1l, I2>

bool erator==
con common_iterator<Ii, *S1>& x, const common_iterator<I2, S2>& y);

Effects: Equivalent’ to:

returndx..is_sentinel 7
(y{is_sentinel || y.iter == x.sentinel)
(y-is_sentinel ?
x.iter == y.sentinel :
X.iter == y.iter);

tomp]

template <class I1, class I2, Sentinel<I2> S1, Sentinel<I1> S2>
bool operator!=(
const common_iterator<Il, S1>& x, const common_iterator<I2, S2>& y);

Effects: Equivalent to: return !(x == y);

template <class I2, SizedSentinel<I2> I1, SizedSentinel<I2> S1, SizedSentinel<I1> S2>
difference_type_t<I2> operator-(
const common_iterator<Il, S1>& x, const common_iterator<I2, S2>& y);
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Effects: Equivalent to:

9.7.4.

return x.is_sentinel 7
(y.is_sentinel 7 O : x.sentinel - y.iter)
(y.is_sentinel ?
x.iter - y.sentinel :
x.iter - y.iter);

2.7 iter_move [common.iter.op.iter__move]

friend rvalue_reference_t<I> iter_move(const common_iterator& i)
noexcept(see below)
requires Inputlterator<I>;

9.7.4.

template <IndirectlySwappable<I> I2>
frij:d void iter_swap(const common_iterator& x, const common_iterator<I2>& y)

n

Requires: 'i.is_sentinel.
FEffects: Equivalent to: return ranges::iter_move(i.iter);

Remarks: The expression in noexcept is equivalent to:

Requires: 'x.is_sentinel && !'y.is_sentinel.

noexcept (ranges: :iter_move(i.iter))

P.8 iter_swap [common.iter.op.iter_|

xcept(see below);

swap]

FEffects: Equivalent to ranges: :iter_swap(x.iter, y.difer).
Remarks: The expression in noexcept is equivalent te:
noexcept(ranges: :iter_swap(x.iter, y.iter))
9.7.5( Default sentinels [default.sentfinels]
9.7.5.l Class default_sentinel [default.sent]
namesgace std { namespace experimental~{ namespace ranges { inline namespace vl {
clags default_sentinel { };

131
Class Hefault_sentinel is an ‘emipty type used to denote the end of a range. It is intended to be used
togethpr with iterator typestthat know the bound of their range (e.g., counted_iterator (9.7.6.1)).
9.7.6| Counted iterators [iterators.counted]
9.7.6.l Class template counted_iterator [counted.iterator]
Class femplate cotfited_iterator is an iterator adaptor with the same behavior as the underlying iterator
except] that it\keeps track of its distance from its starting position. It can be used together with class
default_sentinel in calls to generic algorithms to operate on a range of N elements starting at g given

positignwithout needing to know the end position a priori.

2 [ Example:

list<string> s;
// populate the list s with at least 10 strings
vector<string> v(make_counted_iterator(s.begin(), 10),

default_sentinel()); // copies 10 strings into v

— end example]

3 Two values i1 and i2 of (possibly differing) types counted_iterator<I1> and counted_iterator<I2>
refer to elements of the same sequence if and only if next(il.base(), il.count()) and next(i2.base(),
i2.count ()) refer to the same (possibly past-the-end) element.

namespace std { namespace experimental { namespace ranges { inline namespace vl {
template <Iterator I>
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class counted_iterator {
public:
using iterator_type = I;
using difference_type = difference_type_t<I>;

constexpr counted_iterator();

constexpr counted_iterator(I x, difference_type_t<I> n);

constexpr counted_iterator(const counted_iterator<ConvertibleTo<I>>& 1i);

constexpr counted_iterator& operator=(const counted_iterator<ConvertibleTo<I>>& 1i);

constexpr I base() const;
constexpr difference_type_t<I> count() const;
constexpr decltype(auto) operatorx*();

constexpr decltype(auto) operator*() const
requires dereferenceable <const I>;

constexpr counted_iterator& operator++();

decltype (auto) operator++(int);

constexpr counted_iterator operator++(int)
requires ForwardIterator<I>;

constexpr counted_iterator& operator--()
requires Bidirectionallterator<I>;

constexpr counted_iterator operator--(int)
requires Bidirectionallterator<I>;

constexpr counted_iterator operator+ (difference_type n) ‘eonst
requires RandomAccessIterator<I>;

constexpr counted_iterator& operator+=(difference_type ‘\n)
requires RandomAccessIterator<I>;

constexpr counted_iterator operator- (differencé€)type n) const
requires RandomAccessIterator<I>;

constexpr counted_iterator& operator-=(différence_type n)
requires RandomAccessIterator<I>;

constexpr decltype(auto) operator[](difference_type n) const
requires RandomAccessIterator<I>;

friend constexpr rvalue_referencet<I> iter_move(const counted_iterator& i)
noexcept (see below)
requires Inputlterator<I>;
template <IndirectlySwappable<I> I2>
friend constexpr void\iter_swap(const counted_iterator& x, const counted_iterator<I2>
noexcept(see below):;

prjivate:

I current; //exposition only

difference type_t<I> cnt; // exposition only
};

template)<Readable I>
stirdet ,value_type<counted_iterator<I>> {

+ T

. + = k] +
BSITRE—EYP varge—type—t<t>

};

template <Inputlterator I>
struct iterator_category<counted_iterator<I>> {
using type = iterator_category_t<I>;

})

template <class Il, class I2>
requires Common<I1l, I2>
constexpr bool operator==
const counted_iterator<I1>& x, const counted_iterator<I2>& y);
constexpr bool operator==
const counted_iterator<auto>& x, default_sentinel);
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constexpr bool operator==
default_sentinel, const counted_iterator<auto>& x);

template <class I1, class I2>

requires Common<I1, I2>
constexpr bool operator!=(

const counted_iterator<Il1>& x, const counted_iterator<I2>& y);
constexpr bool operator!=(

const counted_iterator<auto>& x, default_sentinel y);
constexpr bool operator!=(

default_sentinel x, const counted_iterator<auto>& y);

template <class Il, class I2>

requires Common<I1, I2>
constexpr bool operator<(

const counted_iterator<I1>& x, const counted_iterator<I2>& y);
template <class Il, class I2>

requires Common<I1, I2>
constexpr bool operator<=(

const counted_iterator<I1>& x, const counted_iterator<I2>& y);
template <class I1, class I2>

requires Common<I1, I2>
constexpr bool operator>(

const counted_iterator<I1>& x, const counted_iterator<I2>& y)
template <class Il, class I2>

requires Common<I1, I2>
constexpr bool operator>=(

const counted_iterator<I1>& x, const counted_iterator<I2>& y);
template <class Il, class I2>

requires Common<I1, I2>
constexpr difference_type_t<I2> operator-(

const counted_iterator<I1>& x, const counted)iterator<I2>& y);
template <class I>
constexpr difference_type_t<I> operatorx(

const counted_iterator<I>& x, default_sentinel y);
template <class I>
constexpr difference_type_t<I> operator-(

default_sentinel x, const counted_iterator<I>& y);

tegmplate <RandomAccessIterator’ I>
constexpr counted_iterator<I> operator+(
difference_type_t<I> n, const counted_iterator<I>& x);

template <Iterator” I>
constexpr countéd_iterator<I> make_counted_iterator(I i, difference_type_t<I> n);

3
9.7.6.2 counted_iterator operations [counted.ite
9.7.6..1, counted_iterator constructors [counted.iter.op.

r.ops]

Const]

constexpr counted_iterator();

Effects: Constructs a counted_iterator, value-initializing current and cnt. Iterator operations
applied to the resulting iterator have defined behavior if and only if the corresponding operations are

defined on a value-initialized iterator of type I.

constexpr counted_iterator(I i, difference_type_t<I> n);

Requires: n >= 0

Effects: Constructs a counted_iterator, initializing current with i and cnt with n.

constexpr counted_iterator(const counted_iterator<ConvertibleTo<I>>& 1i);
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9.7.6

Effects: Constructs a counted_iterator, initializing current with i.current and cnt with i.cnt.

.2.2 counted_iterator::operator=

[counted.iter.op=]

constexpr counted_iterator& operator=(const counted_iterator<ConvertibleTo<I>>& i) ;

9.7.6

Effects: Assigns i.current to current and i.cnt to cnt.

.2.3 counted_iterator conversion

constexpr I base() const;

9.7.6

constexpr difference_type_t<I> count() const;

9.7.6

const
const

Returns: current.

[counted.iter.op.conv]

.R.4 counted_iterator count

Returns: cnt.

.5 counted_iterator::operatorx*

pr decltype(auto) operatorx*();
pr decltype(auto) operator*() const

requires dereferenceable <const I>;

9.7.6

Effects: Equivalent to: return *current;

.6 counted_iterator::operator++

constexpr counted_iterator& operator++();

Requires: cnt > 0
Fffects: Equivalent to:
++current;

--cnt;

Returns: *this.

decltype(auto) operator++(int);

Requires: cnt > 0.
Effects: Equivalent $o:

--cnt;
try { return current++; }
catch(...) { ++cnt; throw; }

constefxpr’counted iterator operator++(int)
requires ForwardIterator<I>;

[counted.iter.olp.cnt]

[counted.iter.op.star]

[counted.iter.op.incr]

Requires: cnt > 0
Effects: Equivalent to:

counted_iterator tmp = *this;
++*xthis;
return tmp;
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9.7.6.2.7 counted_iterator::operator-- [counted.iter.op.decr]

constexpr counted_iterator& operator—--();
requires BidirectionalIlterator<I>

Effects: Equivalent to:

--current;
++cnt;

Returns: *this.

constexpr counted_iterator operator--(int)
rdquires BidirectionallIterator<I>;

Effects: Equivalent to:
counted_iterator tmp = *this;
--xthis;

return tmp;

9.7.6.2.8 counted_iterator: :operator+ [counted.iterjop.+]

constexpr counted_iterator operator+(difference_type n) const
regquires RandomAccessIterator<I>;

Requires: n <= cnt
Effects: Equivalent to: return counted_iterator(cur¥ent + n, cnt - n);
9.7.6.p.9 counted_iterator::operator+= [counted.iter.op.+=]

constexpr counted_iterator& operator+=(differenéé.type n)
requires RandomAccessIterator<I>;

Requires: n <= cnt

Effects:

current += n;
cnt -= n;

Returns: *this.

9.7.6.2.10 counted_iterator: :operator- [counted.iter.op.-]

constexpr counted, iterator operator-(difference_type n) const
requires RandomAccessIterator<I>;

Requiress=n <= cnt

Effects: Equivalent to: return counted_iterator(current - n, cnt + n);

9.7.6.2.TT counted_iterator: :operator-= [counted.iter.op.-=]

constexpr counted_iterator& operator-=(difference_type n)
requires RandomAccessIterator<I>;

Requires: -n <= cnt
Effects:

current -= n;
cnt += n;

Returns: *this.
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9.7.6.2.12 counted_iterator::operator[] [counted.iter.op.index]

constexpr decltype(auto) operator[](difference_type n) const
requires RandomAccessIterator<I>;

1 Requires: n <= cnt
2 Effects: Equivalent to: return current[n];
9.7.6.2.13 counted_iterator comparisons [counted.iter.op.comp]

template <class I1, class I2>
requires Common<I1, I2>
constexpr bool operator==

const counted_iterator<l1>& x, const counted_iterator<Ii2>& y);

1 Requires: x and y shall refer to elements of the same sequence (9.7.6).

2 Effects: Equivalent to: return x.cnt == y.cnt;

const counted_iterator<auto>& x, default_sentinel);
expr bool operator==
default_sentinel, const counted_iterator<auto>& x);

conagexpr bool operator==

con

3 KEffects: Equivalent to: return x.cnt == 0;

template <class I1, class I2>
regquires Common<Il, I2>
consitexpr bool operator!=(
const counted_iterator<I1>& x, const counted_iterator<I2>& y);
constexpr bool operator!=(
const counted_iterator<auto>& x, default_sentingl);
constexpr bool operator!=(
default_sentinel, const counted_iterator<auto>& x);

4 Requires: For the first overload, x and‘y shall refer to elements of the same sequence (9.7.6).

5 FEffects: Equivalent to: return W(x)== y);

template <class I1, class I2>
j;uires Common<I1, I2>
consitexpr bool operatoxr<(
const counted_iterator<I1>& x, const counted_iterator<I2>& y);

r

6 Requires: x and\y shall refer to elements of the same sequence (9.7.6).

7 Effects: Bquivalent to: return y.cnt < x.cnt;

8 | Note.<The argument order in the Effects element is reversed because cnt counts down, not up.
ote]

template <class I1, class I2>
requires Common<I1, I2>
constexpr bool operator<=(
const counted_iterator<I1>& x, const counted_iterator<I2>& y);

9 Requires: x and y shall refer to elements of the same sequence (9.7.6).

10 Effects: Equivalent to: return !(y < x);

template <class I1, class I2>
requires Common<I1l, I2>
constexpr bool operator>(
const counted_iterator<I1>& x, const counted_iterator<I2>& y);
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Requires: x and y shall refer to elements of the same sequence (9.7.6).

Effects: Equivalent to: return y < x;

template <class I1, class I2>
requires Common<I1, I2>
constexpr bool operator>=(
const counted_iterator<I1>& x, const counted_iterator<I2>& y);

Requires: x and y shall refer to elements of the same sequence (9.7.6).

Effects: Equivalent to: return !(x < y);

templlate <class I1, class I2>
requires Common<I1, I2>
consttexpr difference_type_t<I2> operator-(
const counted_iterator<I1>& x, const counted_iterator<I2>& y);

equires: x and y shall refer to elements of the same sequence (9.7.6).

ffects: Equivalent to: return y.cnt - x.cnt;

template <class I>
congitexpr difference_type_t<I> operator-(
const counted_iterator<I>& x, default_sentinel y);

ffects: Equivalent to: return -x.cnt;

template <class I>
consttexpr difference_type_t<I> operator-(
default_sentinel x, const counted_iterator<I>& y);

FEffects: Equivalent to: return y.cnt;

templjte <RandomAccessIterator I>
congttexpr counted_iterator<I> operator+(
diff ference_type_t<I> n, const\.counted_iterator<I>& x);

Requires: n <= x.cnt:

Effects: Equivalent(td> return x + n;

friend constexpr, rvalue_reference_t<I> iter_move(const counted_iterator& i)
noexlcept (see~bélow)
requires _Inputlterator<I>;

FEffects: Equivalent to: return ranges::iter_move(i.current);

mber]

Remarks: The expression in noexcept is equivalent to:

noexcept (ranges: :iter_move(i.current))

template <IndirectlySwappable<I> I2>
friend constexpr void iter_swap(const counted_iterator& x, const counted_iterator<I2>& y)
noexcept(see below);

Effects: Equivalent to ranges: :iter_swap(x.current, y.current).
Remarks: The expression in noexcept is equivalent to:

noexcept (ranges: :iter_swap(x.current, y.current))
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12

template <Iterator I>
constexpr counted_iterator<I> make_counted_iterator(I i, difference_type_t<I> n);

Requires: n >= 0.

Returns: counted_iterator<I>(i, n).

9.7.7 Dangling wrapper [dangling.wrappers]
9.7.7.1 Class template dangling [dangling.wrap]

Class template dangling is a wrapper for an object that refers to another object whose lifetime may have
ended. It is used by algorithms that accept rvalue ranges and return iterators.

namespace std { namespace experimental { namespace ranges { inline namespace vi {
tdmplate <CopyConstructible T>
cllass dangling {
public:

constexpr dangling() requires DefaultConstructible<T>;

constexpr dangling(T t);

constexpr T get_unsafe() const;

prjivate:

T value; // exposition only

template <Range R>
uang safe_iterator_t =
conditional_t<is_lvalue_reference<R>::value,
iterator_t<R>,
dangling<iterator_t<R>>>;

113}
9.7.7.2 dangling operations [dangling.wrap.ops]
9.7.7.2.1 dangling constructors [dangling.wrap.op.fonst]

constexpr dangling() requires DefaultConstructible<T>;

Effects: Constructs a dangling, valuesinitializing value.

constelxpr dangling(T t);

KEffects: Constructs a dangling, initializing value with t.
9.7.7.2.2 dangling::get unsafe [dangling.wrap.op.get]

constexpr T get_uns@afe() const;

Returns; (value.

9.7.8( Unreachable sentinel [unreachable.sentfinels]
9.7.8.L > Class unreachable [unreachable.semtinel]

Class unreachable is a sentinel type that can be used with any Iterator to denote an infinite range.
Comparing an iterator for equality with an object of type unreachable always returns false.

[ Example:

char* p;
// set p to point to a character buffer containing newlines
char* nl = find(p, unreachable(), ’\n’);

Provided a newline character really exists in the buffer, the use of unreachable above potentially makes
the call to find more efficient since the loop test against the sentinel does not require a conditional branch.
— end example]

namespace std { namespace experimental { namespace ranges { inline namespace vl {

85
© ISO/IEC 2017 - All rights reserved


https://iecnorm.com/api/?name=f6951394130aae461b3626a9086b5125

ISO/IEC TS 21425:2017(E)

class unreachable { };

template <Iterator I>

constexpr bool operator==(const I&, unreachable) noexcept;

template <Iterator I>

constexpr bool operator==(unreachable, const I&) noexcept;

template <Iterator I>

constexpr bool operator!=(const I&, unreachable) noexcept;

template <Iterator I>

constexpr bool operator!=(unreachable, const I&) noexcept;

131}
9.7.8.2  _unreachable npnrafinnc [Inrnr‘nnr-hn]'\]n cnnfincl.ops]
9.7.8.2.1 operator== [unreachable.sentineligp==]
template <Iterator I>

constexpr bool operator==(const I&, unreachable) noexcept;
template <Iterator I>

constexpr bool operator==(unreachable, const I&) noexcept;

Returns: false.

9.7.8.R.2 operator!= [unreachable.sentineljop!=]
template <Iterator I>

constexpr bool operator!=(const I& x, unreachable y) noexcepby
templage <Iterator I>

constexpr bool operator!=(unreachable x, const I& y) noexcept;

Returns: true.

9.8 |[Stream iterators [iterators.stfeam)]
To mdke it possible for algorithmic templates tework directly with input/output streams, apprépriate
iteratqr-like class templates are provided.
[ Exan)ple:

partial_sum(istream_iterator<doublel Jchar>(cin),

ijtream_iterator<double, char>().,
ogtream_iterator<double, char>{cout, "\n"));

reads p file containing floating.point numbers from cin, and prints the partial sums onto cout. [—end
example]
9.8.1 Class template istream_iterator [istream.itertator]
The clhss templaté)istream_iterator is an input iterator (9.3.11) that reads (using operator>>) sucpessive
elements from the'input stream for which it was constructed. After it is constructed, and every timk ++ is

used, 1
the st

he iterator reads and stores a value of T. If the iterator fails to read and store a value of T (fai
eafn'réturns true), the iterator becomes equal to the end-of-stream iterator value. The const

D AT gUInNen call erato AlWa )0 all end-of- cal 1np Crator obje W

L() on
ructor
hich is

the only legitimate iterator to be used for the end condition. The result of operator* on an end-of-stream
iterator is not defined. For any other iterator value a const T& is returned. The result of operator-> on an
end-of-stream iterator is not defined. For any other iterator value a const T* is returned. The behavior of
a program that applies operator++() to an end-of-stream iterator is undefined. It is impossible to store

things

into istream iterators.

Two end-of-stream iterators are always equal. An end-of-stream iterator is not equal to a non-end-of-stream
iterator. Two non-end-of-stream iterators are equal when they are constructed from the same stream.

name

space std { namespace experimental { namespace ranges { inline namespace vl {

template <class T, class charT = char, class traits = char_traits<charT>,

cl
pu

class Distance = ptrdiff_t>
ass istream_iterator {
blic:
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typedef input_iterator_tag iterator_category;
typedef Distance difference_type;

typedef T value_type;

typedef const T& reference;

typedef const T* pointer;

typedef charT char_type;

typedef traits traits_type;

typedef basic_istream<charT, traits> istream_type;
constexpr istream_iterator();

constexpr istream_iterator(default_sentinel);
istream_iterator(istream_type& s);
istream_iterator(const istream_iterator& x) = default;
~istream_iterator() = default;

const T& operator*() const;

const T* operator->() const;
istream_iterator& operator++();
istream_iterator operator++(int);

prjivate:
basic_istream<charT, traits>* in_stream; /Q/ewposiﬁon only
T value; // exposition only
};

template <class T, class charT, class traits, class Distance>

bool operator==(const istream_iterator<T, charT, traits, Distance>& x,
const istream_iterator<T, charT, traits, DistanceX&7y);

template <class T, class charT, class traits, class Distance>

bool operator==(default_sentinel x,
const istream_iterator<T, charT, traits, Distance>& y);

template <class T, class charT, class traits, clasS)Distance>

bool operator==(const istream_iterator<T, char[, traits, Distance>& x,
default_sentinel y);

template <class T, class charT, class traits;,class Distance>

bool operator!=(const istream_iterator<T),, charT, traits, Distance>& x,
const istream_iterator<T, chaxl, traits, Distance>& y);

template <class T, class charT, class(traits, class Distance>

bool operator!=(default_sentinel %

const istream_iterator<T, charT, traits, Distance>& y);

template <class T, class charT\-class traits, class Distance>

bool operator!=(const istream_iterator<T, charT, traits, Distance>& x,

default_sentinel.y);

3
9.8.1.l istream_itérator constructors and destructor [istream.iterator} cons]

constjipr istream) iterator();
constexpr istrnéam iterator(default_sentinel);

Effects? Constructs the end-of-stream iterator. If T is a literal type, then these constructors shall be
onstexpr constructors.

Postcondition: in_stream == nullptr.

istream_iterator(istream_type& s);

Effects: Initializes in_stream with &s. value may be initialized during construction or the first time it
is referenced.

Postcondition: in_stream == &s.

istream_iterator(const istream_iterator& x) = default;
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Effects: Constructs a copy of x. If T is a literal type, then this constructor shall be a trivial copy
constructor.

Postcondition: in_stream == x.in_stream.

~istream_iterator() = default;

Effects: The iterator is destroyed. If T is a literal type, then this destructor shall be a trivial destructor.

9.8.1.2 istream_iterator operations [istream.iterator.ops]

const T& operator*() const;

Returns: szalue

const [T* operator->() const;

KEffects: Equivalent to: return addressof (operator*()).

istream_iterator& operator++();

Requires: in_stream != nullptr.
Effects: *in_stream >> value.

Returns: *this.

istregm_iterator operator++(int);

Requires: in_stream != nullptr.
Effects:
istream_iterator tmp = *this;

*in_stream >> value;
return tmp;

template <class T, class charT, class txraits, class Distance>
bool| operator==(const istream_iterator<T, charT, traits, Distance> &x,
const istream_iterator<T, charT, traits, Distance> &y);

Returns: x.in_stream ==_y.in_stream.

template <class T, class™charT, class traits, class Distance>
bool| operator==(default_sentinel x,
const istream_iterator<T, charT, traits, Distance> &y);

Returns: @ullptr == y.in_stream.

templates/<ctass T, class charT, class traits, class Distance>
bool] op€rator==(const istream_iterator<T, charT, traits, Distance> &x,
default_sentinel y);

Returns: x.in_stream == nullptr.

template <class T, class charT, class traits, class Distance>
bool operator!=(const istream_iterator<T, charT, traits, Distance>& x,
const istream_iterator<T, charT, traits, Distance>& y);
template <class T, class charT, class traits, class Distance>
bool operator!=(default_sentinel x,
const istream_iterator<T, charT, traits, Distance>& y);
template <class T, class charT, class traits, class Distance>
bool operator!=(const istream_iterator<T, charT, traits, Distance>& x,
default_sentinel y);
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11

Returns: 1 (x == y)

9.8.2 Class template ostream_iterator [ostream.iterator]

ostream_iterator writes (using operator<<) successive elements onto the output stream from which it was
constructed. If it was constructed with charT#* as a constructor argument, this string, called a delimiter
string, is written to the stream after every T is written. It is not possible to get a value out of the output
iterator. Its only use is as an output iterator in situations like

while (first != last)
*result++ = xfirst++;

ostream_iterator is defined as:

template <class T, class charT = char, class traits = char_traits<charT>>

nam%zpace std 1 namespace experimental { namespace ranges {1 inline namespace vl {
c

ss ostream_iterator {

public:

typedef ptrdiff_t difference_type;

typedef charT char_type;

typedef traits traits_type;

typedef basic_ostream<charT, traits> ostream_type;
constexpr ostream_iterator() noexcept;
ostream_iterator (ostream_type& s) noexcept;
ostream_iterator (ostream_type& s, const charT* delimiter) noexcept;
ostream_iterator(const ostream_iterator& x) noexcept;
~ostream_iterator();

ostream_iterator& operator=(const T& value);

ostream_iterator& operator*();
ostream_iterator& operator++();
ostream_iterator& operator++(int);

prjivate:
basic_ostream<charT, traits>* out_stream; ,// exposition only
const charT* delim; // exposition only
};
3333
9.8.2.l ostream_iterator constructors and destructor [ostream.iterator.cons.des]

constexpr ostream_iterator() noexcept;

Effects: Initializes outtstream and delim with nullptr.

ostream_iterator (ostream_type& s) noexcept;

FEffects: Initializes out_stream with &s and delim with nullptr.

ostrejn_iterator(ostream_type& s, const charT* delimiter) noexcept;

Effects: Initializes out_stream with &s and delim with delimiter.

ostream_iterator(const ostream_iterator& x) noexcept;

Effects: Constructs a copy of x.

~ostream_iterator();

Effects: The iterator is destroyed.
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9.8.2.2 ostream_iterator operations [ostream.iterator.ops]

ostream_iterator& operator=(const T& value);

Effects: Equivalent to:

*xout_stream << value;
if (delim != nullptr)

*out_stream << delim;
return *this;

ostream_iterator& operatorx();

Returns: *this.

ostreji_iterator& operator++();
ostream_iterator& operator++(int);

Returns: *this.

9.8.3 Class template istreambuf_iterator [istreambulf.itetator]

The clhss template istreambuf_iterator defines an input iterator (9.3.11)dhat reads successive chafacters
from the streambuf for which it was constructed. operator* provides aceess to the current input chdracter,
if any.| Each time operator++ is evaluated, the iterator advances té-the next input character. If the end
of strdam is reached (streambuf_type::sgetc() returns traits*:eof ()), the iterator becomes edqual to
the erld-of-stream iterator value. The default constructor igtreambuf_iterator() and the consfructor
istreambuf_iterator(nullptr) both construct an end-of-sfream iterator object suitable for use| as an
end-offrange. All specializations of istreambuf_iterator ‘shall have a trivial copy constructor, a congtexpr
defaulf constructor, and a trivial destructor.

The repult of operator*() on an end-of-stream iterator is undefined. For any other iterator value a char_type
value is returned. It is impossible to assign a character via an input iterator.

namespace std { namespace experimental f{>namespace ranges { inline namespace vi {
template <class charT, class traits.s$‘“char_traits<charT>>
cllass istreambuf_iterator {

public:
typedef input_iterator_tag iterator_category;
typedef charT value_type;
typedef typename traits::off_type difference_type;
typedef charT reference;
typedef unspecified pointer;
typedef charT char_type;
typedef traits traits_type;
typedef typename traits::int_type int_type;

typedef\ basic_streambuf<charT, traits> streambuf_type;
typedef basic_istream<charT, traits> istream_type;

clasSs proxy; exposition only

constexpr istreambuf_iterator() noexcept;
constexpr istreambuf_iterator(default_sentinel) noexcept;
istreambuf_iterator(const istreambuf_iterator&) noexcept = default;
~istreambuf_iterator() = default;
istreambuf_iterator(istream_type& s) noexcept;
istreambuf_iterator(streambuf_type* s) noexcept;
istreambuf_iterator(const proxy& p) noexcept;
charT operator*() const;
istreambuf_iterator& operator++();
proxy operator++(int);
bool equal(const istreambuf_iterator& b) const;

private:
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streambuf_type* sbuf_; // exposition only
};

template <class charT, class traits>
bool operator==(const istreambuf_iterator<charT, traits>& a,
const istreambuf_iterator<charT, traits>& b);
template <class charT, class traits>
bool operator==(default_sentinel a,
const istreambuf_iterator<charT, traits>& b);
template <class charT, class traits>
bool operator==(const istreambuf_iterator<charT, traits>& a,
default_sentinel b);
template <class charT, class traits>
bool operator!=(const istreambuf_iterator<charT, traits>& a,
const istreambuf_iterator<charT, traits>& b);
template <class charT, class traits>
bool operator!=(default_sentinel a,
const istreambuf_iterator<charT, traits>& b);
template <class charT, class traits>
bool operator!=(const istreambuf_iterator<charT, traits>& a,
default_sentinel b);

333}

9.8.3.lL Class template istreambuf_iterator: :proxy [istreambuf.iterator::proxy]

template <class charT, class traits = char_traits<charT>>
cllass istreambuf_iterator<charT, traits>::proxy { // exposition only
charT keep_;
basic_streambuf<charT, traits>* sbuf_;
proxy(charT c, basic_streambuf<charT, traits>*\sbuf)
: keep_(c), sbuf_(sbuf) { }
public:
charT operator*() { return keep_; }

nam%gpace std { namespace experimental { namespace ranges { inline namespace vl {

};
}33)

1 Class {streambuf_iterator<charT, tfaits>::proxy is for exposition only. An implementation is permit-
ted to| provide equivalent functionality without providing a class with this name. Class istreapbuf_-
iterator<charT, traits>::proxy-provides a temporary placeholder as the return value of th¢ post-
increnjent operator (operator++)< It keeps the character pointed to by the previous value of the itergtor for
some possible future access to, get the character.

9.8.3.p istreambuf siterator constructors [istreambuf.iterator} cons]

constexpr istreambuf, iterator() noexcept;
constexpr istreanbuf_iterator(default_sentinel) noexcept;

1 KEffects; Constructs the end-of-stream iterator.

istreambuf_iterator(basic_istream<charT, traits>& s) noexcept;
istreambuf_iterator(basic_streambuf<charT, traits>* s) noexcept;

2 Effects: Constructs an istreambuf_iterator that uses the basic_streambuf object *(s.rdbuf ()),
or *s, respectively. Constructs an end-of-stream iterator if s.rdbuf () is null.

istreambuf_iterator(const proxy& p) noexcept;

3 Effects: Constructs a istreambuf_iterator that uses the basic_streambuf object pointed to by the
proxy object’s constructor argument p.
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9.8.3.3 istreambuf_iterator::operator* [istreambuf.iterator::op*]

charT

operator*() const

Returns: The character obtained via the streambuf member sbuf_->sgetc().

9.8.3.4 istreambuf_iterator::operator++ [istreambuf.iterator::op+-]

istreambuf_iterator&

is

treambuf_iterator<charT, traits>::operator++();

Effects: Equivalent to sbuf_->sbumpc().

Returns: *this.

proxy

y

9.8.3.

bool equal(const istreambuf_iterator& b) const;

y

9.8.3.

template <class charT, class traits>

boolj

y

templa
boolj

y

template <class charT, class traits>

booll

y

9.8.3.

istreambuf_iterator<charT, traits>::operator++(int);

bffects: Equivalent to: return proxy(sbuf_->sbumpc(), sbuf_);

b istreambuf_iterator::equal [istreambuf.iterator::

Returns: true if and only if both iterators are at end-of-stream, or neithéris at end-of-stream, reg
f what streambuf object they use.

b operator== [istreambuf.iterator::g

operator==(const istreambuf_iterator<charT, traits>& a,
const istreambuf_iterator<charT, trdits>& b);

ffects: Equivalent to: return a.equal(b);

te <class charT, class traits>
operator==(default_sentinel a,
const istreambuf_iterator<charT, traits>& b);

ffects: Equivalent to: return\istreambuf_iterator<charT, traits>{}.equal(b);
operator==(const_igtreambuf_iterator<charT, traits>& a,
default) sentinel b);

ffects: Equivalent to: return a.equal(istreambuf_iterator<charT, traits>{});

7 operator!= [istreambuf.iterator:

templjte <class charT, class traits>

boo

operator!=(const istreambuf_iterator<charT, traits>& a,

bqual]

hrdless

p==]

op!=]

const istreambuf_iterator<charT, traits>& b);

template <class charT, class traits>

bool

operator!=(default_sentinel a,
const istreambuf_iterator<charT, traits>& b);

template <class charT, class traits>

bool

operator!=(const istreambuf_iterator<charT, traits>& a,
default_sentinel b);

Effects: Equivalent to: return !(a == b);
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ot

9.8.4

Class template ostreambuf_iterator [ostreambuf.iterator]

namespace std { namespace experimental { namespace ranges { inline namespace v1 {
template <class charT, class traits = char_traits<charT>>
class ostreambuf_iterator {

public:
typedef ptrdiff_t difference_type;
typedef charT char_type;
typedef traits traits_type;

P

};
333X

The cl
was cd

9.8.4.

constg

A

ostreambuf_iterator(ostream_type& s) noexcept;

y

y

ostregmbuf _iterator (streambuf_type* s) noexcept;

A

y

9.8.4.

typedef basic_streambuf<charT, traits> streambuf_type;
typedef basic_ostream<charT, traits> ostream_type;

constexpr ostreambuf_iterator() noexcept;

catreambuf—tteratorl{ostrean—typesk—) +
—typed—s)—roexecepts

ostreambuf_iterator (streambuf_type* s) noexcept;
ostreambuf _iterator& operator=(charT c);

ostreambuf_iterator& operator*();
ostreambuf_iterator& operator++();
ostreambuf_iterator& operator++(int);
bool failed() const noexcept;

ivate:
streambuf _type* sbuf_; // exposition only

hss template ostreambuf _iterator writes successive charaeters onto the output stream from wj
nstructed. It is not possible to get a character value out of the output iterator.

Il ostreambuf_iterator constructors [ostreambuf.iter

xpr ostreambuf_iterator() noexcept;

iffects: Initializes sbuf _ with nullptr.

Requires: s.rdbuf () != nullptr.

ffects: Initializes sbuf_, with s.rdbuf ().

Requires: s A= nullptr.

offects: Jnibializes sbuf _ with s.

P ostreambuf_iterator operations [ostreambuf.ite

Ostreambuf_itc; xtord

hich it

.cons|

r.ops]

operator=(charT c);

Requires: sbuf_ != nullptr.

Effects: If failed() yields false, calls sbuf_->sputc(c); otherwise has no effect.

Returns: *this.

ostreambuf_iterator& operator*();

Returns: *this.
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ostreambuf_iterator& operator++();
ostreambuf_iterator& operator++(int);

5 Returns: *this.

bool failed() const noexcept;

6 Requires: sbuf_ != nullptr.

7 Returns: true if in any prior use of member operator=, the call to sbuf_->sputc() returned
traits::eof (); or false otherwise.

10| Ranges library [ranges]

10.1 | General [ranges.geperal]
1 This (flause describes components for dealing with ranges of elements.
2 The fqllowing subclauses describe range and view requirements, and components)for range primitlves as

summdrized in Table 9.

Table 9 — Ranges library summary

] Subclause Header(s)

10.4 Range access <experimental/ranges/range>
10.5 Range primitives

10.6 Requirements

10.2 | decay__copy [ranges.decaycopy]
1 Severj] places in this Clause use the expression \DECAY_COPY (x), which is expression-equivalent to:
C

decay_t<decltype ((x))>(x)

10.3 | Header <experimental/xanges/range> synopsis [range.synopsis]

#indlude <experimental/ranges/dterator>

namgspace std { namespace. experimental { namespace ranges { inline namespace vl {
/A 10.4, range access:
namespace {
constexpr unspectfied begin = unspecified ;
constexpr anspecified end = unspecified ;
constexpr wnspecified cbegin = unspecified ;
constexpr unspecified cend = unspecified ;
constexpr unspecified rbegin = unspecified ;
coristexpr unspecified rend = unspecified ;
constexpr unspecijied crbegin = unspecijied ;
constexpr unspecified crend = unspecified ;

}

// 10.5, range primitives:

namespace {
constexpr unspectified size = unspecified ;
constexpr unspecified empty = unspecified ;
constexpr unspecified data = unspecified ;
constexpr unspecified cdata = unspecified ;

}

template <class T>
using iterator_t = decltype(ranges::begin(declval<T&>()));
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(1.1)

(1.2)

template <class T>
using sentinel_t = decltype(ranges::end(declval<T&>()));

template <class>
constexpr bool disable_sized_range = false;

template <class T>
struct enable_view { };

struct view_base { };

// 10.6, range requirements:

// 10.6.2, Range:
template <class T>
concept bool Range = see below;

// 10.6.3, SizedRange:
template <class T>
concept bool SizedRange = see below;

/N 10.6.4, View:
template <class T>
concept bool View = see below;

/A 10.6.5, BoundedRange:
template <class T>
concept bool BoundedRange = see below;

/A 10.6.6, InputRange:
template <class T>
concept bool InputRange = see below;

/A 10.6.7, OutputRange:
template <class R, class T>
concept bool OutputRange = see below;

/A 10.6.8, ForwardRange:
template <class T>
concept bool ForwardRange =\see below;

/A 10.6.9, BidirectionalRange:
template <class T>
concept bool BidirestionalRange = see below;

/A 10.6.10, RandomAccessRange:
template <class T>
concept .booY RandomAccessRange = see below;

333}

10.4 Range access [range.access]

In addition to being available via inclusion of the <experimental/ranges/range> header, the customization
point objects in 10.4 are available when <experimental/ranges/iterator> is included.

10.4.1 begin [range.access.begin]

The name begin denotes a customization point object (6.3.5.1). The expression ranges: :begin(E) for some
subexpression E is expression-equivalent to:

— ranges: :begin(static_cast<const T&>(E)) if E is an rvalue of type T. This usage is deprecated.
[ Note: This deprecated usage exists so that ranges: :begin(E) behaves similarly to std: :begin(E)
as defined in ISO/IEC 14882 when E is an rvalue. — end note]

— Otherwise, (E) + 0 if E has array type (ISO/IEC 14882:2014 §3.9.2).
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— Otherwise, DECAY_COPY ((E) .begin()) if it is a valid expression and its type I meets the syntactic
requirements of Iterator<I>. If Iterator is not satisfied, the program is ill-formed with no diagnostic
required.

— Otherwise, DECAY_COPY (begin(E)) if it is a valid expression and its type I meets the syntactic
requirements of Iterator<I> with overload resolution performed in a context that includes the
declaration void begin(auto&) = delete; and does not include a declaration of ranges: :begin. If
Iterator is not satisfied, the program is ill-formed with no diagnostic required.

— Otherwise, ranges: :begin(E) is ill-formed.
[ Note: Whenever ranges: :begin(E) is a valid expression, its type satisfies Iterator. — end note]
10.4.2 end [range.access.end]

The nhme end denotes a customization point object (6.3.5.1). The expression ranges: : end (E)/for some
subexppression E is expression-equivalent to:

— ranges: :end(static_cast<const T&>(E)) if E is an rvalue of type T. This usage is deprecated. [ Note:
This deprecated usage exists so that ranges: :end(E) behaves similarly to std: :end(E) as deffned in
ISO/IEC 14882 when E is an rvalue. — end note]

— OQtherwise, (E) + extent<T>::value if E has array type (ISO/IEC 14882:2014'§3.9.2) T.

— Otherwise, DECAY_COPY ((E) .end()) if it is a valid expression and its type S meets the syntactic fequire-
Ilents of Sentinel<S, decltype(ranges::begin(E))>. If Sentinelk is.hot satisfied, the program is
ifll-formed with no diagnostic required.

— OQtherwise, DECAY_COPY (end(E)) if it is a valid expression and-its type S meets the syntagdtic re-
juirements of Sentinel<S, decltype(ranges: :begin(E))3 with overload resolution perform¢d in a
ontext that includes the declaration void end(auto&) = delete; and does not include a declaration
f ranges: :end. If Sentinel is not satisfied, the progran is ill-formed with no diagnostic reqiired.

— Qtherwise, ranges: :end(E) is ill-formed.

[ Note] Whenever ranges: : end (E) is a valid expression,the types of ranges: :end (E) and ranges: :begin(E)
satisfy| Sentinel. — end note]

10.4.3 cbegin [range.access.chegin]

The nfme cbegin denotes a customization 'point object (6.3.5.1). The expression ranges: : cbegin(E) for
some qubexpression E of type T is expression-equivalent to ranges: :begin(static_cast<const T&)(E)).

Use of ranges::cbegin(E) with ridlue E is deprecated. [Note: This deprecated usage exists so that
ranges: :cbegin(E) behaves simildxly to std: :cbegin(E) as defined in ISO/IEC 14882 when E is an|rvalue.
— end hote]

[ Note] Whenever ranges:«cbegin(E) is a valid expression, its type satisfies Iterator. — end note|

10.4.4 cend [range.access.cend]

The nfame cend dendtes a customization point object (6.3.5.1). The expression ranges: :cend(E) fof some
subexppression Eof-type T is expression-equivalent to ranges: :end(static_cast<const T&>(E)).

Use of| ranges:": cend (E) with rvalue E is deprecated. [ Note: This deprecated usage exists so that rahges: :
cend(E)<{belaves similarly to std::cend(E) as defined in ISO/IEC 14882 when E is an rvalue. [—end
note |

[ Note: Whenever ranges: :cend(E) is a valid expression, the types of ranges::cend(E) and ranges::
cbegin(E) satisfy Sentinel. — end note]

10.4.5 rbegin [range.access.rbegin]

The name rbegin denotes a customization point object (6.3.5.1). The expression ranges: :rbegin(E) for
some subexpression E is expression-equivalent to:

— ranges: :rbegin(static_cast<const T&>(E)) if E is an rvalue of type T. This usage is deprecated.
[ Note: This deprecated usage exists so that ranges: :rbegin(E) behaves similarly to std: :rbegin(E)
as defined in ISO/IEC 14882 when E is an rvalue. — end note]
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— Otherwise, DECAY_COPY ((E) .rbegin()) if it is a valid expression and its type I meets the syntactic
requirements of Iterator<I>. If Iterator is not satisfied, the program is ill-formed with no diagnostic
required.

— Otherwise, make_reverse_iterator(ranges: :end(E)) if both ranges: :begin(E) and ranges: :end(
E) are valid expressions of the same type I which meets the syntactic requirements of Bidirectional-
Iterator<I> (9.3.14).

— Otherwise, ranges: :rbegin(E) is ill-formed.
[ Note: Whenever ranges: :rbegin(E) is a valid expression, its type satisfies Iterator. — end note]
10.4.6 rend [range.access.rend]

The name rend denotes a customization point object (6.3.5.1). The expression ranges: :rend(E) for some
subexppression E is expression-equivalent to:

— ranges: :rend(static_cast<const T&>(E)) if E is an rvalue of type T. This usage is deprpcated.
| Note: This deprecated usage exists so that ranges: :rend (E) behaves similarly to std4rend(E) as
lefined in ISO/IEC 14882 when E is an rvalue. — end note]

— OQtherwise, DECAY_COPY ((E) .rend()) if it is a valid expression and its type-S meets the syhtactic
lequirements of Sentinel<S, decltype(ranges::rbegin(E))>. If Sentinel”is not satisfidd, the
program is ill-formed with no diagnostic required.

— (therwise, make_reverse_iterator(ranges: :begin(E)) if both ranges::begin(E) and rahges::
¢nd (E) are valid expressions of the same type I which meets the sytnitactic requirements of Bidfirect-
lonallterator<I> (9.3.14).

— (therwise, ranges: :rend(E) is ill-formed.

[ Note] Whenever ranges: :rend(E) is a valid expression, the types of ranges::rend(E) and rapges::
rbegif (E) satisfy Sentinel. — end note]

10.4.7 crbegin [range.access.crhegin]

The ngme crbegin denotes a customization point object (6.3.5.1). The expression ranges: :crbegin(E) for
some qubexpression E of type T is expression-equivalent to ranges: :rbegin(static_cast<const T&>(E)).

Use of ranges::crbegin(E) with rvalue E istdeprecated. [ Note: This deprecated usage exists o that
ranges: :crbegin(E) behaves similarly to(std: :crbegin(E) as defined in ISO/IEC 14882 when E is an
rvalue| — end note]

[ Note] Whenever ranges: : crbegin(E) is a valid expression, its type satisfies Iterator. — end notg]

10.4.8 crend [range.access.crend]

The ngme crend denotes a.clistomization point object (6.3.5.1). The expression ranges: : crend (E) for some
subexpression E of type T i§ ‘expression-equivalent to ranges: :rend(static_cast<const T&>(E)).

Use of ranges::crend(E) with rvalue E is deprecated. [Note: This deprecated usage exists sp that
ranges: : crend (E) behaves similarly to std::crend(E) as defined in ISO/IEC 14882 when E is an [rvalue.
— end hote]

[ Note] Whenever ranges: :crend(E) is a valid expression, the types of ranges: :crend(E) and rapges::
crbegin(E)-Satisfy Sentinel. — end note]

10.5 Range primitives [range.primitives]

In addition to being available via inclusion of the <experimental/ranges/range> header, the customization
point objects in 10.5 are available when <experimental/ranges/iterator> is included.

10.5.1 size [range.primitives.size]

The name size denotes a customization point object (6.3.5.1). The expression ranges: :size(E) for some
subexpression E with type T is expression-equivalent to:

— DECAY_COPY (extent<T>: :value) if T is an array type (ISO/IEC 14882:2014 §3.9.2).

— Otherwise, DECAY_COPY (static_cast<const T&>(E).size()) if it is a valid expression and its type
I satisfies Integral<I> and disable_sized_range<T> (10.6.3) is false.
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— Otherwise, DECAY_COPY (size(static_cast<const T&>(E))) if it is a valid expression and its type I
satisfies Integral<I> with overload resolution performed in a context that includes the declaration void
size(const auto&) = delete; and does not include a declaration of ranges: :size, and disable_-
sized_range<T> is false.

— Otherwise, DECAY_COPY (ranges: :cend(E) - ranges::cbegin(E)), except that E is only evaluated
once, if it is a valid expression and the types I and S of ranges::cbegin(E) and ranges: :cend(
E) meet the syntactic requirements of SizedSentinel<S, I> (9.3.10) and ForwardIterator<I>. If
SizedSentinel and ForwardIterator are not satisfied, the program is ill-formed with no diagnostic
required.

— Otherwise, ranges: :size(E) is ill-formed.

[ Note: Whenever ranges: :size(E) is a valid expression, its type satisfies Integral. — end note]

10.5.2 empty [range.primitives.evlnpty]

The ngme empty denotes a customization point object (6.3.5.1). The expression ranges: : empty (E) for some
subexpression E is expression-equivalent to:

— Bool ((E) .empty()) if it is a valid expression.
— Otherwise, ranges: :size(E) == 0 if it is a valid expression.

— (Qtherwise, bool(ranges: :begin(E) == ranges::end(E)), except that E is only evaluated onge, if it
ik a valid expression and the type of ranges: :begin(E) satisfies ForwardIterator.

— Otherwise, ranges: :empty (E) is ill-formed.

[ Note] Whenever ranges: :empty(E) is a valid expression, it has typebool. — end note]

10.5.3 data [range.primitivesdata]

The nfame data denotes a customization point object (6.3.5¢1 ) "The expression ranges: :data(E) fof some
subexpression E is expression-equivalent to:

— 7ranges: :data(static_cast<const T&>(E)) ifxE)is an rvalue of type T. This usage is deprgcated.
| Note: This deprecated usage exists so that rénges: :data(E) behaves similarly to std: :datal(E) as
lefined in the C++ Working Paper when E*igran rvalue. — end note

— Qtherwise, DECAY_COPY ((E) .data()) if,it is a valid expression of pointer to object type.
— (therwise, ranges: :begin(E) if it.is"a valid expression of pointer to object type.
— (therwise, ranges: :data(E) igiill“formed.

[ Note] Whenever ranges: :data(E)"is a valid expression, it has pointer to object type. — end note

10.5.4 cdata [range.primitives.ddatal]

The ngme cdata denotes(a customization point object (6.3.5.1). The expression ranges: :cdata(E) for some
subexpression E of type.T is expression-equivalent to ranges: :data(static_cast<const T&>(E)).

Use of ranges: ycdata(E) with rvalue E is deprecated. [Note: This deprecated usage exists sp that

ranges: : cdatd(E) has behavior consistent with ranges: :data(E) when E is an rvalue. — end notq]
[ Note] Whenever ranges: :cdata(E) is a valid expression, it has pointer to object type. — end not¢|
10.6 | Range requirements [ranges.requirements]
10.6.1 General [ranges.requirements.generall]

Ranges are an abstraction of containers that allow a C++ program to operate on elements of data structures
uniformly. It their simplest form, a range object is one on which one can call begin and end to get an
iterator (9.3.8) and a sentinel (9.3.9). To be able to construct template algorithms and range adaptors that
work correctly and efficiently on different types of sequences, the library formalizes not just the interfaces but
also the semantics and complexity assumptions of ranges.

This document defines three fundamental categories of ranges based on the syntax and semantics supported
by each: range, sized range and view, as shown in Table 10.

The Range concept requires only that begin and end return an iterator and a sentinel. The SizedRange
concept refines Range with the requirement that the number of elements in the range can be determined
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Table 10 — Relations among range categories

Sized Range

N\
Range

/

View

in constant time using the size function. The View concept specifies requirements on a Range typ
constant-time copy and assign operations.

e with

In addition to the three fundamental range Pﬂfﬂgﬂ?‘in] this document defines a number of convenience
refinethents of Range that group together requirements that appear often in the concepts and algotithms.
Bounded ranges are ranges for which begin and end return objects of the same type. Random gecéss|ranges
are raijges for which begin returns a type that satisfies RandomAccessIterator (9.3.15). The range catpgories
bidiredtional ranges, forward ranges, input ranges, and output ranges are defined similarly:
10.6.2 Ranges [ranges.rpnge]
The Rgnge concept defines the requirements of a type that allows iteration overits elements by prqviding
a begin iterator and an end sentinel. [ Note: Most algorithms requiring this coneept simply forward to an
Iteragor-based algorithm by calling begin and end. — end note]
template <class T>
conce bool Range =
requires(T&& t) {
ranges: :begin(t); // not necessarily equality-preserving (see below)
ranges: :end(t);
};

riven an lvalue t of type remove_reference_t<T>, Range<T> is satisfied only if

— [begin(t),end(t)) denotes a range.

— Both begin(t) and end(t) are amextized constant time and non-modifying. [ Note: begin(t)

and end(t) do not require implicifexpression variations (7.1.1). — end note]

— If iterator_t<T> satisfies ForwardIterator, begin(t) is equality preserving.
[ Note{ Equality preservation of both'begin and end enables passing a Range whose iterator type satisfies
ForwardIterator to multiple algorithms and making multiple passes over the range by repeated dalls to
beginland end. Since begin is not required to be equality preserving when the return type does not [satisfy
ForwatrdIterator, repeatgd-calls might not return equal values or might not be well-defined; begin ghould
be called at most once for_such a range. — end note|
10.6.3 Sized ranges [ranges.$ized)]
The SjzedRange concept specifies the requirements of a Range type that knows its size in constant tinje with
the sipe function.
templateKeclass T>
concept—boout Sj.z.ed}\\,cu.xéc =

Range<T> &&
!disable_sized_range<remove_cv_t<remove_reference_t<T>>> &&
requires(T& t) {
{ ranges::size(t) } -> ConvertibleTo<difference_type_t<iterator_t<T>>>;

}s

Given an lvalue t of type remove_reference_t<T>, SizedRange<T> is satisfied only if:

— ranges: :size(t) is O(1), does not modify t, and is equal to ranges: :distance (t).

— If iterator_t<T> satisfies ForwardIterator, size(t) is well-defined regardless of the evaluation
of begin(t). [ Note: size(t) is otherwise not required be well-defined after evaluating begin(t).
For a SizedRange whose iterator type does not model ForwardIterator, for example, size(t)

might only be well-defined if evaluated before the first call to begin(t). — end note]
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[ Note: The disable_sized_range predicate provides a mechanism to enable use of range types with
the library that meet the syntactic requirements but do not in fact satisfy SizedRange. A program
that instantiates a library template that requires a Range with such a range type R is ill-formed with no
diagnostic required unless disable_sized_range<remove_cv_t<remove_reference_t<R>>> evaluates
to true (6.2.1.3). — end note]

10.6.4 Views [ranges.view]

The View concept specifies the requirements of a Range type that has constant time copy, move and assignment
operators; that is, the cost of these operations is not proportional to the number of elements in the View.

[ Example: Examples of Views are:

— A Range type that wraps a pair of iterators.

— A Range type that holds its elements by shared_ptr and shares ownership with all its copie8.
— A Range type that generates its elements on demand.

A conflainer (ISO/IEC 14882:2014 §23) is not a View since copying the container copies thelelements| which
cannof be done in constant time. — end ezample ]

template <class T>
constexpr bool wiew-predicate // exposition only
= sde below;

template <class T>
concept bool View =
Range<T> &&
Semifregular<T> &&
viey-predicate <T>;
Jince the difference between Range and View is largelfisemantic, the two are differentiated with the help
f the enable_view trait. Users may specialize enable_view to derive from true_type or falsq_type.

For a type T, the value of view-predicate <ZI> shall be:
— If enable_view<T> has a member typé.type, enable_view<T>: :type::value;
— Otherwise, if T is derived from view_base, true;

— Otherwise, if T is an instantjation of class template initializer_list (ISO/IEC 14882:2014
§18.9), set (ISO/IEC 14882:2014 §23.4.6), multiset (ISO/IEC 14882:2014 §23.4.7), unordered_-
set (ISO/IEC 14882:2014°§23.5.6), or unordered_multiset (ISO/IEC 14882:2014 §23.5.7),|false;

— Otherwise, if both T'aiid const T satisfy Range and reference_t <iterator_t<T>> is 1ot the
same type as reference_t <iterator_t<const T>>, false; [ Note: Deep const-ness implies
element ownership, whereas shallow const-ness implies reference semantics. — end note]

— Otherwise, trie.

10.6.5 Bounded ranges [ranges.bounded]

The BpundedRange concept specifies requirements of a Range type for which begin and end return ¢bjects
of the [samé type. [ Note: The standard containers (ISO/TEC 14882:2014 §23) satisfy BoundedRange.|— end
note|

template <class T>
concept bool BoundedRange =
Range<T> && Same<iterator_t<T>, sentinel_t<T>>;

10.6.6 Input ranges [ranges.input]

The InputRange concept specifies requirements of a Range type for which begin returns a type that satisfies
InputIterator (9.3.11).

template <class T>
concept bool InputRange =
Range<T> && Inputlterator<iterator_t<T>>;
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10.6.7 Output ranges [ranges.output]

1 The OutputRange concept specifies requirements of a Range type for which begin returns a type that satisfies
OutputIterator (9.3.12).

template <class R, class T>
concept bool OutputRange =
Range<R> && OutputIterator<iterator_t<R>, T>;

10.6.8 Forward ranges [ranges.forward]

1 The ForwardRange concept specifies requirements of an InputRange type for which begin returns a type
that satisfies ForwardIterator (9.3.13).

tempIate cIass 1>
congept bool ForwardRange =
InputRange<T> && ForwardIterator<iterator_t<T>>;

10.6.9 Bidirectional ranges [ranges.bidirectjonal]

1 The BidirectionalRange concept specifies requirements of a ForwardRange type for-which begin refurns a
type that satisfies BidirectionalIterator (9.3.14).

template <class T>
condept bool BidirectionalRange =
ForwardRange<T> && Bidirectionallterator<iterator_t<T>>;

10.6.10 Random access ranges [ranges.random.ag¢cess]

1 The RpndomAccessRange concept specifies requirements of a/BidirectionalRange type for which|begin
returnp a type that satisfies RandomAccessIterator (9.3.15).

template <class T>
conj:pt bool RandomAccessRange =
BildirectionalRange<T> && RandomAccessIteratom<iterator_t<T>>;

11| Algorithms library lalgorithms]

11.1 | General [algorithms.general]

1 This (Jlause describes components that C++ programs may use to perform algorithmic operations on confainers
(Clausp ISO/IEC 14882:2014.§23) and other sequences.

2 The fdllowing subclauses describe components for non-modifying sequence operations, modifying sequence
operatfions, and sorting and related operations, as summarized in Table 11.

Table 11 — Algorithms library summary

) Subclause Header(s) ‘
11.3 Non-modifying sequence operations
14— Mutatingsequence-operations exporimentallirangestalagorithu
' Bk s ST PeF b
11.5  Sorting and related operations

3 To ease transition, implementations shall provide the deprecated algorithm signatures specified in (Annex A.3).
Header <experimental/ranges/algorithm> synopsis

#include <initializer_list>

namespace std { namespace experimental { namespace ranges { inline namespace vi {
namespace tag {
// 11.2, tag specifiers (See 8.5.2):
struct in;
struct ini;

101
© ISO/IEC 2017 - All rights reserved


https://iecnorm.com/api/?name=f6951394130aae461b3626a9086b5125

ISO/IEC TS 21425:2017(E)

struct in2;
struct out;
struct outl;
struct out2;
struct fun;
struct min;
struct max;
struct begin;
struct end;

}

// 11.8, non-modifying sequence operations:
template <Inputlterator I, Sentinel<I> S, class Proj = identity,

IndirectUnaryPredicate<projected<I, Proj>> Pred>
bool all_of(I first, S last, Pred pred, Proj proj = Proj{});

template <InputRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
bool all_of (Rng&& rng, Pred pred, Proj proj = Proj{});

tegmplate <InputlIterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
bool any_of(I first, S last, Pred pred, Proj proj = Proj{});

template <InputRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>>-Pred>
bool any_of (Rngk& rng, Pred pred, Proj proj = Proj{l});

template <Inputlterator I, Sentinel<I> S, class Proj~=\identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
bool none_of(I first, S last, Pred pred, Proj«proj = Proj{});

template <InputRange Rng, class Proj = identdty,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
bool none_of (Rng&& rng, Pred pred, Preoj proj = Proj{});

tegmplate <Inputlterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryInvocable<projected<I, Proj>> Fun>
tagged_pair<tag::in(I), tag:ifun(Fun)>
for_each(I first, S lastjy Fun f, Proj proj = Proj{});

tegmplate <InputRange Rng,:class Proj = identity,
IndirectUnaryInvecable<projected<iterator_t<Rng>, Proj>> Fun>

tagged_pair<tag:im(safe_iterator_t<Rng>), tag::fun(Fun)>
for_each(Rng&&-rng, Fun f, Proj proj = Proj{});

template <Inputlterator I, Sentinel<I> S, class T, class Proj = identity>
requires “IndirectRelation<equal_to<>, projected<I, Proj>, const Tx>
I find(I first, S last, const T& value, Proj proj = Proj{});

t 5 5 =i dentity

requires IndirectRelation<equal_to<>, projected<iterator_t<Rng>, Proj>, const T*>
safe_iterator_t<Rng>
find (Rng&& rng, const T& value, Proj proj = Proj{});

template <InputIterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
I find_if(I first, S last, Pred pred, Proj proj = Proj{});

template <InputRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
safe_iterator_t<Rng>
find_if (Rng&& rng, Pred pred, Proj proj = Proj{});

102

© ISO/IEC 2017 - All rights reserved


https://iecnorm.com/api/?name=f6951394130aae461b3626a9086b5125

template <Inputlterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
I find_if_not(I first, S last, Pred pred, Proj proj = Proj{});

template <InputRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
safe_iterator_t<Rng>
find_if_not(Rng&& rng, Pred pred, Proj proj = Proj{});

template <ForwardIterator I1, Sentinel<I1> S1, ForwardIterator I2,
Sentinel<I2> S2, class Proj = identity,
IndirectRelation<I2, projected<Il, Proj>> Pred = equal_to<>>
I1

find_end(I1 firstl, S1 lastl, I2 first2, S2 last2,
Pred pred = Pred{}, Proj proj = Proj{});

template <ForwardRange Rngl, ForwardRange Rng2, class Proj = identity,
IndirectRelation<iterator_t<Rng2>,
projected<iterator_t<Rng>, Proj>> Pred = equal_to<>>
safe_iterator_t<Rngl>
find_end(Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{}, Proj proj =,Proj{l});

template <Inputlterator Il, Sentinel<I1> S1, ForwardIterator I2, Sentinel<I2> S2,
class Projl = identity, class Proj2 = identity,
IndirectRelation<projected<Il, Projl>, projected<I2, Proj2>3‘Pred = equal_to<>>
I1
find_first_of (I1 firstl, S1 lastl, I2 first2, S2 last2,
Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2~<=<Proj2{});

template <InputRange Rngl, ForwardRange Rng2, class®'Projl = identity,
class Proj2 = identity,
IndirectRelation<projected<iterator_t<Rngl>, Projil>,
projected<iterator_t<Rng2>, Proj2>>PRred = equal_to<>>
safe_iterator_t<Rngl>
find_first_of (Rngl&& rngl, Rng2&&(rng2,
Pred pred = Pred{}
Projl projl = BRrdji{}, Proj2 proj2 = Proj2{});

tegmplate <ForwardIterator IjN\Sentinel<I> S, class Proj = identity,
IndirectRelation<projected<I, Proj>> Pred = equal_to<>>
L
adjacent_find(I-£first, S last, Pred pred = Pred{},
Proj proj = Proj{});

template <ForwardRange Rng, class Proj = identity,
IndirectRelation<projected<iterator_t<Rng>, Proj>> Pred = equal_to<>>
safe_iterator_t<Rng>
adjacent_find (Rng&& rng, Pred pred = Pred{}, Proj proj = Proj{});

: . RE5
requires IndirectRelation<equal_to<>, projected<I, Proj>, const T*>
difference_type_t<I>

count (I first, S last, const T& value, Proj proj = Proj{});

template <InputRange Rng, class T, class Proj = identity>
requires IndirectRelation<equal_to<>, projected<iterator_t<Rng>, Proj>, const T*>
difference_type_t<iterator_t<Rng>>
count (Rng&& rng, const T& value, Proj proj = Proj{});

template <Inputlterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
difference_type_t<I>
count_if (I first, S last, Pred pred, Proj proj = Proj{});
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template <InputRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
difference_type_t<iterator_t<Rng>>
count_if (Rng&& rng, Pred pred, Proj proj = Proj{});

template <Inputlterator Il, Sentinel<I1> S1, InputIlterator I2, Sentinel<I2> S2,
class Projl = identity, class Proj2 = identity,
IndirectRelation<projected<Il, Projl>, projected<I2, Proj2>> Pred = equal_to<>>
tagged_pair<tag::in1(I1), tag::in2(I2)>
mismatch(I1 firstl, S1 lastl, I2 first2, S2 last2, Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <InputRange Rngl, InputRange Rng2,
class Projl = identity, class Proj2 = identity,
IndirectRelation<projected<iterator_t<Rngl>, Projil>,
projected<iterator_t<Rng2>, Proj2>> Pred = equal_to<>>
tagged_pair<tag::inil(safe_iterator_t<Rngil>),
tag::in2(safe_iterator_t<Rng2>)>
mismatch(Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <InputlIterator Il, Sentinel<I1> S1, Inputlterator I2, SentinelXI2> S2,
class Pred = equal_to<>, class Projl = identity, class Proj2 = idéentity>
requires IndirectlyComparable<Il, I2, Pred, Projl, Proj2>
bool equal(Il firstl, S1 lastl, I2 first2, S2 last2,
Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{})q

template <InputRange Rngl, InputRange Rng2, class Pred‘= equal_to<>,
class Projl = identity, class Proj2 = identity>
requires IndirectlyComparable<iterator_t<Rngl>)\ iterator_t<Rng2>, Pred, Projl, Proj2>
bool equal (Rngl&& rngl, Rng2&& rng2, Pred predr= Pred{},
Projl projl = Proji{}, Proj2 pnoj2 = Proj2{});

template <ForwardIterator Il, Sentinel<I1> S1, ForwardIterator I2,
Sentinel<I2> S2, class Pred = egual_to<>, class Projl = identity,
class Proj2 = identity>
requires IndirectlyComparable<Il, I2, Pred, Projl, Proj2>
bool is_permutation(Il fixrsti, S1 lastl, I2 first2, S2 last2,
Pred.pred = Pred{},
Rrojl projl = Proji{}, Proj2 proj2 = Proj2{});

tegmplate <ForwardRange Rngl, ForwardRange Rng2, class Pred = equal_to<>,
class Projly= "identity, class Proj2 = identity>
requires IndirectlyComparable<iterator_t<Rngl>, iterator_t<Rng2>, Pred, Projl, Proj2>
bool is_permutation(Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

tjnplate <ForwardIterator I1, Sentinel<I1> S1, ForwardIterator I2,

<] i 14T [aZa) ul D = 1+
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class Projl = identity, class Proj2 = identity>
requires IndirectlyComparable<Il, I2, Pred, Projl, Proj2>
I1
search(I1 firstl, S1 lastil, I2 first2, S2 last2,
Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <ForwardRange Rngl, ForwardRange Rng2, class Pred = equal_to<>,
class Projl = identity, class Proj2 = identity>
requires IndirectlyComparable<iterator_t<Rngl>, iterator_t<Rng2>, Pred, Projl, Proj2>
safe_iterator_t<Rngl>
search(Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});
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template <ForwardIterator I, Sentinel<I> S, class T,
class Pred = equal_to<>, class Proj = identity>
requires IndirectlyComparable<I, const T*, Pred, Proj>
I
search_n(I first, S last, difference_type_t<I> count,
const T& value, Pred pred = Pred{},
Proj proj = Proj{});

template <ForwardRange Rng, class T, class Pred = equal_to<>,
class Proj = identity>
requires IndirectlyComparable<iterator_t<Rng>, const T*, Pred, Proj>
safe_iterator_t<Rng>
search_n(Rng&& rng, difference_type_t<iterator_t<Rng>> count,

const T& value, Pred pred = Pred{}, Proj proj = Proj{});

/A 11.4, modifying sequence operations:

/N 11.4.1, copy:

template <Inputlterator I, Sentinel<I> S, WeaklyIncrementable 0>
requires IndirectlyCopyable<I, 0>

tagged_pair<tag::in(I), tag::out(0)>

copy(I first, S last, 0 result);

template <InputRange Rng, WeaklyIncrementable 0>

requires IndirectlyCopyable<iterator_t<Rng>, 0>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>
copy (Rng&& rng, 0 result);

template <InputlIterator I, WeaklyIncrementable 0>
requires IndirectlyCopyable<I, 0>
tagged_pair<tag::in(I), tag::out(0)>

copy_n(I first, difference_type_t<I> n, 0 result);

tegmplate <InputlIterator I, Sentinel<I> S, WeaklyIncrementable 0, class Proj =
IndirectUnaryPredicate<projected<I, Pxroj>> Pred>
requires IndirectlyCopyable<I, 0>

tagged_pair<tag::in(I), tag::out(0)>

copy_if (I first, S last, 0 result, Pred pred, Proj proj

Proj{});

template <InputRange Rng, Weaklylncrementable 0, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
requires IndirectlyCopyable<iterator_t<Rng>, 0>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>

copy_if (Rng&& rng;.0 result, Pred pred, Proj proj = Proj{1});

template <BidirectionalIlterator Il, Sentinel<I1> S1, Bidirectionallterator I2>
requires IndirectlyCopyable<I1, I2>
tagged_pair<tag::in(I1), tag::out(I2)>

copy.backward(I1 first, S1 last, I2 result);

templéate <BidirectionalRange Rng, Bidirectionallterator I>
| . Tads LG be<s R T
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identity,

tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(I)>
copy_backward(Rng&& rng, I result);

// 11.4.2, move:
template <InputIterator I, Sentinel<I> S, WeaklyIncrementable 0>
requires IndirectlyMovable<I, 0>
tagged_pair<tag::in(I), tag::out(0)>
move(I first, S last, 0 result);

template <InputRange Rng, WeaklyIncrementable 0>
requires IndirectlyMovable<iterator_t<Rng>, 0>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>
move (Rng&& rng, 0 result);
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template <BidirectionalIlterator Il, Sentinel<I1> S1, Bidirectionallterator I2>
requires IndirectlyMovable<I1, I2>
tagged_pair<tag::in(I1), tag::out(I2)>
move_backward(I1l first, S1 last, I2 result);

template <BidirectionalRange Rng, Bidirectionallterator I>
requires IndirectlyMovable<iterator_t<Rng>, I>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(I)>
move_backward (Rng&& rng, I result);

template <ForwardIterator I1, Sentinel<I1> S1, ForwardIterator I2, Sentinel<I2> S2>
requires IndirectlySwappable<I1, I2>
tagged_pair<tag::in1(I1), tag::in2(I2)>

swap_ranges(I1 firstl, S1 lastl, I2 first2, S2 last2);

template <ForwardRange Rngl, ForwardRange Rng2>

requires IndirectlySwappable<iterator_t<Rngl>, iterator_t<Rng2>>

tagged_pair<tag::inl(safe_iterator_t<Rngl>), tag::in2(safe_iterator_t<Rng2>)>
swap_ranges (Rngl&& rngl, Rng2&& rng2);

tegmplate <Inputlterator I, Sentinel<I> S, WeaklyIncrementable O,
CopyConstructible F, class Proj = identity>
requires Writable<0, indirect_result_of_t<F&(projected<I, Proj>)>>
tagged_pair<tag::in(I), tag::out(0)>
transform(I first, S last, O result, F op, Proj proj = Prdj{});

tegmplate <InputRange Rng, WeaklyIncrementable 0, CopyConstructible F,
class Proj = identity>

requires Writable<0, indirect_result_of_t<F&(
projected<iterator_t<R>, Proj>)>>

tagged_pair<tag::in(safe_iterator_t<Rng>), tagi:out(0)>
transform(Rng&& rng, 0 result, F op, Projiproj = Proj{});

template <InputlIterator Il, Sentinel<I1> §1," Inputlterator I2, Sentinel<I2> S2,
WeaklyIncrementable 0, CopyConstructible F, class Projl = identity,
class Proj2 = identity>
requires Writable<0, indirect_result_of_t<F&(projected<Il, Projil>,
projected<I2, Proj2>)>>
tagged_tuple<tag::inl1(I1), tag::in2(I2), tag::out(0)>
transform(I1 firstil, Sizlastl, I2 first2, S2 last2, 0 result,
F binary_op, Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <InputRange-Rngl, InputRange Rng2, WeaklyIncrementable O,
CopyConstructible’ F, class Projl = identity, class Proj2 = identity>
requires Writable<0, indirect_result_of_t<F&(
projected<iterator_t<Rngl>, Projl>, projected<iterator_t<Rng2>, Proj2>)>>
tagged_tuple<tag::inl(safe_iterator_t<Rngl>),
tag::in2(safe_iterator_t<Rng2>),
tag::out(0)>
tfansform(Rngl&& rngl, Rng2&& rng2, 0 result,
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template <Inputlterator I, Sentinel<I> S, class T1, class T2, class Proj = identity>
requires Writable<I, const T2&> &&
IndirectRelation<equal_to<>, projected<I, Proj>, const T1x%>
I
replace(I first, S last, const T1& old_value, const T2& new_value, Proj proj = Proj{});

template <InputRange Rng, class T1, class T2, class Proj = identity>
requires Writable<iterator_t<Rng>, const T2&> &&
IndirectRelation<equal_to<>, projected<iterator_t<Rng>, Proj>, const T1x*>
safe_iterator_t<Rng>
replace(Rng&& rng, const T1& old_value, const T2& new_value, Proj proj = Proj{});
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template <Inputlterator I, Sentinel<I> S, class T, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
requires Writable<I, const T&>
I
replace_if (I first, S last, Pred pred, const T& new_value, Proj proj = Proj{});

template <InputRange Rng, class T, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
requires Writable<iterator_t<Rng>, const T&>
safe_iterator_t<Rng>
replace_if (Rng&& rng, Pred pred, const T& new_value, Proj proj = Proj{});

template <Inputlterator I, Sentinel<I> S, class T1l, class T2, Outputlterator<const T2&> O,

class Proj = identity>
requires IndirectlyCopyable<I, 0> &&
IndirectRelation<equal_to<>, projected<I, Proj>, const T1x*>
tagged_pair<tag::in(I), tag::out(0)>
replace_copy(I first, S last, 0 result, const T1& old_value, const T2& new(value,
Proj proj = Proj{});

template <InputRange Rng, class T1, class T2, OutputIlterator<const T2&>(0;
class Proj = identity>
requires IndirectlyCopyable<iterator_t<Rng>, 0> &&
IndirectRelation<equal_to<>, projected<iterator_t<Rng>, Proj>,\const T1x*>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>
replace_copy (Rng&& rng, O result, const T1& old_value, Comist T2& new_value,
Proj proj = Proj{});

template <Inputlterator I, Sentinel<I> S, class T, OQutputIterator<const T&> O,
class Proj = identity, IndirectUnaryPredicate<projected<I, Proj>> Pred>
requires IndirectlyCopyable<I, 0>
tagged_pair<tag::in(I), tag::out(0)>
replace_copy_if (I first, S last, 0 resulip, Pred pred, const T& new_value,
Proj proj = Proj{});

template <InputRange Rng, class T, Outputlterator<const T&> 0, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
requires IndirectlyCopyable<iterator_t<Rng>, 0>
tagged_pair<tag::in(safe_itévator_t<Rng>), tag::out(0)>
replace_copy_if (Rng&& rng;” 0 result, Pred pred, const T& new_value,
Proj proj = Proj{});

tegmplate <class T, Putputlterator<const T&> 0, Sentinel<0> S>
0 £fi1l1(0 first, S\last, const T& value);

tegmplate <class T, OutputRange<const T&> Rng>

safe_iterator_t<Rng>
£ill (Rng&& rng, const T& value);

template <class T, Outputlterator<const T&> 0>
1g—fii&—ﬁ%@—ééfe%——ééféefeﬁ % £4<5 nat—T8 R
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template <Iterator 0, Sentinel<0> S, CopyConstructible F>
requires Invocable<F&> && Writable<0, result_of_t<F&()>>
0 generate(0 first, S last, F gen);

template <class Rng, CopyConstructible F>
requires Invocable<F&> && OutputRange<Rng, result_of_t<F&()>>
safe_iterator_t<Rng>
generate (Rng&& rng, F gen);

template <Iterator 0, CopyConstructible F>

requires Invocable<F&> && Writable<0, result_of_t<F&()>>
0 generate_n(0 first, difference_type_t<0> n, F gen);
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template <ForwardIterator I, Sentinel<I> S, class T, class Proj = identity>
requires Permutable<I> &&
IndirectRelation<equal_to<>, projected<I, Proj>, const T*>
I remove(I first, S last, const T& value, Proj proj = Proj{});

template <ForwardRange Rng, class T, class Proj = identity>
requires Permutable<iterator_t<Rng>> &&
IndirectRelation<equal_to<>, projected<iterator_t<Rng>, Proj>, const T*>
safe_iterator_t<Rng>
remove (Rng&& rng, const T& value, Proj proj = Proj{});

template <ForwardIterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>

requires Permutable<I>

I remove_if (I first, S last, Pred pred, Proj proj = Proj{});

template <ForwardRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
requires Permutable<iterator_t<Rng>>
safe_iterator_t<Rng>
remove_if (Rng&& rng, Pred pred, Proj proj = Proj{l});

template <Inputlterator I, Sentinel<I> S, WeaklyIncrementable 0, class T,
class Proj = identity>
requires IndirectlyCopyable<I, 0> &&
IndirectRelation<equal_to<>, projected<I, Proj>, const T*>
tagged_pair<tag::in(I), tag::out(0)>
remove_copy (I first, S last, 0 result, const T& value, Proj proj

Proj{});

template <InputRange Rng, WeaklyIncrementable 0, glass T, class Proj = identity>
requires IndirectlyCopyable<iterator_t<Rng>, 0> &&
IndirectRelation<equal_to<>, projected<itérator_t<Rng>, Proj>, const T*>
tagged_pair<tag::in(safe_iterator_t<Rng>) , tag::out(0)>
remove_copy (Rng&& rng, 0 result, const\I& value, Proj proj = Proj{});

template <Inputlterator I, Sentinel<I>*’S, WeaklyIncrementable O,

class Proj = identity, IndirectUnaryPredicate<projected<I, Proj>> Pred>
requires IndirectlyCopyable<I,,x8>
tagged_pair<tag::in(I), tag:iueut(0)>

remove_copy_if (I first,\S;last, O result, Pred pred, Proj proj = Proj{});

tegmplate <InputRange Rng,:WeaklyIncrementable 0, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>

requires IndirectlyCopyable<iterator_t<Rng>, 0>

tagged_pair<tag:vin(safe_iterator_t<Rng>), tag::out(0)>
remove_copy_if (Rng&& rng, 0 result, Pred pred, Proj proj = Proj{});

template <ForwardIterator I, Sentinel<I> S, class Proj = identity,
IndirectRelation<projected<I, Proj>> R = equal_to<>>
requires Permutable<I>
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template <ForwardRange Rng, class Proj = identity,
IndirectRelation<projected<iterator_t<Rng>, Proj>> R = equal_to<>>
requires Permutable<iterator_t<Rng>>
safe_iterator_t<Rng>
unique (Rng&& rng, R comp = R{}, Proj proj = Proj{});

template <InputIterator I, Sentinel<I> S, WeaklyIncrementable O,
class Proj = identity, IndirectRelation<projected<I, Proj>> R = equal_to<>>
requires IndirectlyCopyable<I, 0> &&
(ForwardIterator<I> ||
(InputIterator<0> && Same<value_type_t<I>, value_type_t<0>>) ||
IndirectlyCopyableStorable<I, 0>)
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tagged_pair<tag::in(I), tag::out(0)>
unique_copy(I first, S last, 0 result, R comp = R{}, Proj proj = Proj{});

template <InputRange Rng, WeaklyIncrementable 0, class Proj = identity,
IndirectRelation<projected<iterator_t<Rng>, Proj>> R = equal_to<>>
requires IndirectlyCopyable<iterator_t<Rng>, 0> &&
(ForwardIterator<iterator_t<Rng>> ||
(InputIterator<0> && Same<value_type_t<iterator_t<Rng>>, value_type_t<0>>) ||
IndirectlyCopyableStorable<iterator_t<Rng>, 0>)
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>
unique_copy (Rng&& rng, 0 result, R comp = R{}, Proj proj = Proj{});

template <Bidirectionallterator I, Sentinel<I> S>

requires Permutable<I>
I reverse(I first, S last);

tegmplate <BidirectionalRange Rng>
requires Permutable<iterator_t<Rng>>
safe_iterator_t<Rng>

reverse (Rng&& rng);

tegmplate <Bidirectionallterator I, Sentinel<I> S, WeaklyIncrementable 0>
requires IndirectlyCopyable<I, 0>
tagged_pair<tag::in(I), tag::out(0)> reverse_copy(I first, S lasts 0 result);

tegmplate <BidirectionalRange Rng, WeaklyIncrementable 0>
requires IndirectlyCopyable<iterator_t<Rng>, 0>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>
reverse_copy(Rng&& rng, 0 result);

tegmplate <ForwardIterator I, Sentinel<I> S>
requires Permutable<I>
tagged_pair<tag::begin(I), tag::end(I)>
rotate(I first, I middle, S last);

template <ForwardRange Rng>

requires Permutable<iterator_t<Rng>>

tagged_pair<tag::begin(safe_iterator_t<Rng>),
tag::end(safe_iterator_t<Rng>)>

rotate (Rng&& rng, iterator.t<Rng> middle);

template <ForwardIterator:I, Sentinel<I> S, WeaklyIncrementable 0>
requires IndirectlyCopyable<I, 0>

tagged_pair<tagsim(I), tag::out(0)>

rotate_copy(I first, I middle, S last, 0 result);

template <ForwardRange Rng, WeaklyIncrementable 0>

requires “IndirectlyCopyable<iterator_t<Rng>, 0>

tagged, pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>
wotate_copy (Rng&& rng, iterator_t<Rng> middle, 0 result);

// 11.4.12, shuffle:
template <RandomAccessIterator I, Sentinel<I> S, class Gen>
requires Permutable<I> &&
UniformRandomNumberGenerator<remove_reference_t<Gen>> &&
ConvertibleTo<result_of_t<Gen&()>, difference_type_t<I>>
I shuffle(I first, S last, Gen&& g);

template <RandomAccessRange Rng, class Gen>
requires Permutable<I> &&
UniformRandomNumberGenerator<remove_reference_t<Gen>> &&
ConvertibleTo<result_of_t<Gen&()>, difference_type_t<I>>
safe_iterator_t<Rng>
shuffle(Rng&& rng, Gen&& g);
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// 11.4.13, partitions:
template <Inputlterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
bool is_partitioned(I first, S last, Pred pred, Proj proj = Proj{});

template <InputRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
bool
is_partitioned(Rng&& rng, Pred pred, Proj proj = Proj{});

template <ForwardIterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
requires Permutable<I>
I partition(I first, S last, Pred pred, Proj proj = Proj{});

template <ForwardRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
requires Permutable<iterator_t<Rng>>
safe_iterator_t<Rng>
partition(Rng&& rng, Pred pred, Proj proj = Proj{});

tegmplate <Bidirectionallterator I, Sentinel<I> S, class Proj = identityy
IndirectUnaryPredicate<projected<I, Proj>> Pred>

requires Permutable<I>

I stable_partition(I first, S last, Pred pred, Proj proj = Rrog{});

template <BidirectionalRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
requires Permutable<iterator_t<Rng>>
safe_iterator_t<Rng>
stable_partition(Rng&& rng, Pred pred, Projproj = Proj{});

template <Inputlterator I, Sentinel<I> S, WeaklyIncrementable 01, WeaklyIncrementable 02,
class Proj = identity, IndirectUnaryPredicate<projected<I, Proj>> Pred>
requires IndirectlyCopyable<I, 01> &&<IndirectlyCopyable<I, 02>
tagged_tuple<tag::in(I), tag::outl(01), tag::out2(02)>
partition_copy(I first, S last,~01 out_true, 02 out_false, Pred pred,
Proj proj = Pxoj{});

template <InputRange Rng, WeaklyIncrementable 01, WeaklyIncrementable 02,
class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
requires IndirectlyCopyable<iterator_t<Rng>, 01> &&
IndirectlyCopyable<iterator_t<Rng>, 02>
tagged_tuple<tag::in(safe_iterator_t<Rng>), tag::out1(01), tag::out2(02)>
partition, copy(Rng&& rng, 01 out_true, 02 out_false, Pred pred, Proj proj = Proj{});

template <ForwardIterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
L. pértition_point(I first, S last, Pred pred, Proj proj = Proj{});

template <ForwardRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
safe_iterator_t<Rng>
partition_point (Rng&& rng, Pred pred, Proj proj = Proj{});

// 11.5, sorting and related operations:
// 11.5.1, sorting:
template <RandomAccessIterator I, Sentinel<I> S, class Comp = less<>,
class Proj = identity>
requires Sortable<I, Comp, Proj>
I sort(I first, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <RandomAccessRange Rng, class Comp = less<>, class Proj = identity>
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requires Sortable<iterator_t<Rng>, Comp, Proj>
safe_iterator_t<Rng>
sort (Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

template <RandomAccessIterator I, Sentinel<I> S, class Comp = less<>,
class Proj = identity>
requires Sortable<I, Comp, Proj>
I stable_sort(I first, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <RandomAccessRange Rng, class Comp = less<>, class Proj = identity>
requires Sortable<iterator_t<Rng>, Comp, Proj>
safe_iterator_t<Rng>
stable_sort(Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

tanlate <RandomAccessIterator I, Sentinel<I> S, class Comp = less<>,

class Proj = identity>

requires Sortable<I, Comp, Proj>

I partial_sort(I first, I middle, S last, Comp comp = Comp{}, Proj proj = Pré6j{});

template <RandomAccessRange Rng, class Comp = less<>, class Proj = identity>
requires Sortable<iterator_t<Rng>, Comp, Proj>
safe_iterator_t<Rng>
partial_sort(Rng&& rng, iterator_t<Rng> middle, Comp comp = Comp{},
Proj proj = Proj{});

template <Inputlterator Il, Sentinel<I1> S1, RandomAccessItgrator I2, Sentinel<I2> S2,
class Comp = less<>, class Projl = identity, class Progj2‘'= identity>
requires IndirectlyCopyable<Il, I2> && Sortable<I2, Comp/, Proj2> &&
IndirectStrictWeakOrder<Comp, projected<Il, Prejl>, projected<I2, Proj2>>
12
partial_sort_copy (Il first, S1 last, I2 result_first, S2 result_last,
Comp comp = Comp{}, Projd projl = Proji{}, Proj2 proj2 = Proj2{});

tegmplate <InputRange Rngl, RandomAccessRange' Rng2, class Comp = less<>,

class Projl = identity, class Proj2«s identity>

requires IndirectlyCopyable<iteratqQf/t<Rngl>, iterator_t<Rng2>> &&
Sortable<iterator_t<Rng2>, Comp, Proj2> &&
IndirectStrictWeakOrder<Comp, projected<iterator_t<Rngl>, Proji>,

projected<iterator_t<Rmg2>, Proj2>>
safe_iterator_t<Rng2>
partial_sort_copy(Rngl&& rng, Rng2&& result_rng, Comp comp = Comp{},
Rrojl projl = Proji{}, Proj2 proj2 = Proj2{});

template <ForwardIterator I, Sentinel<I> S, class Proj = identity,
IndirectStrictWeakOrder<projected<I, Proj>> Comp = less<>>
bool is_sorted(I first, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <ForwardRange Rng, class Proj = identity,
IndirectStrictWeakOrder<projected<iterator_t<Rng>, Proj>> Comp = less<>>
boel
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template <ForwardIterator I, Sentinel<I> S, class Proj = identity,
IndirectStrictWeakOrder<projected<I, Proj>> Comp = less<>>
I is_sorted_until(I first, S last, Comp comp = Comp{}, Proj proj = Proj{l});

template <ForwardRange Rng, class Proj = identity,
IndirectStrictWeakOrder<projected<iterator_t<Rng>, Proj>> Comp = less<>>
safe_iterator_t<Rng>
is_sorted_until (Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

template <RandomAccessIterator I, Sentinel<I> S, class Comp = less<>,
class Proj = identity>
requires Sortable<I, Comp, Proj>
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I nth_element(I first, I nth, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <RandomAccessRange Rng, class Comp = less<>, class Proj = identity>
requires Sortable<iterator_t<Rng>, Comp, Proj>
safe_iterator_t<Rng>
nth_element (Rng&& rng, iterator_t<Rng> nth, Comp comp = Comp{}, Proj proj = Proj{});

// 11.5.3, binary search:
template <ForwardIterator I, Sentinel<I> S, class T, class Proj = identity,
IndirectStrictWeakOrder<const T*, projected<I, Proj>> Comp = less<>>
I
lower_bound(I first, S last, const T& value, Comp comp = Comp{},
Proj proj = Proj{});

tanlate <ForwardRange Rng, class T, class Proj = identity,
IndirectStrictWeakOrder<const T*, projected<iterator_t<Rng>, Proj>> Comp = less<X>
safe_iterator_t<Rng>
lower_bound (Rng&& rng, const T& value, Comp comp = Comp{}, Proj proj = Proj{});

template <ForwardIterator I, Sentinel<I> S, class T, class Proj = identity,
IndirectStrictWeakOrder<const T*, projected<I, Proj>> Comp = less<>>

I
upper_bound(I first, S last, const T& value, Comp comp = Comp{}, Proj proj = Proj{});

template <ForwardRange Rng, class T, class Proj = identity,
IndirectStrictWeakOrder<const T*, projected<iterator_t<Rmg>, Proj>> Comp = less<>>
safe_iterator_t<Rng>
upper_bound (Rng&& rng, const T& value, Comp comp =,Comp{}, Proj proj = Proj{});

tegmplate <ForwardIterator I, Sentinel<I> S, class T} “¢lass Proj = identity,
IndirectStrictWeakOrder<const T*, projected<Il, Proj>> Comp = less<>>
tagged_pair<tag::begin(I), tag::end(I)>
equal_range(I first, S last, const T& value, Comp comp = Comp{}, Proj proj = Proj{});

template <ForwardRange Rng, class T, class Proj = identity,
IndirectStrictWeakOrder<const T*,(projected<iterator_t<Rng>, Proj>> Comp = less<>>
tagged_pair<tag::begin(safe_iterator_t<Rng>),
tag: :end(safe_iterator_t<Rng>)>
equal_range (Rng&& rng, const. T& value, Comp comp = Comp{}, Proj proj = Proj{});

tegmplate <ForwardIterator \L, Sentinel<I> S, class T, class Proj = identity,
IndirectStrictWeak@rder<const T*, projected<I, Proj>> Comp = less<>>
bool
binary_search{I“first, S last, const T& value, Comp comp = Comp{},

Proj proj = Proj{});

template <ForwardRange Rng, class T, class Proj = identity,
IndirectStrictWeakOrder<const T*, projected<iterator_t<Rng>, Proj>> Comp = less<>>

booll
binary_search(Rng&& rng, const T& value, Comp comp = Comp{},
D 3 s =D Y
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// 11.5.4, merge:
template <Inputlterator Il, Sentinel<I1> S1, InputIlterator I2, Sentinel<I2> S2,
WeaklyIncrementable 0, class Comp = less<>, class Projl = identity,
class Proj2 = identity>
requires Mergeable<I1l, I2, 0, Comp, Projl, Proj2>
tagged_tuple<tag::inl1(I1), tag::in2(I2), tag::out(0)>
merge(I1 firstl, S1 lastl, I2 first2, S2 last2, 0 result,
Comp comp = Comp{}, Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <InputRange Rngl, InputRange Rng2, WeaklyIncrementable 0, class Comp = less<>,
class Projl = identity, class Proj2 = identity>
requires Mergeable<iterator_t<Rngl>, iterator_t<Rng2>, 0, Comp, Projl, Proj2>
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tagged_tuple<tag::inl(safe_iterator_t<Rngl>),
tag::in2(safe_iterator_t<Rng2>),
tag::out(0)>
merge (Rng1&& rngl, Rng2&& rng2, 0 result,
Comp comp = Comp{}, Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <Bidirectionallterator I, Sentinel<I> S, class Comp = less<>,
class Proj = identity>
requires Sortable<I, Comp, Proj>
I
inplace_merge(I first, I middle, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <BidirectionalRange Rng, class Comp = less<>, class Proj = identity>
Fequires Sortable<iterator_t<Rng>, Comp, Proj>
safe_iterator_t<Rng>
inplace_merge (Rng&& rng, iterator_t<Rng> middle, Comp comp = Comp{},
Proj proj = Proj{});

/N 11.5.5, set operations:
template <Inputlterator Il, Sentinel<I1> S1, Inputlterator I2, Sentinel<I2> S2,
class Projl = identity, class Proj2 = identity,
IndirectStrictWeakOrder<projected<Il, Projl>, projected<I2, Proj2>>\Comp = less<>>
bool
includes(I1 firstl, S1 lastl, I2 first2, S2 last2, Comp comp = Comp{},

Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <InputRange Rngl, InputRange Rng2, class Projl =%identity,
class Proj2 = identity,
IndirectStrictWeakOrder<projected<iterator_t<Rngi>} Projil>,
projected<iterator_t<Rng2>, Proj2>> Comp = l€ss<>>
bool
includes(Rngl&& rngl, Rng2&& rng2, Comp cémp)r= Comp{},
Projl projl = Proji{}, Proj2 pnoj2 = Proj2{});

template <Inputlterator Il, Sentinel<I1»\S1, Inputlterator I2, Sentinel<I2> S2,

WeaklyIncrementable 0, class Comp(s less<>, class Projl = identity, class Proj2 = ideptity>

requires Mergeable<I1, I2, 0, Compy Projl, Proj2>

tagged_tuple<tag::in1(I1), tag::in2(I2), tag::out(0)>

set_union(Il firstl, S1 lastl, I2 first2, S2 last2, 0 result, Comp comp = Comp{},
Projl projl =\Proji{}, Proj2 proj2 = Proj2{});

template <InputRange Rngl; InputRange Rng2, WeaklyIncrementable O,
class Comp = less<>, class Projl = identity, class Proj2 = identity>
requires Mergeable<iterator_t<Rngl>, iterator_t<Rng2>, 0, Comp, Projl, Proj2>
tagged_tuple<tag::inl(safe_iterator_t<Rngl>),
tag::in2(safe_iterator_t<Rng2>),
tag::out(0)>
set_union(Rngl&& rngl, Rng2&& rng2, 0 result, Comp comp = Comp{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

t E 3 E E 3 E
WeaklyIncrementable 0, class Comp = less<>, class Projl = identity, class Proj2 = identity>
requires Mergeable<I1l, I2, 0, Comp, Projil, Proj2>
0
set_intersection(I1 firstl, S1 lastl, I2 first2, S2 last2, 0 result,
Comp comp = Comp{}, Projl projil = Proji{}, Proj2 proj2 = Proj2{});

template <InputRange Rngl, InputRange Rng2, WeaklyIncrementable O,
class Comp = less<>, class Projl = identity, class Proj2 = identity>
requires Mergeable<iterator_t<Rngl>, iterator_t<Rng2>, 0, Comp, Projl, Proj2>
0
set_intersection(Rngl&& rngl, Rng2&& rng2, 0 result,
Comp comp = Comp{}, Projl projl = Proji{}, Proj2 proj2 = Proj2{});
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template <Inputlterator Il, Sentinel<I1> S1, InputIlterator I2, Sentinel<I2> S2,
WeaklyIncrementable 0, class Comp = less<>, class Projl = identity, class Proj2 = identity>
requires Mergeable<I1, I2, 0, Comp, Projl, Proj2>
tagged_pair<tag::in1(I1), tag::out(0)>
set_difference(I1 firstl, S1 lastl, I2 first2, S2 last2, 0 result,
Comp comp = Comp{}, Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <InputRange Rngl, InputRange Rng2, WeaklyIncrementable O,
class Comp = less<>, class Projl = identity, class Proj2 = identity>
requires Mergeable<iterator_t<Rngl>, iterator_t<Rng2>, 0, Comp, Projl, Proj2>
tagged_pair<tag::inl(safe_iterator_t<Rngl>), tag::out(0)>
set_difference (Rngl&& rngl, Rng2&& rng2, 0 result,
Comp comp = Comp{}, Projl projl = Proji{}, Proj2 proj2 = Proj2{});

tanlate <InputIterator Il, Sentinel<I1> S1, InputIterator I2, Sentinel<I2> S2,
WeaklyIncrementable 0, class Comp = less<>, class Projl = identity, class Proj2,=)ideptity>
requires Mergeable<I1, I2, 0, Comp, Projl, Proj2>
tagged_tuple<tag::inl1(I1), tag::in2(I2), tag::out(0)>
set_symmetric_difference(Il firstl, S1 lastl, I2 first2, S2 last2, 0 result,
Comp comp = Comp{}, Projl projil = Proji{},
Proj2 proj2 = Proj2{});

template <InputRange Rngl, InputRange Rng2, WeaklyIncrementable O,
class Comp = less<>, class Projl = identity, class Proj2 = identity>
requires Mergeable<iterator_t<Rngl>, iterator_t<Rng2>, 0, Comp),' Projl, Proj2>
tagged_tuple<tag::inl(safe_iterator_t<Rngl>),
tag::in2(safe_iterator_t<Rng2>),
tag: :out(0)>
set_symmetric_difference(Rngl&& rngl, Rng2&& rng2,<0 result, Comp comp = Comp{},
Projl projl = Proji{};)Proj2 proj2 = Proj2{});

// 11.5.6, heap operations:

template <RandomAccessIterator I, Sentinel<I»,S, class Comp = less<>,
class Proj = identity>

requires Sortable<I, Comp, Proj>

I push_heap(I first, S last, Comp cémp = Comp{}, Proj proj = Proj{});

template <RandomAccessRange Rng,xclass Comp = less<>, class Proj = identity>
requires Sortable<iterator_t<Rng>, Comp, Proj>
safe_iterator_t<Rng>

push_heap(Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

tegmplate <RandomAccessIterator I, Sentinel<I> S, class Comp = less<>,
class Proj = identity>

requires Sortable<I, Comp, Proj>

I pop_heap(I first, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <RandomAccessRange Rng, class Comp = less<>, class Proj = identity>
requires Sortable<iterator_t<Rng>, Comp, Proj>
safé,iterator_t<Rng>

—pop—heapRaslks—rapg—Conp—comp—GComp{i—Pre = Predis
— > Pt T EOTPEST ¥t

template <RandomAccessIterator I, Sentinel<I> S, class Comp = less<>,
class Proj = identity>
requires Sortable<I, Comp, Proj>
I make_heap(I first, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <RandomAccessRange Rng, class Comp = less<>, class Proj = identity>
requires Sortable<iterator_t<Rng>, Comp, Proj>
safe_iterator_t<Rng>
make_heap (Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

template <RandomAccessIterator I, Sentinel<I> S, class Comp = less<>,
class Proj = identity>
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requires Sortable<I, Comp, Proj>
I sort_heap(I first, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <RandomAccessRange Rng, class Comp = less<>, class Proj = identity>
requires Sortable<iterator_t<Rng>, Comp, Proj>
safe_iterator_t<Rng>
sort_heap(Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

template <RandomAccessIterator I, Sentinel<I> S, class Proj = identity,
IndirectStrictWeakOrder<projected<I, Proj>> Comp = less<>>
bool is_heap(I first, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <RandomAccessRange Rng, class Proj = identity,
IndirectStrictWeakOrder<projected<iterator_t<Rng>, Proj>> Comp = less<>>
bool
is_heap(Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

tegmplate <RandomAccessIterator I, Sentinel<I> S, class Proj = identity,
IndirectStrictWeakOrder<projected<I, Proj>> Comp = less<>>
I is_heap_until(I first, S last, Comp comp = Comp{}, Proj proj = Proj{});

tegmplate <RandomAccessRange Rng, class Proj = identity,
IndirectStrictWeakOrder<projected<iterator_t<Rng>, Proj>> Comp = less<>>
safe_iterator_t<Rng>
is_heap_until (Rng&& rng, Comp comp = Comp{}, Proj proj = Rrop{l});

/A 11.5.7, minimum and mazimum:
template <class T, class Proj = identity,
IndirectStrictWeakOrder<projected<const T*, Proj>><Comp = less<>>
constexpr const T& min(const T& a, const T& b, Gémp/comp = Comp{}, Proj proj = Proj{});

template <Copyable T, class Proj = identity,
IndirectStrictWeakOrder<projected<const (T*, Proj>> Comp = less<>>
constexpr T min(initializer_list<T> t, Comp comp = Comp{}, Proj proj = Proj{});

tegmplate <InputRange Rng, class Proj . = ddentity,
IndirectStrictWeakOrder<projected<iterator_t<Rng>, Proj>> Comp = less<>>
requires Copyable<value_type_t<iterator_t<Rng>>>
value_type_t<iterator_t<Rng>>
min(Rng&& rng, Comp comp’=’Comp{}, Proj proj = Proj{1});

template <class T, class Proj = identity,
IndirectStrictWeakOrder<projected<const T*, Proj>> Comp = less<>>
constexpr const-T&max(const T& a, const T& b, Comp comp = Comp{}, Proj proj = Proj{});

template <Copyable T, class Proj = identity,
IndirectStrictWeakOrder<projected<const T*, Proj>> Comp = less<>>
constexpr~T max(initializer_list<T> t, Comp comp = Comp{}, Proj proj = Proj{});

template <InputRange Rng, class Proj = identity,
| o SorietWeakird . 1< R Do O _ -
— g>—Pre>>—Comp——tess

requires Copyable<value_type_t<iterator_t<Rng>>>
value_type_t<iterator_t<Rng>>
max (Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

template <class T, class Proj = identity,
IndirectStrictWeakOrder<projected<const T*, Proj>> Comp = less<>>
constexpr tagged_pair<tag::min(const T&), tag::max(const T&)>
minmax(const T& a, const T& b, Comp comp = Comp{}, Proj proj = Proj{});

template <Copyable T, class Proj = identity,
IndirectStrictWeakOrder<projected<const T*, Proj>> Comp = less<>>
constexpr tagged_pair<tag::min(T), tag::max(T)>
minmax(initializer_list<T> t, Comp comp = Comp{}, Proj proj = Proj{1});
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template <InputRange Rng, class Proj = identity,
IndirectStrictWeakOrder<projected<iterator_t<Rng>, Proj>> Comp = less<>>
requires Copyable<value_type_t<iterator_t<Rng>>>
tagged_pair<tag::min(value_type_t<iterator_t<Rng>>),
tag: :max(value_type_t<iterator_t<Rng>>)>
minmax (Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

template <ForwardIterator I, Sentinel<I> S, class Proj = identity,
IndirectStrictWeakOrder<projected<I, Proj>> Comp = less<>>
I min_element(I first, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <ForwardRange Rng, class Proj = identity,
IndirectStrictWeakOrder<projected<iterator_t<Rng>, Proj>> Comp = less<>>
safe_iterator_t<Rng>
min_element (Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

template <ForwardIterator I, Sentinel<I> S, class Proj = identity,
IndirectStrictWeakOrder<projected<I, Proj>> Comp = less<>>
I max_element(I first, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <ForwardRange Rng, class Proj = identity,
IndirectStrictWeakOrder<projected<iterator_t<Rng>, Proj>> Comp = less<>>
safe_iterator_t<Rng>
max_element (Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{})§

template <ForwardIterator I, Sentinel<I> S, class Proj = idémntity,
IndirectStrictWeakOrder<projected<I, Proj>> Comp = less<>>
tagged_pair<tag::min(I), tag::max(I)>
minmax_element (I first, S last, Comp comp = Compf}$, Proj proj = Proj{});

template <ForwardRange Rng, class Proj = identity,
IndirectStrictWeakOrder<projected<iteratoX tsRng>, Proj>> Comp = less<>>
tagged_pair<tag::min(safe_iterator_t<Rng>)g;
tag: :max(safe_iterator_t<Rng>)>
minmax_element (Rng&& rng, Comp comp«x Comp{}, Proj proj = Proj{});

template <InputlIterator Il, Sentinel<I1> S1, Inputlterator I2, Sentinel<I2> S2,
class Projl = identity, class\Proj2 = identity,
IndirectStrictWeakOrder<projected<Il, Projl>, projected<I2, Proj2>> Comp = less<>>
bool
lexicographical_compare(I1 firstl, S1 lastl, I2 first2, S2 last2,
Comp comp = Comp{}, Projl projl = Proji{}, Proj2 proj2 = ProjR{});

template <InputRamge-Rngl, InputRange Rng2, class Projl = identity,
class Proj2y= identity,
IndirectStxictWeakOrder<projected<iterator_t<Rngl>, Projil>,
projected<iterator_t<Rng2>, Proj2>> Comp = less<>>
bool
lexicographical_compare(Rngl&& rngl, Rng2&& rng2, Comp comp = Comp{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

// 11.5.9, permutations:
template <Bidirectionallterator I, Sentinel<I> S, class Comp = less<>,
class Proj = identity>
requires Sortable<I, Comp, Proj>
bool next_permutation(I first, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <BidirectionalRange Rng, class Comp = less<>,
class Proj = identity>
requires Sortable<iterator_t<Rng>, Comp, Proj>
bool
next_permutation(Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

template <Bidirectionallterator I, Sentinel<I> S, class Comp = less<>,
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class Proj = identity>
requires Sortable<I, Comp, Proj>
bool prev_permutation(I first, S last, Comp comp = Comp{}, Proj proj = Proj{});

template <BidirectionalRange Rng, class Comp = less<>,

33}

class Proj = identity>
requires Sortable<iterator_t<Rng>, Comp, Proj>
bool
prev_permutation(Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

All of the algorithms are separated from the particular implementations of data structures and are parame-

terized by iterator types. Because of this, they can work with program-defined data structures, as long as
these dlata structures have iterator types satisfying the assumptions on the algorithms.
For purposes of determining the existence of data races, algorithms shall not modify objects\referenced
through an iterator argument unless the specification requires such modification.
Both ip-place and copying versions are provided for certain algorithms.* When such a version is providled for
algorithm it is called algorithm_copy. Algorithms that take predicates end with the suffix”_if (which follows
the suffix _copy).
[ Noteq Unless otherwise specified, algorithms that take function objects as argunients are permitted to copy
those function objects freely. Programmers for whom object identity is impoerfant should consider ysing a
wrapppr class that points to a noncopied implementation object such as reference_wrapper<T> (ISQ/IEC
14882:p014 §20.9.3), or some equivalent solution. — end note]
In the|description of the algorithms operators + and - are used for¢soute of the iterator categories for| which
they do not have to be defined. In these cases the semantics of a#n'is the same as that of

X t = a;

adngce(tmp, n);

return tmp;
and tHat of b-a is the same as of

retuyrn distance(a, b);
In the|description of algorithm return values, sentinel values are sometimes returned where an iterptor is
expectied. In these cases, the semantics<are as if the sentinel is converted into an iterator as follows:

It = first;

whille(tmp != last)

+ mp;

return tmp;
Overldads of algorithms that take Range arguments (10.6.2) behave as if they are implemented by ralling
begin|and end onsthe Range and dispatching to the overload that takes separate iterator and s¢ntinel
arguments.
The nymber and order of template parameters for algorithm declarations is unspecified, except where explicitly
stated|otherwise.
11.2 —Tag specifiers falg-tagspec|

namespace tag {

struct in { /* implementation-defined x/ };

struct inl { /* implementation-defined */ };
struct in2 { /* implementation-defined x*/ };
struct out { /x implementation-defined x/ };
struct outl { /* implementation-defined x/ };
struct out2 { /x implementation-defined */ };
struct fun { /x implementation-defined x/ };

4) The decision whether to include a copying version was usually based on complexity considerations. When the cost of doing
the operation dominates the cost of copy, the copying version is not included. For example, sort_copy is not included because
the cost of sorting is much more significant, and users might as well do copy followed by sort.
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struct min { /* implementation-defined x*/ };
struct max { /* implementation-defined #/ };
struct begin { /* implementation-defined */ };
struct end { /* implementation-defined x*/ };

}
In the following description, let X be the name of a type in the tag namespace above.
tag:: X is a tag specifier (8.5.2) such that TAGGET (D, tag::X, N) names a tagged getter (8.5.2)
with DerivedCharacteristic D, ElementIndex N, and ElementName X.
[ Ezample: tag::in is a type such that TAGGET (D, tag::in, N) names a type with the following
interface:
struct __input_getter {
constexpr decltype(auto) in() & { return get<N>(static_cast<D&>(*this));
constexpr decltype(auto) in() && { return get<N>(static_cast<D&&>(*this));) }
constexpr decltype(auto) in() const & { return get<N>(static_cast<const D&>(*this)]; }
};
— end example]
11.3 | Non-modifying sequence operations [alg.nonmodifying]
11.3.1 All of [alg.all_ of]

template <Inputlterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
bool|l all_of(I first, S last, Pred pred, Proj proj = Proj{});

template <InputRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, ®Proj>> Pred>
bool| all_of (Rng&& rng, Pred pred, Proj proj = Proj{});

Returns: true if [first,last) is empty or-dfinvoke(pred, invoke(proj, *i)) is true for every
iterator i in the range [first,last), and false otherwise.

Complexity: At most last - first applications of the predicate and last - first applicatjons of
fhe projection.

11.3.2 Any of [alg.any__ of]

template <InputIterator I, Sentimel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
bool| any_of (I first, S<ast, Pred pred, Proj proj = Proj{});

template <InputRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
booll any_of (Rig&& rng, Pred pred, Proj proj = Proj{});

Returns» false if [first,last) is empty or if there is no iterator i in the range [first,last]) such
hat/invoke (pred, invoke(proj, *i)) is true, and true otherwise.

Complexity: At most 1last - first applications of the predicate and last - first applications of
the projection.

11.3.3 None of [alg.none__of]

template <Inputlterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
bool none_of (I first, S last, Pred pred, Proj proj = Proj{});

template <InputRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
bool none_of (Rng&& rng, Pred pred, Proj proj = Proj{});

118
© ISO/IEC 2017 - All rights reserved


https://iecnorm.com/api/?name=f6951394130aae461b3626a9086b5125

Returns: true if [first,last) is empty or if invoke(pred, invoke(proj, *i)) is false for every

iterator i in the range [first,last), and false otherwise.

Complexity: At most last - first applications of the predicate and last - first applications of

the projection.

11.3.4 For each [alg.foreach]

templ
I

ate <Inputlterator I, Sentinel<I> S, class Proj = identity,
ndirectUnaryInvocable<projected<I, Proj>> Fun>

tagged_pair<tag::in(I), tag::fun(Fun)>

£

templ
I

tagged_pair<tag::in(safe_iterator_t<Rng>), tag::fun(Fun)>

f

templ
req
If

templ

requires IndirectRelation<equal_to<>y projected<iterator_t<Rng>, Proj>, const T*>

saf

£1

templ
I
If

templ
I

saf

f

templ
I
If

templ
I

saf

f

11.3.]1 Find [alg]

or_each(I first, S last, Fun f, Proj proj = Proj{});

te <InputRange Bng class Proi = jdentity
I (=] o J J7

ndirectUnaryInvocable<projected<iterator_t<Rng>, Proj>> Fun>

or_each(Rng&& rng, Fun f, Proj proj = Proj{});

KEffects: Calls invoke(f, invoke(proj, *i)) for every iterator i in the range [first]last), s
from first and proceeding to last - 1. [Note: If the result of invoke(projy *i) is a m
feference, £ may apply nonconstant functions. — end note]

Returns: {last, std::move(f)3}.
Complexity: Applies £ and proj exactly last - first times.
Remarks: If £ returns a result, the result is ignored.

Note: The requirements of this algorithm are more strict than\those specified in ISO/TEC 148§
25.2.4. This algorithm requires Fun to satisfy CopyConstructible, whereas the algorithm in t}
tandard requires only MoveConstructible. — end note]

oo ——

e <InputIterator I, Sentinel<I> S, class T,“class Proj = identity>
uires IndirectRelation<equal_to<>, projected<I, Proj>, const T*>
ind(I first, S last, const T& value, Projvproj = Proj{});

agte <InputRange Rng, class T, class\Proj = identity>

_iterator_t<Rng>
d(Rng&& rng, const T& valu€,  Proj proj = Proj{});

irectUnaryPredicate<projected<I, Proj>> Pred>

age <InputIterator I, Sentinel<I> S, class Proj = identity,
ind_if (I first, S (last, Pred pred, Proj proj = Proj{});

e <InputRange\Rng, class Proj = identity,
irectUnaxyPredicate<projected<iterator_t<Rng>, Proj>> Pred>
_iterator_t<Rng>
ind_if(Rng&& rng, Pred pred, Proj proj = Proj{});

e <InputIterator I, Sentinel<I> S, class Proj = identity,

arting
utable

2:2014
e C++

Lfind]

ndirectUnaryPredicate<projected<I, Proj>> Pred>
ind_if_not(I first, S last, Pred pred, Proj proj = Proj{});

ate <InputRange Rng, class Proj = identity,
ndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
e_iterator_t<Rng>

ind_if_not(Rng&& rng, Pred pred, Proj proj = Proj{});

Returns: The first iterator i in the range [first,last) for which the following corresponding con-
ditions hold: invoke(proj, *i) == value, invoke(pred, invoke(proj, *i)) != false, invoke(

pred, invoke(proj, *i)) == false. Returns last if no such iterator is found.

Complexity: At most last - first applications of the corresponding predicate and projection.
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11.3.6 Find end [alg.find.end]

template <ForwardIterator I1, Sentinel<I1> S1, ForwardIterator I2,
Sentinel<I2> S2, class Proj = identity,
IndirectRelation<I2, projected<Il, Proj>> Pred = equal_to<>>
I1
find_end(I1 firstl, S1 lastl, I2 first2, S2 last2,
Pred pred = Pred{}, Proj proj = Proj{});

template <ForwardRange Rngl, ForwardRange Rng2,
class Proj = identity,
IndirectRelation<iterator_t<Rng2>,
projected<iterator_t<Rng>, Proj>> Pred = equal_to<>>
safg_1terator_tlRngl>
find_end(Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{}, Proj proj = Proj{});

Effects: Finds a subsequence of equal values in a sequence.
Returns: The last iterator i in the range [firstl,lastl - (last2 - first2))such that for every
mon-negative integer n < (last2 - first2), the following condition holds: inveke (pred, invoke(
proj, *(i + n)), *(first2 + n)) != false. Returns lastl if [first2;1ast2) is empty dr if no
duch iterator is found.
Complexity: At most (last2 - first2) * (lastl - firstl - (Jast2 - first2) + 1) applica-
tlions of the corresponding predicate and projection.

11.3.7 Find first of [alg.find.figst.of]

templjze <InputIterator I1l, Sentinel<I1> S1, ForwardIterator\I2, Sentinel<I2> S2,
cllass Projl = identity, class Proj2 = identity,

IndirectRelation<projected<Il, Projl>, projected<I2jy“Proj2>> Pred = equal_to<>>

I1

filnd_first_of (I1 firstl, S1 lastl, I2 first2, ¢(32)last2, Pred pred = Pred{},

Projl projl = Proji{}, Proj2 pmoj2 = Proj2{});

template <InputRange Rngl, ForwardRange Rng2} class Projl = identity,
cllass Proj2 = identity,
IndirectRelation<projected<iterator=t<Rngl>, Proji>,
rojected<iterator_t<Rng2>, Prej2>> Pred = equal_to<>>
safd _iterator_t<Rngl>
find_first_of (Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{},
Projl projl'=JProji{}, Proj2 proj2 = Proj2{});

Effects: Finds an elemeént that matches one of a set of values.

Returns: The first iterator i in the range [first1,lastl) such that for some iterator j in thd range
first2,last2) the following condition holds: invoke (pred, invoke(projl, *i), invoke(proj2,
4j)) !'= false. Returns lastl if [first2,last2) is empty or if no such iterator is found.
Complesity: At most (lastl-firstl) * (last2-first2) applications of the corresponding predicate
4nd the two projections.

11.3.8— Adjacent find fatg-adjacent.find)]

template <ForwardIterator I, Sentinel<I> S, class Proj = identity,
IndirectRelation<projected<I, Proj>> Pred = equal_to<>>
I
adjacent_find(I first, S last, Pred pred = Pred{},
Proj proj = Proj{});

template <ForwardRange Rng, class Proj = identity,
IndirectRelation<projected<iterator_t<Rng>, Proj>> Pred = equal_to<>>
safe_iterator_t<Rng>
adjacent_find(Rng&& rng, Pred pred = Pred{}, Proj proj = Proj{});
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Returns: The first iterator i such that both i and i + 1 are in the range [first,last) for which
the following corresponding condition holds: invoke (pred, invoke(proj, *i), invoke(proj, *(i
+ 1))) != false. Returns last if no such iterator is found.

Complexity: For a nonempty range, exactly min((i - first) + 1, (last - first) - 1) applica-
tions of the corresponding predicate, where i is adjacent_find’s return value, and no more than twice
as many applications of the projection.

11.3.9 Count [alg.count]

template <InputIterator I, Sentinel<I> S, class T, class Proj = identity>
requires IndirectRelation<equal_to<>, projected<I, Proj>, const T*>
difference_type_t<I>

C uut(I fi;at, S 1a.at, const T& vqluc, PJ_\)J P’-UJ PJ.UJ {}),
template <InputRange Rng, class T, class Proj = identity>
requlires IndirectRelation<equal_to<>, projected<iterator_t<Rng>, Proj>, const T*>
difflerence_type_t<iterator_t<Rng>>
count (Rng&& rng, const T& value, Proj proj = Proj{});

template <Inputlterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
difflerence_type_t<I>
count_if (I first, S last, Pred pred, Proj proj = Proj{});

template <InputRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
difflerence_type_t<iterator_t<Rng>>
count_if (Rng&& rng, Pred pred, Proj proj = Proj{});

FEffects: Returns the number of iterators i in the.rénge [first,last) for which the followihg cor-
lesponding conditions hold: invoke(proj, *i).35= value, invoke(pred, invoke(proj, *1)) !=
false.

Complexity: Exactly last - first applications of the corresponding predicate and projection

11.3.10 Mismatch [mismatch)]

template <Inputlterator Il, Sentinel<I1> S1, Inputlterator I2, Sentinel<I2> S2,
cllass Projl = identity, class.Proj2 = identity,
IndirectRelation<projected<I},” Projl>, projected<I2, Proj2>> Pred = equal_to<>>
tagged_pair<tag::in1(I1), tag::in2(I2)>
milsmatch(I1 firstl, Sitlastl, I2 first2, S2 last2, Pred pred = Pred{},
Projl proji~="Proji1{}, Proj2 proj2 = Proj2{});

template <InputRange Rngl, InputRange Rng2,
cllass Projl =)identity, class Proj2 = identity,
IndirectRelation<projected<iterator_t<Rngl>, Projl>,
rojected<iterator_t<Rng2>, Proj2>> Pred = equal_to<>>
tagged_pair<tag::ini(safe_iterator_t<Rngl>), tag::in2(safe_iterator_t<Rng2>)>
milsmateh (Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{},

P i g Py ia £ P N . o PPN
PToJT proJjr — rroJrts, troJ2 proJz — rroJz2yir),;

Returns: A pair of iterators i and j such that j == first2 + (i - firstl) and i is the first iterator
in the range [first1,lastl) for which the following corresponding conditions hold:

— j is in the range [first2, last2).
— xi = x(first2 + (i - firstl))
— l!invoke(pred, invoke(projl, *i), invoke(proj2, *(first2 + (i - firstl))))

Returns the pair firstl + min(lastl - firstl, last2 - first2) and first2 + min(lastl -
firstl, last2 - first2) if such an iterator i is not found.

Complexity: At most lastl - firstl applications of the corresponding predicate and both projections.
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11.3.11 Equal [alg.equal]
template <InputIterator I1, Sentinel<I1> S1, Inputlterator I2, Sentinel<I2> S2,
class Pred = equal_to<>, class Projl = identity, class Proj2 = identity>
requires IndirectlyComparable<Il, I2, Pred, Projl, Proj2>
bool equal(Il firstl, S1 lastl, I2 first2, S2 last2,
Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <InputRange Rngl, InputRange Rng2, class Pred = equal_to<>,
class Projl = identity, class Proj2 = identity>
requires IndirectlyComparable<iterator_t<Rngl>, iterator_t<Rng2>, Pred, Projl, Proj2>
bool equal(Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{},
ProjI projl = ProjI{F, Proj2 proj2Z = Proj2{rJ;

1 Returns: If lastl - firstl != last2 - first2, return false. Otherwise return true if for every
ikerator i in the range [first1l,lastl) the following condition holds: invoke (pred , intoke(proji,
i), invoke(proj2, *(first2 + (i - firstl1)))). Otherwise, returns false.

2 Complexity: No applications of the corresponding predicate and projections if;
(2.1) — SizedSentinel<S1, I1> is satisfied, and
(2.2) — SizedSentinel<S2, I2> is satisfied, and
(2.3) — lastl - firstl != last2 - first2.

therwise, at most min(lastl - firstl, last2 - first2) applications of the corresponding predi-

ate and projections.

11.3.12 Is permutation [alg.is__permutation]

template <ForwardIterator I1, Sentinel<I1> S1, ForwardIlterator I2,
Sentinel<I2> S2, class Pred = equal_to<>, class Pxojl = identity,
cllass Proj2 = identity>
requires IndirectlyComparable<Il, I2, Pred, Priojl, Proj2>
bool| is_permutation(Il firstl, S1 lastl, I2%first2, S2 last2,
Pred pred = Pred{},
Projl projl = Proji{l, Proj2 proj2 = Proj2{1});

template <ForwardRange Rngl, ForwardRange Rng2, class Pred = equal_to<>,
cj:ss Projl = identity, class~Proj2 = identity>
requires IndirectlyComparable&iterator_t<Rngl>, iterator_t<Rng2>, Pred, Projl, Proj2>
bool] is_permutation(Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{},
Proj® projl = Proji{}, Proj2 proj2 = Proj2{1});

1 Returns: If lastl + firstl !'= last2 - first2, return false. Otherwise return true if therg exists
permutation 0f‘the elements in the range [first2,first2 + (lastl - firstl)), beginninlg with
12 begin, Sueh that equal (firstl, lastl, begin, pred, projl, proj2) returns true ; otherwise,
leturns false.

2 Complexity: No applications of the corresponding predicate and projections if:
(2.1) —~vSizedSentinel<S1, I1> is satisfied, and
(2.2) — SizedSentinel<S2, I2> is satisfied, and
(2.3) — lastl - firstl != last2 - first2.

Otherwise, exactly lastl - firstl applications of the corresponding predicate and projections if
equal (firstl, lastl, first2, last2, pred, projl, proj2) would return true; otherwise, at
worst O(N?), where N has the value lastl - firstl.

11.3.13 Search [alg.search]
template <ForwardIterator I1, Sentinel<I1> S1, ForwardIterator I2,
Sentinel<I2> S2, class Pred = equal_to<>,
class Projl = identity, class Proj2 = identity>
requires IndirectlyComparable<Il, I2, Pred, Projl, Proj2>
122
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I1

search(I1 firstl, S1 lastl, I2 first2, S2 last2,
Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <ForwardRange Rngl, ForwardRange Rng2, class Pred = equal_to<>,

class Projl = identity, class Proj2 = identity>

requires IndirectlyComparable<iterator_t<Rngl>, iterator_t<Rng2>, Pred, Projl, Proj2>
safe_iterator_t<Rngl>

search(Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

Effects: Finds a subsequence of equal values in a sequence.

eturns: The first iterator i in the range [firstl,lastl - (last2-first2)) such that foi every

on-negative integer n less than last2 - first2 the following condition holds:

invoke(pred, invoke(projl, *(i + n)), invoke(proj2, *(first2 + n))) != false!

predicate and projections.

template <ForwardIterator I, Sentinel<I> S, class T,

cllass Pred = equal_to<>, class Proj = identity>

requires IndirectlyComparable<I, const T*, Pred, Proj>

I

sdarch_n(I first, S last, difference_type_t<I> count,
const T& value, Pred pred = Pred{},
Proj proj = Proj{});

templj:e <ForwardRange Rng, class T, class Pred =‘egual_to<>,

cllass Proj = identity>

requires IndirectlyComparable<iterator_t<Rng>), const T*, Pred, Proj>

safj;iterator_t<Rng>

sgarch_n(Rng&& rng, difference_type_t<iterator_t<Rng>> count,

const T& value, Pred pred.= Pred{}, Proj proj = Proj{});

FEffects: Finds a subsequence 6fyequal values in a sequence.

Returns: The first iterator ‘iin the range [first,last-count) such that for every non-negative
3 less than count thetollowing condition holds: invoke(pred, invoke(proj, *(i + n)),
= false. Returns-last if no such iterator is found.

Complexity: At most (lastl - firstl) * (last2 - first2) applications of the corresp

Complexity: At most last - first applications of the corresponding predicate and projection.

eturns firstl if [first2,last2) is empty, otherwise returns last1 if no suchhiterator is foulnd.

nding

nteger

yalue)

11.4 | Mutatihg-sequence operations [alg.modifying.operations]

11.4.1 Cepy [alg.

template\LInputIterator I, Sentinel<I> S, WeaklyIncrementable 0>
req jres—Indire. +'|yr‘ pya’k‘ln(T’ O

copy]

tagged_pair<tag::in(I), tag::out(0)>

copy(I first, S last, 0 result);

template <InputRange Rng, WeaklyIncrementable 0>
requires IndirectlyCopyable<iterator_t<Rng>, 0>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>

copy (Rng&& rng, 0 result);

Effects: Copies elements in the range [first,last) into the range [result,result + (last -

first)) starting from first and proceeding to last. For each non-negative integer n <
- first), performs *(result + n) = *(first + n).

Returns: {last, result + (last - first)}.

© ISO/IEC 2017 - All rights reserved
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Requires: result shall not be in the range [first,last).

Complezity: Exactly last - first assignments.

template <Inputlterator I, WeaklyIncrementable 0>
requires IndirectlyCopyable<I, 0>
tagged_pair<tag::in(I), tag::out(0)>
copy_n(I first, difference_type_t<I> n, 0 result);

Effects: For each non-negative integer ¢ < n, performs *(result + i) = *(first + i).

Returns: {first + n, result + n}.

Complexity: Exactly n assignments.

template <InputIterator I, Sentinel<I> S, WeaklyIncrementable 0, class Proj = identity,

IndirectUnaryPredicate<projected<I, Proj>> Pred>
requlires IndirectlyCopyable<I, 0>
tagged_pair<tag::in(I), tag::out(0)>

copy_if (I first, S last, O result, Pred pred, Proj proj

template <InputRange Rng, WeaklyIncrementable 0, class Proj = identity,

IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
requires IndirectlyCopyable<iterator_t<Rng>, 0>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>

copy_if (Rng&& rng, 0 result, Pred pred, Proj proj = Proj{});

jnvoke (proj, *i)) holds.

jnvoke (pred, invoke(proj, *i)) is true.

Returns: {last, result + N}.

Remarks: Stable (ISO/IEC 14882:2014 §17.6.5.7).

template <Bidirectionallteratori Il) Sentinel<I1> S1, Bidirectionallterator I2>

requires IndirectlyCopyable<Il, I2>
tagged_pair<tag::in(I1),, tag: :out(I2)>
copy_backward(I1 first,'S1 last, I2 result);

template <BidirectionalRange Rng, Bidirectionallterator I>
requires IndirecétlyCopyable<iterator_t<Rng>, I>
tagged_pair<tag:vin(safe_iterator_t<Rng>), tag::out(I)>
copy_backward (Rng&& rng, I result);

performs *(result - n) = *(last - n).
Requires: result shall not be in the range (first,last].
Returns: {last, result - (last - first)}.

Complezity: Exactly last - first assignments.

Proj{});

Requires: The ranges [first,last) and [result,result + ) shall not overlap.

Complexity: Exactly last - first applications of the corresponding predicate and projection

ffects: Copies elements in the range [first,last) into the range [result - (last-first),r

LLet N be the number of iterators i in the range [first,lagt) for which the condition invokel(pred,

FEffects: Copies all of the elements referred to by.the iterator i in the range [first,last) for|which

bsult)
irst),

5) copy_backward should be used instead of copy when last is in the range [result - (last - first),result).
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11.4.2 Move [alg.move]

template <InputIterator I, Sentinel<I> S, WeaklyIncrementable 0>
requires IndirectlyMovable<I, 0>
tagged_pair<tag::in(I), tag::out(0)>
move(I first, S last, 0 result);

template <InputRange Rng, WeaklyIncrementable 0>
requires IndirectlyMovable<iterator_t<Rng>, 0>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>
move (Rng&& rng, 0 result);

Effects: Moves elements in the range [first,last) into the range [result,result + (last - first)
starting from first and proceeding to last. For each non-negative integer n < (last-first) ,pdrforms
#(result + n) = ranges::iter_move(first + n).

Returns: {last, result + (last - first)}.
Requires: result shall not be in the range [first,last).

Complexity: Exactly last - first move assignments.

e <Bidirectionallterator I1, Sentinel<I1> S1, Bidirectionallterator ‘12>
ires IndirectlyMovable<I1, I2>

d_pair<tag::in(I1), tag::out(I2)>

e_backward(I1 first, S1 last, I2 result);

e <BidirectionalRange Rng, Bidirectionallterator I>
ires IndirectlyMovable<iterator_t<Rng>, I>
d_pair<tag::in(safe_iterator_t<Rng>), tag::out(I)>
e_backward (Rng&& rng, I result);

ffects: Moves elements in the range [first,last) into the range [result - (last-first),r¢sult)
tarting from last - 1 and proceeding to fitst.5 For each positive integer n <= (last - flirst),
erforms * (result - n) = ranges::iter‘move(last - n).

equires: result shall not be in the range (first,last].
eturns: {last, result - (last.- first)}.

omplexity: Exactly last - fdrst assignments.

swap [alg.$wap]

e <ForwardIterator.ll, Sentinel<I1> S1, ForwardIterator I2, Sentinel<I2> S2>
ires IndirectlySwappable<I1, I2>

d_pair<tag::inl1(I1), tag::in2(I2)>

p_ranges(I1 firstl, S1 lastl, I2 first2, S2 last2);

e <ForwardRange Rngl, ForwardRange Rng2>

ires, IndirectlySwappable<iterator_t<Rngl>, iterator_t<Rng2>>
dspair<tag::inl(safe_iterator_t<Rngl>), tag::in2(safe_iterator_t<Rng2>)>
p.ranges (Rngl&& rngl, Rng2&& rng2);

Effects: For each non-negative integer n < min(lastl - firstl, last2 - first2) performs:
ranges::iter_swap(firstl + n, first2 + n).

Requires: The two ranges [firstl,lastl) and [first2,last2) shall not overlap. *(firstl + n)
shall be swappable with (7.3.11) *(first2 + n).

Returns: {firstl + n, first2 + n}, where n ismin(lastl - firstl, last2 - first2).

Complezity: Exactly min(lastl - firstl, last2 - first2) swaps.

6) move_backward should be used instead of move when last is in the range [result - (last - first),result).
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11.4.4 Transform [alg.trans

template <InputIterator I, Sentinel<I> S, WeaklyIncrementable O,

CopyConstructible F, class Proj = identity>

requires Writable<0, indirect_result_of_t<F&(projected<I, Proj>)>>
tagged_pair<tag::in(I), tag::out(0)>

transform(I first, S last, 0 result, F op, Proj proj = Proj{});

template <InputRange Rng, WeaklyIncrementable 0, CopyConstructible F,

class Proj = identity>

requires Writable<0, indirect_result_of_t<F&(

projected<iterator_t<R>, Proj>)>>

tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>

requires Writable<0, indirect_result_of_t<F&(

tagged_tuple<tag::inl(safe_iterator_t<Rngl>),

11.4.5 “Replace [alg.re

form)]

STorm(Rng&¥ rng, U result, F op, Proj proj = Projir);

sform(I1 firstl, S1 lastl, I2 first2, S2 last2, 0 result,
F binary_op, Projl projl = Proji{}, Proj2 proj2 = Proj2{});

e <InputRange Rngl, InputRange Rng2, WeaklyIncrementable O,
CopyConstructible F, class Projl = identity, class Proj2 = identity>

projected<iterator_t<Rngl>, Projl>, projected<iterator_t<Rng2>, Proj2>)>>

tag::in2(safe_iterator_t<Rng2>),
tag: :out(0)>
sform(Rngl&& rngl, Rng2&& rng2, 0 result,
F binary_op, Projl projil = Proji{}, Proj2 proj2 = Proj2{});

et N be (lastl - firstl) for unary transforms, or min(lastl - firstl, last2 - first]
inary transforms.

ffects: Assigns through every iterator i in the range [result,result + N) a new corre
ing value equal to invoke (op,.invoke(proj, *(firstl + (i - result)))) or invoke(binal
nvoke(projl, *(firstl + (i - result))), invoke(proj2, *(first2 + (i - result))

equires: op and binaryop shall not invalidate iterators or subranges, or modify elements
anges [firstl,firstd + NJ, [first2,first2 + NJ, and [result,result + N].”

Returns: {firstl ()N, result + N} or make_tagged_tuple<tag::inl, tag::in2, tag:
firstl + N, first2 + N, result + N).

ComplexityExactly N applications of op or binary_op and the corresponding projection(s).

Remarksizesult may be equal to firstl in case of unary transform, or to firstl or first2
f bimary transform.

) for

spond-
ry_op,

in the

out>(

1 case

lace]

template <Inputlterator I, Sentinel<I> S, class T1, class T2, class Proj = identity>
requires Writable<I, const T2&> &&

I

IndirectRelation<equal_to<>, projected<I, Proj>, const T1x*>

replace(I first, S last, const T1& old_value, const T2& new_value, Proj proj = Proj{});

template <InputRange Rng, class T1, class T2, class Proj = identity>
requires Writable<iterator_t<Rng>, const T2&> &&

IndirectRelation<equal_to<>, projected<iterator_t<Rng>, Proj>, const Ti1x>

safe_iterator_t<Rng>

replace(Rng&& rng, const T1& old_value, const T2& new_value, Proj proj = Proj{});

7) The use of fully closed ranges is intentional.
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