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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 nnn_gnvprﬂmpnfn] in liaison with ISQ and TFOI alsa take part in the work In the field of information
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irectives, Part 2 (see www.iso.org/directives).
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O list of patent declarations received (see www.iso.org/patents).
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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) —Theformuiation of the fommmdatiomat amnd terator concept TeqUIiTemeITts Using tihe symtax of the Corcepts
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 end-of a range
and corresponding changes to algorithm return types where necessary.

(1.4) — The addition of new concepts describing range and view abstractions; that is, objeets with a begjn
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 arguurents to the algorithms.

(1.7) — The addition of optional projection arguments to the algorithms to_permit on-the-fly data transfornja-
tions.

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

(1.9) — Constrained analogues of the standard iterator adaptors*and stream iterators that satisfy the ndw

iterator concepts.
(1.10)  [— New iterator adaptors (counted_iterator and cemmon_iterator) and sentinels (unreachable).
2 Changes to the core language include:

(2.1) — the extension of the range-based for statement to support the new iterator range requirements (10.4).

~—

=4

3 This document does not specify constrained-analogues of other parts of the Standard Library (e.g., the
nfuneric algorithms), nor does it add range support to all the places that could benefit from it (e.g., the

cqntainers).
4 This document does not specify amy new range views, actions, or facade or adaptor utilities; all are left fs
fulture work.
€) [ ] [ ]
2 Normative references [intro.refs]

1 The following deguments are referred to in the text in such a way that some or all of their content constitutps
rdquirements Ofthis document. For dated references, only the edition cited applies. For undated references,
tHe latest ¢dition of the referenced document (including any amendments) applies.

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

(1.2) LAISO/IEC TS 19217:2015, Programming Languages - Ct++ 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
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— 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-

. QO 1 4000 Ond 4 O 1o L 1 1 DI =P " " 1 .
SIOIL (LOVU/IILU 13004, 2U1% §J. 17 ) — 11 alltl Oy 11" L2715 d COIISUallt SUDEXPIESSIOIL

W

2 [defns.projectios
projection
(fynction object argument) transformation which an algorithm applies before inspecting the values’of elements

=]
[l

Frample:

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

sdqrts the pairs in increasing order of their first members:

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

—+ end exzample ]

4 General principles lintraq]
4{1 Implementation compliance [intro.compliance]
Cpnformance requirements for this specification are'the same as those defined in ISO/IEC 14882:2014 §1{4.
[ Note: Conformance is defined in terms of the beliavior of programs. — end note]

4{2 Namespaces, headers, and modifications to standard classes [intro.namespaceg]

Since the extensions described in this docwment are experimental and not part of the C++ standard libraty,
tley should not be declared directly” within namespace std. Unless otherwise specified, all componenits
d¢scribed in this document either:

— modify an existing interface'in the C++ Standard Library in-place,
— are declared in namespace std: :experimental: :ranges::vl.

The International Standard, ISO/IEC 14882, together with ISO/IEC TS 19217:2015 (the Concepts T9$),
provide important eontéxt and specification for this document. In places, this document suggests changps
td be made to cémponents in namespace std in-place. In other places, entire chapters and sections afe
cqpied from ISQAEC 14882 and modified so as to define similar but different components in namespage
std::experimental: :ranges::vl.

Ifstructions to modify or add paragraphs are written as explicit instructions. Modifications made to existihg
tegxt from the International Standard use underlining to represent added text and strikethreugh to represept
d¢leted text.

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.

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: :.

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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#include <algorithm>

5 Statements [stmt]

5.1 Iteration statements [stmt.iter]
5.1.1 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
d‘hﬁlcl.cll‘l—ll‘y t)’ycd bcglu. (lvlld Clld ;tCLQtULD [ele] ;.11 C++17- (/Ibd ll/l/t(/]
2 For a range-based for statement of the form

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

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

for ( for-range-declaration : braced-init-list ) statement
let range-init be equivalent to the braced-init-list. In each case, a range-hésed for statement is
equivalent to

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

The range-based for statement

for ( for-range-declaration : for-rawge-initializer ) statement
is equivalent to

{
auto &&__range = for-fanye-initializer;
auto __begin = begim~eTpr;
auto __end = end“eXpr;
for ( ; __begim I __end; ++__begin ) {
for-rangeFygeelaration = *__begin;
statement
}
}
wher¢
(2.1) >='if the for-range-initializer is an expression, it is regarded as if it were surrounded by
parentheses (so that a comma operator cannot be reinterpreted as delimiting two init-
("{‘/lzl{ll/’ (l/tlll (7)7
(2.2) — __range, __begin, and __end are variables defined for exposition only; and —RangeT-is—the
e-expresston—and-begin-expr-and-end-exprare-determined-as W2
(2.3) — begin-expr and end-expr are determined as follows:
(2.3.1) — 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;
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(2.3.2)

(2.3.3)

ISO/IEC TS 21425:2017(E)

— 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]

[ Exzample:
int array(5] = {1, 2, 3, 4, 5 };

Tor (int¥& x : array)
X *= 2;
— end example]

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

6 Library introduction [library,

6|1 General [library.genera

This Clause describes the contents of the Ranges library, how a well-fermmed C++ program makes use of t
library, and how a conforming implementation may provide the entities in the library.

Clause 6.3, Clauses 7 through 12, and Annex Annex A specifydheé/contents of the library, as well as libra
rgquirements and constraints on both well-formed C++ programs and conforming implementations.

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

he concepts library {Glause 7) describes library components that C++ programs may use to perfor|
mpile-time validation of template parameters and perform function dispatch based on properties of typ

T
¢
The general utilities library (Clause 8) includes components used by other library elements and componen
uged as infragtructure in C++ programs, such as function objects.

T

he iterators library (Clause 9) describes components that C++ programs may use to perform iterations ov
dutainers (Clause ISO/IEC 14882:2014 §23), streams (ISO/IEC 14882:2014 §27.7), stream buffers (ISO/IH

o

Detailed specifications for each of the components in the library are in Clauses 7-12, as shown in Table 1

—_—

e

y

11}
PS.

er

C

14882;2014 §27.6), and ranges (10).

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

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
the normative Clauses 7 through 12 and Annex Annex A. 6.2.2 describes other editorial conventions.

© ISO/IEC 2017 - All rights reserved
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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]

T ray QHYnmary prnv{rlnc >} Q} Ylnpcie of the ("angnr}7 and introduces the frst.lovel subelauses Fach subelan e

also provides a summary, listing the headers specified in the subclause and the library entities providéd n
edch header.

Phragraphs labeled “Note(s):” or “Example(s):” are informative, other paragraphs are normatiye.
The contents of the summary and the detailed specifications include:

— macros

— values

— types

— classes and class templates

— functions and function templates

— objects

— concepts

6j2.1.3 Requirements [structure.requirements

—_—

Requirements describe constraints that shall be met by & C++ program that extends the Ranges librafy.
Stich extensions are generally one of the following:

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

Infterface convention requirements are stated-as generally as possible. Instead of stating “class X has to define
a|member function operator++(),” thelinterface requires “for any object x of class X, ++x is defined.” Thpt
is| whether the operator is a member™is unspecified.

Rpquirements are stated in tefms of concepts (Concepts TS [dcl.spec.concept]). Concepts are stated jn
tgrms of well-defined expressions that define valid terms of the types that satisfy the concept. For every set
off well-defined expression, requirements there is a named concept that specifies an initial set of the valid
exypressions and their gemantics. Any generic algorithm (Clause 11) that uses the well-defined expressi¢n
rdquirements is deseribéd in terms of the valid expressions for its formal type parameters.

Template argument/ requirements are sometimes referenced by name. See ISO/IEC 14882:2014 §17.5.2.1.

I1] some casgs the semantic requirements are presented as C++ code. Such code is intended as a specification fof
equivalence.of a construct to another construct, not necessarily as the way the construct must be implemented.?

Required operations of any concept defined in this document need not be total functions; that is, sonhe
afgiments to a required operation may result in the required semantics failing to be satisfied. [ Example: The
rWWWWﬂﬁT—ﬂWﬁmUmWrWWm
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.
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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.

2.2.2 Private members [objects.within.classes]
his document follows the same conventions as specified in ISO/TEC 14882:2014 §17.5.2.3.

3 Library-wide requirements [requirement

[
—_—

6

T

6

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

R]

pquirements specified in terms of interactions between threads do not apply te~programs having only|a
sihgle thread of execution.

[ithin this subclause, 6.3.1 describes the library’s contents and organization{63.3 describes how well-forme¢d
H+ programs gain access to library entities, 6.3.4 describes constraints on“well-formed C++ programs, aipd
B.5 describes constraints on conforming implementations.

S Q=

6{3.1 Library contents and organization [organization]
6

P.1.1 describes the entities and macros defined in the Ranges\ibrary.

3.1.1 Library contents [contents

—

6
The Ranges library provides definitions for the entitiéssand macros specified in the Ranges library head-
elfs (6.3.2).

Alll library entities are defined within an inline ngmespace v1 within the namespace std: :experimentalf: :
ranges or namespaces nested within namespage std: :experimental: :ranges: :v1. It is unspecified whether
ngmes declared in a specific namespace are declared directly in that namespace or in an inline namespage
inside that namespace.
6/3.2 Headers [headers]

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

The Ranges library provides fhe Ranges library headers, shown in Table 2.

Table 2 — Ranges TS library headers

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

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

<experimental/ranges/random>

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]
Virtual member function signatures defined for a base class in the Ranges library may be overridden‘in a
d¢rived class defined in the program (ISO/IEC 14882:2014 §10.3).
6{3.4.3 Other functions [res.orfunctionss]

I} certain cases (operations on types used to instantiate Ranges library template compohents), the Rangps
library depends on components supplied by a C++ program. If these components’do not meet thgir
rdquirements, this document places no requirements on the implementation.

Iy particular, the effects are undefined if an incomplete type (ISO/IEC 14882:2014/§3.9) is used as a templafte
ajgument when instantiating a template component or evaluating a concept;uiless specifically allowed fpr
tlat component.
6{3.4.4 Function arguments [res.on.arguments]
The constraints on arguments passed to C++ standard library funefion as specified in ISO/IEC 14882:20]14
§17.6.4.9 also apply to arguments passed to functions in the Réngés library.
6{3.4.5 Library object access [res.on.objects]
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]3.4.6 Requires paragraph [res.on.requirefl]
Vjolation of the preconditions specified in a(function’s Requires: paragraph results in undefined behavipr
umless the function’s Throws: paragraph specifies throwing an exception when the precondition is violatefl.
6]3.4.7 Semantic requirements [res.on.requirements]

Iffthe semantic requirements of atdetlaration’s constraints (6.2.1.3) are not satisfied at the point of use, the
program is ill-formed, no diagnigstic required.

6/3.5 Conformingmplementations [conforming]
The constraints uponsy.and latitude of, implementations of the Ranges library follow the same constraints and
lafpitudes for implementations of the C++ standard library as specified in ISO/IEC 14882:2014 §17.6.5.

613.5.1 Customization Point Objects [customization.point.objedt]

Al customization point object is a function object (8.3) with a literal class type that interacts with user-defingd
tyjpes while enforcing semantic requirements on that interaction.

Thetype 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 Clause describes library components that C++ programs may use to perform compile-time yalidati¢n
off template parameters and perform function dispatch based on properties of types. The purpesel6f thepe
c@neepts is to establish a foundation for equational reasoning in programs.

The following subclauses describe core language concepts, comparison concepts, object congepts, and functipn
cqncepts as summarized in Table 3.

Table 3 — Fundamental concepts library summary

] Subclause Header(s)

7.3 Core language concepts <experimental/rangés/Concepts>
7.4 Comparison concepts

7.5 Object concepts

7.6 Callable concepts

711.1 Equality Preservation [concepts.lib.general.equality]

Al expression is equality preserving if, given equal inputs, the expression results in equal outputs. The inpults
td an expression are the set of the expression’s opérands. The output of an expression is the expressiorn’s
rgsult and all operands modified by the expressiofy

Npt all input values must be valid for a givefi expression; e.g., for integers a and b, the expression a / blis
ndt well-defined when b is 0. This does nét preclude the expression a / b being equality preserving. The
dgmain of an expression is the set of input values for which the expression is required to be well-defined.

Ekpressions required by this specification to be equality preserving are further required to be stable: two
eyaluations of such an expressien\with the same input objects must have equal outputs absent any expligit
inftervening modification of those input objects. [ Note: This requirement allows generic code to reason abopt
tlle current values of objects’based on knowledge of the prior values as observed via equality preserving
ejpressions. It effectively forbids spontaneous changes to an object, changes to an object from another thread
off execution, changes\te’an object as side effects of non-modifying expressions, and changes to an object ps
sifle effects of maodifying a distinct object if those changes could be observable to a library function via gn
equality preserqing’expression that is required to be valid for that object. — end note]

Ekpressiong™déclared in a requires-expression in this document are required to be equality preserving, except
for thosesannotated with the comment “not required to be equality preserving.” An expression so annotat¢d
mlay Jde'\équality preserving, but is not required to be so.

Aln “expression that may alter the value of one or more of its inputs in a manner observable to equalify
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:
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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-meettherecuirements—fore—==d
presmton— et reqrires—dddiomrl-expresston—rartn ot nec e reqiirement—or

(ipcluding non-modification), as if the expressions

a == d; a == b; a == move(b); a == d;

c == a; c == move(a); c == move(d);

move(a) == d; move(a) == b; move(a) == move(b); move(a) == move(d);
move(c) == b; move(c) == move(b); move(c) == d; move(c) == move(d);

had been declared as well.

Ekpression #3 implicitly requires additional expression variations that meet th€ requirements for a =|c
(including non-modification of the second operand), as if the expressions a = bé@nd a = move(c) had be¢n
d¢clared. Expression #3 does not implicitly require an expression variation with\a non-constant rvalue secomnd
operand, since expression #2 already specifies exactly such an expressionexplicitly. — end example]

[ Ezample: The following type T meets the explicitly stated syntactic #équirements of concept C above bfit
dpes not meet the additional implicit requirements:

struct T {
bool operator==(const T&) const { return true; }
bool operator==(T&) = delete;

};

T [fails to meet the implicit requirements of C, so C<T\is not satisfied. Since implementations are not requir¢d
td validate the syntax of implicit requirements, it unspecified whether or not an implementation diagnosgs

aq ill-formed a program which requires C<T>. _~=end ezample]

7|2 Header <experimental/ranges/concepts> synopsis [concepts.lib.synopsi

[
—_—

namespace std { namespace experimental { namespace ranges { inline namespace vi {
// 1.3, core language concepts:

// 7.3.2, Same:

template <class T, class U>

concept bool Same = see/ below;

// 1.8.3, DerivedKrom:
template <class”T, class U>
concept boel“\DerivedFrom = see below;

// 1.3.4, ConvertibleTo:
template <class T, class U>
congept bool ConvertibleTo = see below;

£

o7 HATORTTCreFeRee:

template <class T, class U>

concept bool CommonReference = see below;

// 1.8.6, Common:
template <class T, class U>
concept bool Common = see below;

// 1.3.7, Integral:
template <class T>
concept 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:
template <class T>
concept bool Swappable = see below;

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

// 7.3.12, Destructible:
template <class T>
concept bool Destructible = see below;

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

// 1.8.14, DefaultConstructible:
template <class T>
concept bool DefaultConstructible = see below;

// 7.3.15, MoveConstructible:
template <class T>
concept bool MoveConstructible = see belowy

// 1.8.16, CopyConstructible:
template <class T>
concept bool CopyConstructible =isee below;

// 1.4, comparison concepts:

// 7.4.2, Boolean:

template <class B>

concept bool Boolean =-sSee below;

// 71.4.3, Equality€omparable:
template <class_T, class U>
concept bool ‘WeaklyEqualityComparableWith = see below;

template)<class T>
concept bool EqualityComparable = see below;

template <class T, class U>

—COINCEpt bool EquarityComparablewWith = see vetow,;

// 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:

7

tqmplate <class T, class U>

Cd

7

template <class T>
concept bool Regular = see below;

// 7.6, callable concepts:

// 7.6.2, Invocable:

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

// 7.6.3, RegularInvocable:
template <class F, class... Args>
concept bool RegularInvocable = see below;

// 7.6.4, Predicate:
template <class F, class... Args>
concept bool Predicate = see below;

// 1.6.5, Relation:
template <class R, class T, class U>
concept bool Relation = see below;

// 7.6.6, StrictWeakOrder:
template <class R, class T, class U>
concept bool StrictWeakOrder = see below;

T3}

3 Core language concepts [concepts.lib.corelang
3.1 General [concepts.lib.corelang.generd]l]
his section contains the definition of concepts corresponding to language features. These concepts express

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

3.2 Concept Sam¢ [concepts.lib.corelang.samg]

ncept bool Samé ¥ is_same<T, U>::value; // see below

There-need not be any subsumption relationship between Same<T, U> and is_same<T, U>::value

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

3.3 = Concept DerivedFrom [concepts.lib.corelang.derivedl]

template <class T, class U>
concept bool DerivedFrom =

is_base_of<U, T>::value &&
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]

11
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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());
};

Let test be the invented function:

To test (Fram (&f)Q) {
return f();

3

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

— To is not an object or reference-to-object type, or static_cast<To>(f()) is équal to test (f)
— From is not a reference-to-object type, or

— If From is an rvalue reference to a non const-qualified type, the re§ulting state of the object
referenced by f () after either above expression is valid but unspecified (ISO/IEC 14882:20]4
§17.6.5.15).

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

There need not be any subsumption relationship between ConvertibleTo<From, To> and is_converjt-
ible<From, To>::value.

3.5 Concept CommonReference [concepts.lib.corelang.commonref]
h

r two types T and U, if common_reference_t<T, U> is well-formed and denotes a type C such that bo
nvertibleTo<T, C> and ConvertibleTo<U, C> aresatisfied, then T and U share a common reference type
[ Note: C could be the same as T, or U, or it could,be’a different type. C may be a reference type. C ne¢d
t be unique. — end note]

= QQ M =3

tgmplate <class T, class U>

cqncept bool CommonReference =

Same<common_reference_t<T, U>, common:reference_t<U, T>> &&
ConvertibleTo<T, common_referencgé B<T, U>> &&
ConvertibleTo<U, common_reference” t<T, U>>;

Let C be common_refefence_t<T, U>. Let t be a function whose return type is T, and let u be|a
function whose returnntype is U. CommonReference<T, U> is satisfied only if:

— C(t ) equals-€(t () if and only if t() is an equality preserving expression (7.1.1).
— C(u())_ équals C(u()) if and only if u() is an equality preserving expression.

[ Note: USér¥ can customize the behavior of CommonReference by specializing the basic_common| -
reference class template (8.4.3). — end note ]

713.6 «Concept Common [concepts.lib.corelang.common]

Iff T-anid U can both be explicitly converted to some third type, C, then T and U share a common type,|C.

2. O d badtlba cooo T - U—orit—econltdb AifForant 40 O ot lbatinian o d tal

[vau\/- ST ottt C i O o O T oot O eTr ooy pe- ey 1o o C—aqots CHa—oTeT]

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-

7

tgmplate <class T>

[ef¢

7

tgmplate <class T>

[ef¢

7

tqmplate <class T>

C(

7

tgmplate <class T, class U>

[ef¢

1 Q4 O\ ' o]
pPlattc \O.ﬂ:.é}. - CIlQ ILULCJ
3.7 Concept Integral [concepts.lib.corelang.integral]
ncept bool Integral = is_integral<T>::value; // see below

There need not be any subsumption relationship between Integral<T> and is_integral<T>: :valye.

3.8 Concept SignedIntegral [concepts.lib.corelang.signedintegral]

ncept bool SignedIntegral = Integral<T> && is_signed<T>::value; // see)below

There need not be any subsumption relationship between SignedIntegral<T> and is_signed<T>|::
value.

[ Note: SignedIntegral<T> may be satisfied even for types)that are not signed integral types (ISO/IFC
14882:2014 §3.9.1); for example, char. — end note]

3.9 Concept UnsignedIntegral [concepts.lib.corelang.unsignedintegral]

ncept bool UnsignedIntegral = Integral<T> &&>!SignedIntegral<T>;

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

3.10 Concept Assignable [concepts.lib.corelang.assignabl

W
—_—

ncept bool Assignable =
is_lvalue_reference<T>: ‘value && // see below
CommonReference<

const remove_reference_t<T>&,

const remove xréference_t<U>&> &&
requires(T tHU&& u) {
{ t = std@y:forward<U>(u) } -> Same<T>&&;
};

Let t be an lvalue that refers to an object o such that decltype((t)) is T, and u an expression su¢h

that decltype((u)) is U. Let u2 be a distinct object that is equal to u. Assignable<T, U> is satisfigd

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

note |

7.3.11 Concept Swappable

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

= y is likely not in the domain of =. — end

[concepts.lib.corelang.swappable]

ranges: :swap(a, b);

};

tgmplate <class T, class U>
cqncept bool SwappableWith =
CommonReference<
const remove_reference_t<T>&,
const remove_reference_t<U>&> &&
requires(T&& t, U&& u) {
ranges: :swap(std: :forward<T>(t),
ranges: :swap (std: :forward<U>(u),
ranges: :swap(std: :forward<T>(t),
ranges: :swap(std: :forward<U>(u),

};

of type T.

#include <utility>

template <class T, class U>

}

template <class T>
Yoid 1lv_swap(T& t1, T& t2) {

std:
std:
std:
std:

void value_swap(T&&-t, U&& u) {
using std::experimental::ranges: :swap;
swap (std::forward<T>(t), std::forward<U>(u));

:forward<T>(t));
:forward<U>(u)) ;
:forward<U>(u));
:forward<T>(t));

This subclause provides definitions for swappable types atud expressions. In these definitions, let|t
denote an expression of type T, and let u denote an expression of type U.

An rvalue or lvalue t is swappable if and only i t is swappable with any rvalue or lvalue, respectively,

[ Ezample: User code can ensure thatithe evaluation of swap calls is performed in an appropriafe
context under the various conditiongias follows:

// Requires: std::forward<T>(t) shall be swappable with std: :forward<U>(u).

// Reyuires: lvalues of T shall be swappable.

using std::experimental::ranges::swap;

An object t is swappable with an object u if and only 4f.SwappableWith<T, U> is satisfied. Swappablle-
With<T, U> is satisfied only if given distinct objects; t2 equal to t and u2 equal to u, after evaluating
either ranges: :swap(t, u) or ranges::swap(i,» t), t2 is equal to u and u2 is equal to t.

// OK: uses “swappable with” conditionfs
// for rvalues and lvalues

sSwap(ti, t2J;

}

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);

ORTuses Swappabie Conaitions Jor

// lalues of type T

// 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);

3
— end example ]

713.12 Concept Destructible

The Destructible concept specifies properties of all types, instances of which can be destroyed at the er
off their lifetime, or reference types.

[concepts.lib.corelang.destructibl

tgmplate <class T>
cqncept bool Destructible = is_nothrow_destructible<T>::value; // see below

There need not be any subsumption relationship between Destructible<T> and is_nothrow_destrud
ible<T>::value.

[ Note: Unlike the Destructible library concept in the C++ Staridard (ISO/IEC 14882:2014 §17.6.3.
this concept forbids destructors that are noexcept (false) ~e¥en if non-throwing. — end note|

713.13 Concept Constructible
The Constructible concept constrains the initialization of\a“variable of a type with a given set of argume
types.

[concepts.lib.corelang.constructibl

tqmplate <class T, class... Args>
cqncept bool Constructible =
Destructible<T> && is_constructible<T, Axgs...>::value; // see below

constructible<T, Args...>{:value.

7(3.14 Concept DefaultGonstructible [concepts.lib.corelang.defaultconstructibl

tgmplate <class T>
cqncept bool DefaultComStructible = Constructible<T>;

713.15 Concept.-MoveConstructible [concepts.lib.corelang.moveconstructibl

tgmplate <clas§.T¥
cqncept bool \MoveConstructible =
Constructible<T, T> && ConvertibleTo<T, T>;

I T is an object type, then let rv be an rvalue of type T and u2 a distinct object of type T equal to 1

There need not be any subsumption relationship between Constructible<T, Args...> and is|

W
—_—

1d

W
—_—

[
—_—

MoveConstructible<T> is satisfied only if

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

— T{rv} is equal to u2.

— 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.

15
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7.3.16 Concept CopyConstructible [concepts.lib.corelang.copyconstructible]

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>;

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

tgmplate <class B>

[ef¢

G

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

— T{v} is equal to v.

4 Comparison concepts [concepts.lib.comparg]
4.1 General [concepts.lib.conipare.general]
his section describes concepts that establish relationships and orderings on values of pessibly differing object
pes.

4.2 Concept Boolean [conceptsilib.compare.boolean]

he Boolean concept specifies the requirements on a type that is usable in (Boolean contexts.

ncept bool Boolean =
Movable<decay_t<B>> && // (see 7.5.1)
requires(const remove_reference_t<B>& bl,
const remove_reference_t<B>& b2, const bool a)\{

{b1 3} -> ConvertibleTo<bool>&&;
{ b1 } -> ConvertibleTo<bool>&&;
{ bl & a } -> Same<bool>&&;
{Dbl || a} -> Same<bool>&&;
{ bl && b2 } -> Same<bool>&%&;
{ a & b2 } -> Same<bool>&&;
{ Dbl || b2 } -> Same<bool>&&;
{a |l b2 } -> Same<bool>&&;
{ bl == b2 } -> ConvertibleTo<bodol>&&;
{ bl ==a } -> ConvertibleTo<bool>&&;
{ a==Db2 } -> ConvertibleTo<bool>&&;
{ bl !'= b2 } -> ConvertibléTo<bool>&&;
{ bl '=a } -> ConvertibleTo<bool>&&;
{a!=b2 } -> ConvertibleTo<bool>&&;
};
iven const lvalue§-bl and b2 of type remove_reference_t<B>, then Boolean<B> is satisfied only if
— bool(bl) == 'bool(!bl).
— (bl &&\52), (bl && bool(b2)), and (bool(bl) && b2) are all equal to (bool(bl) && bool(b2)),
and-have the same short-circuit evaluation.
—ADL || b2), (b1 || bool(b2)), and (bool(bl) || b2) are all equal to (bool(bl) || bool(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(b2)).

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

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]
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7.4.3 Concept EqualityComparable

template <class T, class U>

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

[concepts.lib.compare.equalitycomparable]

{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> pespgc-
tively. 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).

tqmplate <class T>

cqgncept bool EqualityComparable = WeaklyEqualityComparableWith<T, T>;

2 Let 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 reflexiye,

tgmplate <class T, class U>
cqncept bool EqualityComparableWith
EqualityComparable<T> &&
EqualityComparable<U> &&
CommonReference<

const remove_reference_t<T>&,

EqualityComparable<
common_reference_t<
const remove_reference_t<T>&,

4 Let t be a const’ lvalue of type remove_reference_t<T>, u be a const lvalue of type removel

referencet<tU>, and C be:

transitive, and symmetric. — end note]

const remove_reference_t<U>&> &&

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

common._reference_t<const remove_reference_t<T>&, const remove_reference_t<U>&>

EqualityComparableWith<T, U> is satisfied only if:

(4.1) “ bool(t == u) == bool(C(t) == C(u)).

7.2.2 Concept StrictTotallyOrdered

template <class T>
concept bool StrictTotallyOrdered =
EqualityComparable<T> &&

requires(const remove_reference_t<T>& a,
const remove_reference_t<T>& b) {

b } -> Boolean&&;
b } -> Boolean&&;
} -> Boolean&&;

<
>
<=
>= } -> Boolean&&;

N s
Mo op o

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

— 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).

tdgmpIate <class I, class U>
cqncept bool StrictTotallyOrderedWith =
StrictTotallyOrdered<T> &&
StrictTotallyOrdered<U> &&
CommonReference<
const remove_reference_t<T>&,
const remove_reference_t<U>&> &&
StrictTotallyOrdered<
common_reference_t<
const remove_reference_t<T>&,
const remove_reference_t<U>&>> &&
EqualityComparableWith<T, U> &&
requires(const remove_reference_t<T>& t,
const remove_reference_t<U>& u) {

{t <ul} ->Boolean&&;
{t>u} -> Boolean&%;
{t <= u} -> Boolean&&;
{t > u } -> Boolean&&;
{u<t} ->Boolean&&;
{u>t} ->Boolean&&;
{u<=t } -> Boolean&&;
{u>t } -> Boolean&&;
};

Let t be a const lvalue of type reméve_reference_t<T>, u be a const lvalue of type removel -
reference_t<U>, and C be:

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

StrictTotallyOrderedWith<T, U> is satisfied only if
— bool(t < u) =5beol(C(t) < C(u)).
— bool(t > u)(=F"bool(C(t) > C(w)).
— bool(t <3w) == bool(C(t) <= C(w).
— bool(£ = u) == bool(C(t) >= C(u)).
— boollu < t) == bool(C(u) < C(t)).
—bool(u > t) == bool(C(u) > C(t)).
¥ bool(u <= t) == bool(C(u) <= C(t)).
— bool(u >= t) == bool(C(u) >= C(t)).

7.5 Object concepts [concepts.lib.object]

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.

775.2— Concept Copyable fconcepts:lib.object.copyabig]

tqmplate <class T>

cqncept bool Copyable =
CopyConstructible<T> &&
Movable<T> &&
Assignable<T&, const T&>;

715.3 Concept Semiregular [concepts.lib.ebject.semiregulaf]

tgmplate <class T>

cgncept bool Semiregular =
Copyable<T> &&
DefaultConstructible<T>;

[ Note: The Semiregular concept is satisfied by types that behave similarly to built-in types like ift,
except that they may not be comparable with ==. — end n@té]

715.4 Concept Regular [concepts.lib.object.regulay]

tgmplate <class T>
cqncept bool Regular =
Semiregular<T> &&
EqualityComparable<T>;

[ Note: The Regular concept is satisfied by types that behave similarly to built-in types like int ajd
that are comparable with ==. — end;note |

6 Callable concepts [concepts.lib.callabl

[
—_—

6.1 General [concepts.lib.callable.generd]]

6.2 Concept Invocable [concepts.lib.callable.invocablg

%
—_—

he Invocable concept specifies a relationship between a callable type (ISO/IEC 14882:2014 §20.9.1) F and

7
7
The concepts in this section describe the requirements on function objects (8.3) and their arguments.
7
T
alset of argumemit_types Args. .. which can be evaluated by the library function invoke (8.3.1).

tgmplate <class F, class... Args>
cqgncept_bBool Invocable =
reqdi¥es (F&& f, Args&&... args) {
invoke (std: :forward<F>(f), std::forward<Args>(args)...); // not required to be equality preserving

N
J

[ 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...>;
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(1.2)

(2.2.1)
(2.2.2)

(2.2.3)
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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 =

7

tgmplate <class R, class T, class U>

[ef¢

7

tgmplate <class R, class T,)class U>

[ef¢

REgUIAT INVoCabIer, ATES. ..o &%
Boolean<result_of_t<F&&(Args&&...)>>;

6.5 Concept Relation [concepts.lib.callable.relation]

ncept bool Relation =
Predicate<R, T, T> &&
Predicate<R, U, U> &&
CommonReference<
const remove_reference_t<T>&,
const remove_reference_t<U>&> &&
Predicate<R,
common_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>;

Let r be an expression such that decltype({r)) 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 remove| -
reference_t<T>&, const remove_reférence_t<U>&>. Relation<R, T, U> is satisfied only if

— bool(r(t, u)) == bool(r(C{y), C(w)).
— bool(r(u, t)) == bool(r(€C(u), C(t))).

6.6 Concept StrictWeakOrder [concepts.lib.callable.strictweakordey]

ncept bool StrictWeakOrder = Relation<R, T, U>;

A Relation gatisfies StrictWeakOrder only if it imposes a strict weak ordering on its arguments.

The termdstrict refers to the requirement of an irreflexive relation (!comp(x, x) for all x), and the term
weak to vequirements that are not as strong as those for a total ordering, but stronger than those forfa
partial.ordering. If we define equiv(a, b) as !'comp(a, b) && !'comp(b, a), then the requiremenits
afe~-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 General utilities library [utilities]

8.1 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.

Table 4 — Ceneral utilities library SWmmary
] Subclause Header(s)
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>

8|2 Utility components [utility]
1 This subclause contains some basic function and class templates that are-used throughout the rest of the
library.

Header <experimental/ranges/utility> synopsis

2 The header <experimental/ranges/utility> defines several {ypes, function templates, and concepts thpt
ate described in this Clause. It also defines the templates tagged and tagged_pair and various functign
tgmplates that operate on tagged_pair objects.

namespace std { namespace experimental { namespa€e ranges { inline namespace vl {
// 8.2.1, swap:
namespace {
constexpr unspecified swap = unspectfied ;

}

// 8.2.2, exchange:
template <MoveConstructible T, class U=T>
requires Assignable<T&, U>
constexpr T exchange(T& objy" U&& new_val) noexcept(see below);

// 8.5.2, struct with named accessors
template <class T>
concept bool TagSpecifier = see below;

template <class F>
concept bool TaggedType = see below;

template <class Base, TagSpecifier... Tags>
réquires sizeof...(Tags) <= tuple_size<Base>::value
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);
311}

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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template <size_t N, class Base, class... Tags>
struct tuple_element<N, experimental::ranges::tagged<Base, Tags...>>;
}
8.2.1 swap [utility.swap]

I The name swap denotes a customization point object (6.3.5.1). The effect of the expression ranges: : swap (E1,
E2) for some expressions E1 and E2 is equivalent to:

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

template <class T>

void swap(T&, T&) = delete;

template <class T, size_t N>

void swap(T(&) [N], T(&)[N]) = delete;

and does not include a declaration of ranges: :swap. If the function selected by overload resolutidn
does not exchange the values referenced by E1 and E2, the program is ill-formed with no diagnostic
required.

(1.2)  |— Otherwise, (void)swap_ranges(El, E2) if E1 and E2 are lvalues of array types (ISO/IEC 14842:
2014 §3.9.2) of equal extent and ranges::swap(*(E1), *(E2)) is a valid expression, except thht
noexcept (ranges: :swap(E1, E2)) is equal to noexcept (ranges: :swap(*(E1), *(E2))).

(1.3) — Otherwise, if E1 and E2 are lvalues of the same type T which meéts the syntactic requirements pf
MoveConstructible<T> and Assignable<T&, T>, exchanges thezeferenced values. ranges: :swap (H1,
E2) is a constant expression if the constructor selected by overload resolution for T{std: :move(E1D}
is a constexpr constructor and the expression E1 = std;<move(E2) can appear in a constexpr furc-
tion. noexcept(ranges::swap(El, E2)) is equal to is ‘nothrow_move_constructible<T>::valije
&& is_nothrow_move_assignable<T>::value. If ejither MoveConstructible or Assignable is npt
satisfied, the program is ill-formed with no diagnostic required.

(14)  |— Otherwise, ranges: :swap(E1, E2) is ill-formed:

2 Remark: Whenever ranges: :swap(E1, E2) is a galid expression, it exchanges the values referenced by E1
and E2 and has type void.

[
—_—

8(2.2 exchange [utility.exchang

tqmplate <MoveConstructible T, class) U=T>
requires Assignable<T&, U>
cqnstexpr T exchange(T& obj, U&& new_val) noexcept(see below);

1 Effects: Equivalent_to:

T old_val = std}:move(obj);
obj = std: {forward<U>(new_val);
return old_val;

Remarks: The expression in noexcept is equivalent to:

is _nothrow_move_constructible<T>::value &&
is_nothrow_assignable<T&, U>::value

8.3 Function objects [function.objects]
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
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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;

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

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

template <> struct equal_to<void>;
template <> struct not_equal_to<void>;
template <> struct greater<void>;
template <> struct less<void>;

template <> struct greater_equal<void>;
template <> struct less_equal<void>;

// 8.3.3, identity:
struct identity;

1
8/3.1 Function template invoke [func.invok
tqmplate <class F, class... Args>

rgsult_of _t<F&&(Args&&...)> invoke (F&&\f5 Args&&... args);

Effects: Equivalent to:

return INVOKE (std::forward<F>(f), std::forward<Args>(args)...); (ISO/IEC 14882:2014
20.9.2).
813.2 Comparisons [comparison

The library providesbasit function object classes for all of the comparison operators in the language (ISO/IE
14882:2014 §5.9, ISO/TEC 14882:2014 §5.10).

Iy this section;<BUILTIN_PTR_CMP (T, op, U) for types T and U and where op is an equality (ISO/IH
14882:2014¢85.10) or relational operator (ISO/IEC 14882:2014 §5.9) is a boolean constant expressid
BYILTIN<PTR_CMP (T, op, U) is true if and only if op in the expression declval<T>() op declval<U>
rgsolyes\to a built-in operator comparing pointers.

§

C

C

Thete is an implementation-defined strict total ordering over all pointer values of a given type. This tot

o

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);
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(11.1)

(11.2)
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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&)

tgmplate <class T = void>

st

tgmplate <class T = void>

st

tgmplate <class T = void>

st

tgmplate <> struct equal_to<void> {

P
TUCt gIreater U

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

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

requires StrictTotallyOrdered<T> || Same<T, void> || BUILTIN_PTR_CMP (const T&,.<, const T&)
ruct less {
constexpr bool operator() (const T& x, const T& y) const;

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

requires StrictTotallyOrdered<T> || Same<T, void> || BUILTIN_PTR_CMP (const T&, <, const T&)
ruct greater_equal {
constexpr bool operator() (const T& x, const T& y) comsdh;

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

requires StrictTotallyOrdered<T> || Sameé<T, void> || BUILTIN_PTR_CMP (const T&, <, const T&)
ruct less_equal {
constexpr bool operator() (const (T&'x, const T& y) const;

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

template <class (I'5y'class U>
requires EqualityComparableWith<T, U> || BUILTIN PTR_CMP(T, ==, U)
constexpr boel operator() (T&& t, U&& u) const;

typedef unspecified 1is_transparent;

Reawmires—tHthe-oxpression-estdiiforward<Ta(t) == otd. - foruardcIS(u) racultein o call tog o buiddin
GUAFCS Press S Ho¥XWaras<+ ST Ho¥Xarea Y- S S

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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12

13

14

15

(15.1)

(15.2)

16

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;

typedef unspecified is_transparent;

}}

operator () has effects equivalent to:

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

tgmplate <> struct greater<void> {
template <class T, class U>

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

typedef unspecified is_transparent;

operator () has effects equivalent to:

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

template <class T, class U>

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

typedef unspecified is_transparent;

EU) shall be true.
Effects:

tgmplate <>_struct greater_equal<void> {
template<class T, class U>

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

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

requires StrictTotallyOrderedWith<T, U> || BUILTIN_PIRNCMP (T, <, U)

Requires: If the expression std: :forward<T>(t) < std::forward<U>(u) results in a call to a built-in
operator < comparing pointers of typ€)P, the conversion sequences from both T and U to P sh
be equality-preserving (7.1.1). Forlany expressions ET and EU such that decltype ((ET)) is T and
decltype((EU)) is U, exactly one-6f less<>{}(ET, EU), less<>{}(EU, ET) or equal_to<>{}(HT,

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

— Otherwi$eyéquivalent to: return std::forward<T>(t) < std::forward<U>(u);

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

11

1
1

typedef unspecified is_transparent;

1

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>

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

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

© ISO/IEC 2017 - All rights reserved
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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—Tib—operaterO(Tié—t)—const—noexcepts
i El

typedef unspecified 1is_transparent;

operator () returns std::forward<T>(t).

8|4 Metaprogramming and type traits [meta]

8]4.1 Header <experimental/ranges/type_traits> synopsis [meta.type.synop]

namespace std { namespace experimental { namespace ranges { inline namegpaee vi {
// 8.4.2, type properties:
template <class T, class U> struct is_swappable_with;
template <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_x
= is_swappable<T>: :value;

template <class T, class U> constexpr bool“is_nothrow_swappable_with_v
= is_nothrow_swappable_with<T, U>::value;

template <class T> constexpr bool is_nothrow_swappable_v
= is_nothrow_swappable<T>::value;

// 8.4.3, other transformations:

template <class... T> struct, common_type;

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

template <class...(T> «struct common_reference;

template <clas§e.". T>
using common) type_t = typename common_type<T...>::type;
template <e¢lass... 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 ot 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

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

Well-formed wien treated
as an unevaluated operand
(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 clags
template specializations
and function t€mplate
specializations, the
generationtof
implicitly*defined
functions, and so on. Such
side effects are not in the
fimmediate context” and
can result in the program
being ill-formed. — end
note|

template <class T>
struct 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>
struct 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
14882:2014 §5.3.7).

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

teémplate <class T>

For a referenceable type T,

T shall be a complete type,

struct is_nothrow_swappable;

the same result as
is_nothrow_swappable_
with_v<T&, T&>,
otherwise false.

(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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(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 trait 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

dCDil Ud cuuuug t}lU tclup}atc alguulcutb. Cll/d ILUtC]
Lemplate <class T, class U, The primary template shall have no member typedef typq. A
Lemplate <class> class TQual, program may specialize this trait if at least one template
Lemplate <class> class UQual> parameter in the specialization depends on a user-defined flype.
Etruct basic_common_reference; In such a specialization, a member typedef type may be

defined or omitted. If it is omitted, there shall*be no mempber
type. [ Note: Such specializations may be‘used to influence the
result of common_reference. — end note]

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

struct common_reference; specified below. If it is omitted,dhere shall be no member,
type. Each type in the parameter pack T shall be complete or
(possibly cv) void.

L¢t CREF(A) be add_lvalue_reference_t<const remove_reference_t<A>>. Let UNCVREF (A) be remove] -
cy_t<remove_reference_t<A>>. Let XREF(A) denote a unary template T such that T<UNCVREF (A) > denotps
tle same type as A. Let COPYCV(FROM, TO) be an alias for type‘TO with the addition of FROM’s top-level ¢v-
qialifiers. [ Ezample: COPYCV(const int, volatile shoxzt))is an alias for const volatile short. — efd
egample] Let RREF_RES(Z) be remove_reference_t<Z>&&,if Z is a reference type or Z otherwise. Let COND| -
RES(X, Y) be decltype(declval<bool>() 7 declval<X(&) O>(O( : declval<Y(&) (>0 (). Giv¢n
tyfpes A and B, let X be remove_reference_t<A>, let\Y be remove_reference_t<B>, and let COMMON_REF (A,
B) be:

— If A and B are both lvalue reference types{ GOMMON_REF (A, B) is COND_RES(COPYCV(X, Y) &, COPYCV(Y,
X) &).

— Otherwise, let C be RREF_RES (¢OMMON_REF (X&, Y&)). If A and B are both rvalue reference types, and
C is well-formed, and is_convertible<A, C>::value and is_convertible<B, C>::value are trye,
then COMMON_REF (A, B) is C.

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

— Otherwise, if A iS“an lvalue reference and B is an rvalue reference, then COMMON_REF (A, B) is COMMON| -
REF (B, A).

— Otherwisé,2COMMON_REF (A, B) is decay_t<COND_RES (CREF (A), CREF(B))>.
Iffany of thétypes computed above are ill-formed, then COMMON_REF (A, B) is ill-formed.

Npte AwFor the common_type trait applied to a parameter pack T of types, the member type shall be either
d¢finéd or not present as follows:

I cizoof (T 3¢ Zzor thora chall ba no ooy +ynn
H—5FEO 0T FeFO— e SHorr—e-Ho-—HeHDer g

— 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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(2.3.1.3)

(2.3.2)

(2.3.3)

(2.4)

(2.4.1)

(2.4.2)

(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...>.

N
§1
dd
af
SH
fq
T
c

F
dd

N|
§1
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Si

O+l 3 +1 baoll L N 4
O ICTWISCT tIrCT CosTrar ot o eI CI— Ty PeT

bte B: Notwithstanding the provisions of ISO/TEC 14882:2014 §20.10.2, and pursuant to ISO/IEC 14882:20]4
7.6.4.2.1, a program may specialize common_type<T1, T2> for types T1 and T2 such that iscsame<T]t,
bcay_t<T1>>::value and is_same<T2, decay_t<T2>>::value are each true. [ Note: Such spéeializatiohs
e needed when only explicit conversions are desired between the template arguments. — end pote] Such|a
ecialization need not have a member named type, but if it does, that member shall bé\a’ typedef-name
r an accessible and unambiguous cv-unqualified non-reference type C to which each-of the types T1 and

is explicitly convertible. Moreover, common_type_t<T1, T2> shall denote the same type, if any, as dops
mmon_type_t<T2, T1>. No diagnostic is required for a violation of this Note’s fules.

r the common_reference trait applied to a parameter pack T of types, the\nfernber type shall be eithpr

fined or not 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 T1.

— Otherwise, if sizeof...(T) is two, let T1 and T2 denqgte the 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 referenfe
type then the member typedef type denotes.that type.

— Otherwise, if basic_common_reference<UNCVREF(T1), UNCVREF(T2), XREF(T1), XREF(T2)>::
type is well-formed, then the member ¢ypedef type denotes that type.

— Otherwise, if COND_RES(T1, T2) is.well-formed, then the member typedef type denotes that type.

— Otherwise, if common_type_t<T1, T2> is well-formed, then the member typedef type denotps
that type.

— Otherwise, there shall be 110 member type.

— Otherwise, if sizeof...(T)'is greater than two, let T1, T2, and Rest, respectively, denote the firgt,
second, and (pack of) remaining types comprising T. Let C be the type common_reference_t<T1, T2>.
Then:

— If there isstch a type C, the member typedef type shall denote the same type, if any, hs
common_réference_t<C, Rest...>.

— Othérwise, there shall be no member type.

ptwithstafiding the provisions of ISO/IEC 14882:2014 §20.10.2, and pursuant to ISO/TEC 14882:20]4
7.6.4.251va program may specialize basic_common_reference<T, U, TQual, UQual> for types T and|U
ch that is_same<T, decay_t<T>>::value and is_same<U, decay_t<U>>::value are each true. [ Nofe:
1ch-specializations are needed when only explicit conversions are desired between the template arguments.

end note| dSuch a speclalization need not have a member named type, but 1I 1t 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_-

: LQ = AN h . L 3 Q- o\
p 11 {0.0.3) allll " Laggeu_Luplc \O.().U}.

2 Iy the class synopsis below, let i be in the range [0,sizeof...(Tags)) and T} be the i*" type in Tags, whefe
infdexing is zero-based.

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

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

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

template <class Base, TagSpecifier... Tags>
requires sizeof...(Tags) <= tuple_size<Base>::value
struct 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&) = default}
tagged (Base&&) noexcept(see below)
requires MoveConstructible<Base>,
tagged(const Base&) noexcept(see below)
requires CopyConstructible<Base>;
template <class Other>
requires Constructible<Base, Other>
constexpr tagged(tagged<Other, Tags...> &&that) noexcept(see below);
template <class Other>
requires Constructible<Base, const Other&>
constexpr tagged(const tagged<Other, Tags...> &that);
template <class_Other>
requires_ Assignable<Base&, Other>
constexprybagged& operator=(tagged<Other, Tags...>&& that) noexcept(see below);
template. <class Other>
reqQuires Assignable<Base&, const Other&>
consbexpr tagged& operator=(const tagged<Other, Tags...>& that);
template <class U>
requires Assignable<Base&, U> && !Same<decay_t<U>, tagged>

e e 3.0 e L1100, AY el A | AY
CoOnStTeXpr—taggean—operator=Tod—a/ noeXcepTTSee—oeTow 7

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

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

};
j3gs

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
ElementName

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)); }
};

Al tag specifier is a type that facilitates a mapping from a tuple-like type and an element index into a tagggd
gdtter that gives named access to the element at that index. TagSpecifier<T> is satisfied if and. only[if
Tlis a tag specifier. The tag specifiers in the Tags parameter pack shall be unique. [ Note: Themapping
mlechanism from tag specifier to tagged getter is unspecified. — end note |

L¢t TAGGET (D, T, N) name a tagged getter type that gives named access to the N-th element of the
typle-like type D.

It} shall not be possible to delete an instance of class template tagged through a poiniter to any base othpr
tHan Base.

TaggedType<F> is satisfied if and only if F is a unary function type with return type T which satisfips
T3gSpecifier<T>. Let TAGSPEC (F) name the tag specifier of the TaggedType)F, and let TAGELEM (F) name
tle argument type of the TaggedType F.

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

Effects: Initializes Base with std: :move(that).
Remarks: The expression in the noexcept is equivalent to:

is_nothrow_move_constructible<Base>::value

tdgged(const Base& that) noexcept(see below)
requires CopyConstructible<Base>;
Effects: Initializes Base with thas:
Remarks: The expression in the noexcept is equivalent to:

is_nothrow_copy_constructible<Base>: :value

tgmplate <class Othefr>

requires Constructible<Base, Other>

cqnstexpr tagged(tagged<Other, Tags...> &&that) noexcept(see below);
EffectsInitializes Base with static_cast<Other&&>(that).
Remarks: The expression in the noexcept is equivalent to:

is_nothrow_constructible<Base, Other>::value

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

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

template <class Other>
requires Assignable<Base&, Other>
constexpr tagged& operator=(tagged<Other, Tags...>&& that) noexcept(see below);
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Effects: Assigns static_cast<Other&&>(that) to static_cast<Base&> (*this).
Returns: *this.
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);

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

Returns: *this.

tgmplate <class U>

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

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

Effects: Assigns std: :forward<U>(u) to static_cast<Base&>(*this).
Returns: *this.

Remarks: The expression in the noexcept is equivalent to:

is_nothrow_assignable<Base&, U>::value

cqnstexpr void swap(tagged& rhs) noexcept(see below)
requires Swappable<Base>;

Effects: Calls swap on the result of applying stati€c_cast to *this and that.
Throws: Nothing unless the call to swap on the Base sub-objects throws.

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

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

fyiend constexpr void swap(tagged&.lhs, tagged& rhs) noexcept(see below)
requires Swappable<Base>;

Effects: Equivalent to1hs. swap(rhs).

Remarks: The expression in the noexcept is equivalent to:

noexcept (lbs.swap (rhs))

8(5.3 Tuple-like access to tagged [tagged.astupl

ngmespace.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:

// See 11.2:

tagged_pair<tag::min(int), tag::max(int)> p{0, 1};
assert(&p.min() == &p.first);

assert(&p.max() == &p.second);

—~+ end example]
5.4.1 Tagged pair creation functions [tagged.pairs.creation]

8
/A defined in header <experimental/ranges/utility>

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

131}
1 Let P be the type of make_pair(std::forward<T1>(x) ,std: :forward<T2>(y)). Then the retufn
type 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:wmax(double)>(5, 3.1415926); // explicit types
a C++ program may contain:
return make_tagged_pair<tag::mih;“tag::max>(5, 3.1415926); // types are deduced
— end example ]
8/5.5 Alias template tagged. tuple [tagged.tuplg]

1 Header <experimental/ranges/tuple> synopsis

namespace std { namespace/experimental { namespace ranges { inline namespace vi {
template <TaggedType... Types>
using tagged_tuplée/= tagged<tuple<TAGELEM (Types)...>,
TAGSPEC (Types) . ..>;

template(<TagSpecifier... Tags, class... Types>
requires sizeof...(Tags) == sizeof...(Types)
constexpr see below make_tagged_tuple(Types&&... t);
B33

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);

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

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

)

int i; float j;
make_tagged_tuple<tag::inl, tag::in2, tag::out>(1, ref(i), cref(j))

creates a tagged tuple of type

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

— end ezample ]

) Iterators library literators

—_—

1 General [iterators.general]

his Clause describes components that C++ programs may use to-pérform iterations over containers (Claulse
O/IEC 14882:2014 §23), streams (ISO/IEC 14882:2014 §27.7), dnd stream buffers (ISO/IEC 14882:20]4
7.6).

he following subclauses describe iterator requirements, and components for iterator primitives, predefingd
brators, and stream iterators, as summarized in Tahlé€ 7.

e2)

Table 7 — Itefdtors library summary

] Subclause Header(s)

9.3 [Iterator requirements

9.4 Indirect callablerequirements

9.5 Common algorithm requirements

9.6 Iterator primitives <experimental/ranges/iterator>
9.7 Predefinéd jiterators

9.8 Stream.iflerators

2 Header <experimental/ranges/iterator> synopsis [iterator.synopsis]

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

/9.3, iterator requirements:

Q-9 0

e . W e
Jed. 3 CUsStUTItt<WvtuUTy IJUI/ILDO.
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;

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

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

// 9.3.4, Readable:
template <class In>
concept bool Readable = see below;

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

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

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

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

// 9.3.9, Sentinel:
template <class S, class._I>
concept bool Sentinel “=’'see below;

// 9.8.10, SizedSentinel:
template <class.S, class I>
constexpr)bool disable_sized_sentinel = false;

template)<class S, class I>
concept bool SizedSentinel = see below;

7/ 9.58.11, Inputlterator:

——template <C1ass 1”

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:

© ISO/IEC 2017 - All rights reserved

35


https://standardsiso.com/api/?name=f6951394130aae461b3626a9086b5125

ISO/IEC TS 21425:2017(E)

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;

template <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>
using indirect_result_of_t
= typename indirect_result_of<F>::type;

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

template <WeaklyIncrementable \I,) class Proj>
struct difference_type<projected<I, Proj>>;

// 9.5, common algorithmn ‘requirements:

// 9.5.2 IndirectlyMouvable:

template <class In} _class Out>

concept bool IndirectlyMovable = see below;

template <class In, class Out>
concept Bool IndirectlyMovableStorable = see below;

// 9563 IndirectlyCopyable:
témplate <class In, class Out>
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:
// 9.6.1, traits:
template <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>&>;

// 9.6.3, iterator tags:

struct output_iterator_tag { };

struct input_iterator_tag { };

struct forward_iterator_tag : input_iterator_tag { };

struct bidirectional_iterator_tag : forward_iterator_tag { };
struct random_access_iterator_tag : bidirectional_iterator_tag. {\};

// 9.6.4, iterator operations:

namespace {
constexpr unspectified advance = unspecified ;
constexpr unspectified distance = unspecified ;
constexpr unspecified next = unspecified ;
constexpr unspectified prev = unspecified ;

}
// 9.7, predefined iterators and sentinels:

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

template <class Il, class 12>
requires EqualityComparableWith<I1l, I2>
constexpr bool operator==
const reverse_iterator<Ii>& x,
const reverse.iterator<I2>& y);
template <class™l1l4 class I2>
requires EqualityComparableWith<I1, I2>
constexpr)bool operator!=(
constyreverse_iterator<Ii>& x,
cohst'reverse_iterator<I2>& y);
template <class I1, class I2>
requires StrictTotallyOrderedWith<I1l, I2>
constexpr bool operator<(

TONSt IEVErSE_Iteratorkit>&¢ 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:
template <class Container> class back_insert_iterator;
template <class Container>

back_insert_iterator<Container> back_inserter(Container& x);

template <class Container> class front_insert_iterator;
template <class Container>
front_insert_iterator<Container> front_inserter(Containex& x);

template <class Container> class insert_iterator;
template <class Container>
insert_iterator<Container> inserter(Container&, x, iterator_t<Container> i);

// 9.7.3, move iterators and sentinels:
template <Inputlterator I> class move_itexator;
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 EqualityCompaxrableWith<I1l, I2>
constexpr bool operatort=(
const move_iterator<I1>& x, const move_iterator<I2>& y);
template <class Il, class I2>
requires StrictTotallyOrderedWith<I1, I2>
constexpr bool\ eperator<(
const mowve_iterator<I1>& x, const move_iterator<I2>& y);
template <class I1, class I2>
requives StrictTotallyOrderedWith<I1l, I2>
constexpr bool operator<=(
const move_iterator<I1>& x, const move_iterator<I2>& y);
témplate <class I1, class I2>
requires StrictTotallyOrderedWith<I1, I2>
L.OIlb'BEKpI DOOL Opel'alOrl’ ~\
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);
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>& 8y

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

// 9.7.4, common iterators:

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

class common_iterator;

template <Readable I, class S>
struct value_type<common_iterator<I, S>>;

template <Inputlterator Ij-class S>
struct iterator_category<common_iterator<I, S>>;

template <Forwardlterator I, class S>
struct iterator‘category<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>
réquires EqualityComparableWith<I1, I2>
bool operator==

TONSt COMMON_1teratorIt, —ST>¢ X, CONSt COMMON_1teratori2;, S2>¢ ¥
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!=(
default_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<Il1>& x, const countedsiterator<I2>& 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 difference_type_t<IZ2>\operator-(
const counted_iterator<I1>& x, const counted_iterator<I2>& y);
template <class I>
constexpr difference_typelt<I> operator-(
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);
template <RandomAccessIterator I>
constexpr)counted_iterator<I>
operator+(difference_type_t<I> n, const counted_iterator<I>& x);
template)<Iterator I>
constexpr counted_iterator<I> make_counted_iterator(I i, difference_type_t<I> n);

7/ 9.7.8, unreachable sentinels:
Class UIlr Ed(,IldDJ_e,
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);
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);

template <class T, class charT = char, class traits = char_trait§<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,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_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 charT, class traits>
bool operator!s(const istreambuf_iterator<charT, traits>& a,
defatlt_sentinel b);

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

313}

namespace std {

902 iteratoT 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

tvpe—eatled—the—differ o fomo of +hn oot
P SrHea—He—at 1T HPE HeFratoF-

%y
ECrERte—TYyp T—ott

Since iterators are an abstraction of pointers, their semantics are a generalization of most of the semantics jof
peinters in C++. This ensures that every function template that takes iterators works as well with\regulpr
pointers. This document defines five categories of iterators, according to the operations definéd on them:
iput iterators, output iterators, forward iterators, bidirectional iterators and random acces$ literators, fs
sfown in Table 8.

Table 8 — Relations among iterator categories

Random Access — Bidirectional — Forward — Input
—s\Output

The five categories of iterators correspond to the iterator concepts InputIterator, OutputIterator, Forward-
Iterator, Bidirectionallterator, and RandomAccessIteratorfrespectively. The generic term iteratpr
rdfers to any type that satisfies Iterator.

Forward iterators satisfy all the requirements of input iteratorssand can be used whenever an input iterator |[is
specified; Bidirectional iterators also satisfy all the requirements of forward iterators and can be used whenever
a[forward iterator is specified; Random access iterator&also satisfy all the requirements of bidirectionial
itprators and can be used whenever a bidirectional itérator is specified.

Itprators that further satisfy the requirements of output iterators are called mutable iterators. Nonmutalfle
itprators are referred to as constant iterators.

Juist as a regular pointer to an array guarantees that there is a pointer value pointing past the last element fof
tHe array, so for any iterator type there is@n iterator value that points past the last element of a corresponding
sqquence. These values are called pa§t-the-end values. Values of an iterator i for which the expression *i [is
d¢fined are called dereferenceable. ‘The library never assumes that past-the-end values are dereferenceable.
Itprators can also have singuldr-values that are not associated with any sequence. [ Ezample: After the
d¢claration of an uninitialized_pointer x (as with int* x;), x must always be assumed to have a singulhr
vilue of a pointer. — end, _example]| Results of most expressions are undefined for singular values; the onlly
exceptions are destroying/an iterator that holds a singular value, the assignment of a non-singular valyie
tq an iterator that holds a singular value, and using a value-initialized iterator as the source of a copy pr
mlove operation. {Note: This guarantee is not offered for default initialization, although the distinction onfly
mlatters for types-with trivial default constructors such as pointers or aggregates holding pointers. — enpd
ndte | In these'\Cases the singular value is overwritten the same way as any other value. Dereferenceable valus
ae always-non-singular.

Mostrofthe library’s algorithmic templates that operate on data structures have interfaces that use ranggs.
Alranige is an iterator and a sentinel that designate the beginning and end of the computation, or an iteratpr
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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(1.1)

(1.2)
(1.2.1)
(1.2.2)

(1.3)

(1.1)

(1.2)

(1.3)

(1.4)

A
st

counted range [i,n) is empty if n == 0; otherwise, [i,n) refers to the n elements in the data structure
arting 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).

D

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

A

9
9

T
fo

?) for some subexpressions E1 and E2 is expression-equivalent to the following:

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

3.2 Customization points [iterator.custpeintg]
3.2.1 iter_move [iterator.custpoints:iter__move]
he name iter_move denotes a customization point object (6.3.5.1). The expression rangesy 'ter_move (E)

r some subexpression E is expression-equivalent to the following:

— static_cast<decltype(iter_move(E))>(iter_move(E)), if that expression is\well-formed when evhl-
uated in a context that does not include ranges: :iter_move but does include the lookup set produc¢d
by argument-dependent lookup (ISO/IEC 14882:2014 §3.4.2).

— Otherwise, if the expression *E is well-formed:

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

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

ranges: :iter_move(E) does not equal *E, the program is.ill-formed with no diagnostic required.

3.2.2 iter_swap [iterator.custpoints.iter__swap]

he name iter_swap denotes a customization point object (6.3.5.1). The expression ranges: :iter_swap (B,

— (void)iter_swap(E1l, E2), if that expréssion is well-formed when evaluated in a context that dops
not include ranges: :iter_swap but dees include the lookup set produced by argument-dependent
lookup (ISO/IEC 14882:2014 §3.4.2)cand the following declaration:

void iter_swap(auto, auto) (=)delete;

— Otherwise, if the types of Elvand E2 both satisfy Readable, and if the reference type of E1 is swappalle
with (7.3.11) the reference type of E2, then ranges: :swap(*E1, *E2)

— Otherwise, if the types T1 and T2 of E1 and E2 satisfy IndirectlyMovableStorable<T1, T2> &&
IndirectlyMovdbleStorable<T2, T1>, (void) (*E1 = iter_exchange_move(E2, E1)), except that
El is evaluated-only once.

— Otherwisé)ranges: :iter_swap(E1l, E2) is ill-formed.

ranges:iter_swap(E1l, E2) does not swap the values denoted by the expressions E1 and E2, the program
ill-formed 'with no diagnostic required.

er’exchange_move is an exposition-only function specified as:

tempLate <Class A, Class Y~

constexpr value_type_t<remove_reference_t<X>> iter_exchange_move (X&& x, Y&& y)
noexcept (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&>()))

1 T¢ implement algorithms only in terms of iterators, it is often necessary to determine the value @nd’ differen
tylpes that correspond to a particular iterator type. Accordingly, it is required that if WI is the wame of a type
tHat satisfies the WeaklyIncrementable concept (9.3.6), R is the name of a type that satisfies the Readable
cdueept (9.3.4), and IT is the name of a type that satisfies the InputIterator concept-<(9.3.11) concept, t

tyjpes

difference_type_t<WI>
value_type_t<R>
iterator_category_t<II>

b defined as the iterator’s difference type, value type and iterator category, respectively.

fference_type_t<T> is implemented as if:

template <class> struct difference_type { };

template <class T>
struct difference_type<T*>
: enable_if<is_object<T>::value, ptrdiff t> { };

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

template <class T>
requires requires { typename T::difference_type; }
struct difference_type<T>){
using type = typename/T::difference_type;
};

template <class”T>
requires A requires { typename T::difference_type; } &&
requixrés(const T& a, const T& b) { { a - b } -> Integral; }
struct{difference_type<T>
: make_signed< decltype(declval<T>() - declval<T>()) > {
34

9{3.3 Iterator associated types [iterator.assoc.type

b
913.3.1 difference_type literator.assoc.types.difference__typ
d

tomplate—<class—T>—usingdifforence—typet
= 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> { };

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

{3}

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

If|a type I has an associated value type, then value_type<I>::type §hall name the value type. Otherwi
tHere shall be no nested type type.
The value_type class template may be specialized on user-defined types.

When instantiated with a type I such that I::value_type iswalid and denotes a type, value_type<I>: :tyj
names that type, unless it is not an object type (ISO/IEC 14882:2014 §3.9) in which case value_type<
sHall have no nested type type. [ Note: Some legacy output iterators define a nested type named value_tyj
tHat is an alias for void. These types are not Readable and have no associated value types. — end note

type names the type remove_cv_t<I::elemeht_type>, unless it is not an object type (ISO/IEC 14882:20

ptr<int> are Readable and have an assotiated value type. But a smart pointer like shared_ptr<void>
ndt Readable and has no associated\vdlue type. — end note|

913.3.3 iterator_category [iterator.assoc.types.iterator__categor
iterator_category_t<T> {S implemented as if:

template <class> struct iterator_category { };

template <class”T>

struct iterator_category<T*>
: enable ‘if<is_object<T>::value, random_access_iterator_tag> {3}

template <class T>
struct iterator_category<T const> : iterator_category<T> { };

When instantiated with a type I such that I::element_type is valid and denotes a type, value_type<I>|: :

§3.9) in which case value_type<I> shall have no nested type type. [ Note: Smart pointers like shared]

r>

14

is

te-mp"’*“ Lelass—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

computed as follows:

is
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(3.3)

(3.4)

(3.5)

(3.6)

t

(2.1)
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— If T::iterator_category is the same as or derives from std::random_access_iterator_tag, iter-
ator_category<T>: :type is ranges: :random_access_iterator_tag.

— Otherwise, if T: :iterator_category is the same as or derives from std: :bidirectional_iterator_-
tag, iterator_category<T>::type is ranges::bidirectional_iterator_tag.

— Otherwise, if T::iterator_category is the same as or derives from std::forward_iterator_tag,
iterator_category<T>::type is ranges::forward_iterator_tag.

— Otherwise, if T::iterator_category is the same as or derives from std::input_iterator_tag,
iterator_category<T>::type is ranges::input_iterator_tag.

— Otherwise, if T::iterator category is the same as or derives from std::output iterator tag,

Iy

ST

iterator_category<T> has no nested type.
— Otherwise, iterator_category<T>::type is T::iterator_category

ralue_reference_t<T> is implemented as if:

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

The expression in the requires clause is equivalent to:

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

[
—_—

3.4 Concept Readable [iterators.readabl

he Readable concept is satisfied by types that are readable by applying operator* including pointets,
hart pointers, and iterators.

template <class In>
concept bool Readable =
requires {
typename value_type_t<In>;
typename reference_t<In>;
typename rvalue_reference_t<In>;
} &k
CommonReference<reference_t<In>&&,,value_type_t<In>&> &&
CommonReference<reference_t<In>&&, rvalue_reference_t<In>&&> &&
CommonReference<rvalue_reference t<In>&&, const value_type_t<In>&>;

[
—_—

3.5 Concept Writable [iterators.writabl
he Writable concept specifies)the requirements for writing a value into an iterator’s referenced object.

template <class Out, class T>
concept bool Writable =
requires (Out&én o4 T&& t) {
*0 = stdesforward<T>(t); // not required to be equality preserving
*std: [ forward<Out>(o) = std::forward<T>(t); // not required to be equality preserving
constycast<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)) =
std: :forward<T>(t); // nmot required to be equality preserving

};

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

Writable<Out, T> is satisfied only if

— If Readable<0Qut> && Same<value_type_t<0Out>, decay_t<T>> is satisfied, then *o after any above
assignment is equal to the value of E before the assignment.

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

It

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).

[ Note: The only valid use of an operator* is on the left side of the assignment statement. Assignment
through the same value of the writable type happens only once. — end note]

46
© ISO/IEC 2017 - All rights reserved


https://standardsiso.com/api/?name=f6951394130aae461b3626a9086b5125

(2.1)

(2.1)

(2.2)

9.3.6 Concept WeaklyIncrementable

[iterators.weaklyincrementable]

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++; // not required to be equality preserving

};

bt 1 be an object of type I. When i is in the domain of both pre- and post-increment, ifis-said to |
crementable. WeaklyIncrementable<I> is satisfied only if

— The expressions ++i and i++ have the same domain.
— If i is incrementable, then both ++i and i++ advance i to the next element,
— If i is incrementable, then &++1i is equal to &i.

Note: For WeaklyIncrementable types, a equals b does not imply that f+a'equals ++b. (Equality do
t guarantee the substitution property or referential transparency.) AldeTithms on weakly incrementah
pes should never attempt to pass through the same incrementable %alue twice. They should be sing
ss algorithms. These algorithms can be used with istreams as the source of the input data through t]
tream_iterator class template. — end note|

3.7 Concept Incrementable [iterators.incrementabl

he Incrementable concept specifies requirements on types that can be incremented with the pre- ai

quired to be EqualityComparable. [ Note: This réguirement supersedes the annotations on the increme
pressions in the definition of WeaklyIncrement@ble. — end note|

template <class I>
concept bool Incrementable =
Regular<I> &&
WeaklyIncrementable<I> &&
requires(I i) {
{ i++ } -> Same<I>&&;
I

bt a and b be incremeritable objects of type I. Incrementable<I> is satisfied only if
— If bool(a ==/b)then bool(a++ == b).
— If bool(a~==/)b) then bool((a++, a) == ++b).

Vote: The réguirement that a equals b implies ++a equals ++b (which is not true for weakly incrementah
pes) allows/the use of multi-pass one-directional algorithms with types that satisfy Incrementable. —e
te]

st-increment operators. The increment operations are‘required to be equality-preserving, and the typeli

&
le
le
he

le

9

3.8 Concept Iterator [iterators.iterato

3

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. Most
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
} ok
WeaklyIncrementable<I>;
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(2.2)

3 [Note: disable_gized_sentinel provides a mechanism to enable use of sentinels and iterators with the

ISO/IEC TS 21425:2017(E)

[ Note: The requirement that the result of dereferencing the iterator is deducible from auto&& means that it
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 satisfy
Sentinel<S, I> only if:

— i == s is well-defined.

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

The domain of == can change over time. Given an iterator i and sentinel s such that [i,s) denotes a range

apd i !'= s, [i,s) is not required to continue to denote a range after incrementing any iterator equal to|i.
Cpnsequently, i == s is no longer required to be well-defined.
9/3.10 Concept SizedSentinel [iterators.sizedsentingl]

The SizedSentinel concept specifies requirements on an Iterator and a Sentinel that allow the use pf
tHe - operator to compute the distance between them in constanf time.

template <class S, class I>

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

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

{1i- s} —-> Same<difference_type_t<I>>&&;

};

Let 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
smallest number of applications™of ++i necessary to make bool(i == s) be true. SizedSentinel<sS,
I> is satisfied only if:

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

library that meet\the syntactic requirements but do not in fact satisfy SizedSentinel. A program thpt
instantiates atgibrary template that requires SizedSentinel with an iterator type I and sentinel type S thht
mleet the synpactic requirements of SizedSentinel<S, I> but do not satisfy SizedSentinel is ill-forméd
with ne_didgnostic required unless disable_sized_sentinel<S, I> evaluates to true (6.2.1.3). —end
note]

[ Note: The SizedSentinel r’nnr’pl’\‘r is satisfied by, I\Qirq of RandomlAccessIterators (Q 3.15) and by countédd

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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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—boot—tutputiterator
Iterator<I> &&
Writable<I, T> &&
requires(I i, T&& t) {
*i++ = std::forward<T>(t); // not required to be equality preserving

};

L¢t E be an expression such that decltype((E)) is T, and let i be a dereferenceable ‘6bject of type|I.
OhtputIterator<I, T> is satisfied only if *i++ = E; has effects equivalent to:
*i = E;

++1i;

[ Note: Algorithms on output iterators should never attempt to pass thretigh the same iterator twice. They
slfould be single pass algorithms. Algorithms that take output iterators can be used with ostreams as the
d¢stination for placing data through the ostream_iterator class a5 well as with insert iterators and insdrt
inters. — end note|

3.13 Concept ForwardIterator [iterators.forwardl]

b

9

The ForwardIterator concept refines InputIterator (9:3:11), adding equality comparison and the mulpi-
pgss guarantee, specified below.

template <class I>
concept bool ForwardIterator =
InputIterator<I> &&
DerivedFrom<iterator_category_t<I>, “forward_iterator_tag> &&
Incrementable<I> &&
Sentinel<I, I>;

The domain of == for forwardterators is that of iterators over the same underlying sequence. Howev¢r
v4lue-initialized iterators of the same type may be compared and shall compare equal to other value-initializ¢d
itprators of the same type. [Note: Value-initialized iterators behave as if they refer past the end of the sarhe
elnpty sequence. — end\note |

Ppinters and references obtained from a forward iterator into a range [i,s) shall remain valid while [i,§)
cgntinues to dendte)a range.

Two dereferengeable iterators a and b of type X offer the multi-pass guarantee if:
— a ==\bimplies ++a == ++b and

—ATHe expression ([] (X x){++x;}(a), *a) is equivalent to the expression *a.

[ Noté: 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).
913.15 Concept RandomAccessIterator [iterators.random.accesp]

1 The RandomAccessIterator concept refines BidirectionalIterator (9.3.14) and add$-support for constait-
tilne advancement with +=, +, -=, and -, and the computation of distance in constant time with -. Random
adcess iterators also support array notation via subscripting.

template <class I>
concept bool RandomAccessIterator =
Bidirectionallterator<I> &&
DerivedFrom<iterator_category_t<I>, random_access_iterator (fag> &&
StrictTotallyOrdered<I> &&
SizedSentinel<I, I> &&
requires(I i, const I j, const difference_type_t<I> n) {
{i+=n } -> Same<I>&;
{j+n} -> Same<I>&&;
{n+ 3} -> Same<I>&&;

{i-=n} -> Same<I>&;
{j-nl} -> Same<I>&&;
jnl;

requires Same<decltype(j[nl), refeérence_t<I>>;

};

2 Lt a and b be valid iterators of type such that b is reachable from a. Let n be the smallest value pf
tyipe difference_type_t<I> such’that after n applications of ++a, then bool(a == b). RandomAcces[s-
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 equahto (a += n).

(2.4) — For any two\positive integers x and y, if a + (x + y) is valid, then a + (x + y) is equal to (a + k)

+ y.

(2.5) — a +°0\is equal to a.

(2.6) — Af\(a + (n - 1)) is valid, then a + nis equal to ++(a + (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]

1 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 IndirectRegularUnaryInvocable =
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>&&)>>;

template <class F, class I>

concept bool IndirectUnaryPredicate =
Readable<I> &&
CopyConstructible<F> &&
Predicate<F&, value_type_t<I>&> &&
Predicate<F&, reference_t<I>> &&
Predicate<F&, iter_common_reference_t<I>>;

template <class F, class Il1, class I2 =~IL1>
concept bool IndirectRelation =
Readable<I1> && Readable<I2> &&
CopyConstructible<F> &&
Relation<F&, value_type_t<I1>&, value_type_t<I2>&> &&
Relation<F&, value_type_t<I1>&, reference_t<I2>> &&
Relation<F&, reference_t<I1>, value_type_t<I2>&> &&
Relation<F&, referenece_t<I1>, reference_t<I2>> &&
Relation<F&, iter_common_reference_t<I1>, iter_common_reference_t<I2>>;

template <clasgs."E;“class Il1, class I2 = I1>
concept bool-IndirectStrictWeakOrder =
Readable<I1> && Readable<I2> &&
CopyConstructible<F> &&
StrictWeakOrder<F&, value_type_t<I1>&, value_type_t<I2>&> &&
StrictWeakOrder<F&, value_type_t<I1>&, reference_t<I2>> &&
StrictWeakOrder<F&, reference_t<I1>, value_type_t<I2>&> &&
StrictWeakOrder<F&, reference_t<I1>, reference_t<I2>> &&
— STI1CTWeakUTJderlF¥, 1Ter_COommon_Trelerence_tlll>, 1Ter_COommon_relerence_tllz>o>,

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>&&...)> { };
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9.

ca

4.3 Class template projected [projected]

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

llable 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;

};

[ V)
aQ —

2 [Note: The equal_to<> and less<> (8.3.2) function typés.ised in the concepts below impose additionfl

9
1 The IndirectlyMovable concept specifieg tlie relationship between a Readable type and a Writable type
b

2 T
el

Note: projected is only used to ease constraints specification. Its member function need not“be defined. [—

here are several additional iterator concepts that are commonly applied to families of algorithms. The

Mérgeable, and Sortable. There is one relational concept for domparing values from different sequencgs:
IpdirectlyComparable.

template <WeaklyIncrementable I, class Proj>
struct difference_type<projected<I, Proj>> {
using type = difference_type_t<I>;

}

d note]

5 Common algorithm requirements [commonalgoredq]

5.1 General [commonalgoreq.generd]l]

7
@

oup together iterator requirements of algorithm families. There are threewelational concepts that specify hqw

element values are transferred between Readable and Writable typesiIndirectlyMovable, Indirectlfy-

pyable, and IndirectlySwappable. There are three relational cgncepts for rearrangements: Permutable,

nstraints on their arguments beyond those that appear explicitly in the concepts’ bodies. equal_tog>
quires its arguments satisfy EqualityComparableWith (7.4.3), and less<> requires its arguments satisfy
rictTotallyOrderedWith (7.4.4). — end note]|

18
—_—

5.2 Concept IndirectlyMovable [commonalgoreq.indirectlymovabl

btween which values may be moved.

template <class In, class Out>

concept bool IndirectlyMoyable =
Readable<In> &&
Writable<Out, rvalue_reference_t<In>>;

he IndirectlyMovableStorable concept augments IndirectlyMovable with additional requirementts
abling the transfér-to be performed through an intermediate object of the Readable type’s value type.

template <Class In, class Out>

concept_bool IndirectlyMovableStorable =
IndirectlyMovable<In, Out> &&
Writable<Out, value_type_t<In>> &&
Movable<value_type_t<In>> &&

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

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

9.5.3 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.

template <class In, class Out>
concept 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
also requires the capability to make copies of values.

template <class In, class Out>

concept 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.indirectlyswappabl

1 The IndirectlySwappable concept specifies a swappable relationship between the values referenced by two
Readable types.

template <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))4
};

2 (fiven an object il of type I1 and an object 12 of type I2, IndirectlySwappable<Il, I2> is satisfied|if
affter ranges: :iter_swap(il, i2), the value of *il is equal €9 the value of *i2 before the call, and vice
vdrsa.

9(5.5 Concept IndirectlyComparable [commonalgoreq.indirectlycomparablg]

1 The IndirectlyComparable concept specifies the common requirements of algorithms that compare valups
frpbm two different sequences.

template <class I1, class I2, class R = equal_to<>, class P1 = identity,
class P2 = identity>

concept bool IndirectlyComparable =
IndirectRelation<R, projected<Ii, P1>, projected<I2, P2>>;

W
—_—

9(5.6 Concept Permutable [commonalgoreq.permutabl

1 The Permutable concept spécifies the common requirements of algorithms that reorder elements in place by
mloving or swapping themn

template <class“\I>

concept bool_ Permutable =
ForwardLterator<I> &&
Indirec¢tlyMovableStorable<I, I> &&
Indite¢tlySwappable<I, I>;

915.7\. 'Concept Mergeable [commonalgoreq.mergeablg]

itlaoc +loot w1t

il Bl el Heaifac PEEELIP-CTvN 4 £ o1 X prewaen cortad-cacianaeaciat P
1 TheHergeableconcepispeeiies—hereqtiremento-of-alsortthmsthamerse-sorbed-seqtienees—ifbo-rHottp

sequence by copying elements.

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

concept 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]

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]

r

=

b stmplity the task of defining 1terators, the library provides several classes and runctions:

916.1 Iterator traits [iterator traitf]

For the sake of backwards compatibility, this document specifies the existence of an iterator_tradits alips
tHat collects an iterator’s associated types. It is defined as if:

template <InputIterator I> struct __pointer_type { // exposition only
using type = add_pointer_t<reference_t<I>>;
}
template <InputlIterator I>
requires requires(I i) { { i.operator->() } -> auto&&; }
struct __pointer_type<I> { // egpesition 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_tag;
};
template <InputIterator I> struct __iterateér_traits<I> { // exposition only
using difference_type = difference_type_t<I>;
using value_type = value_type_t<I>j
using reference = reference_t<I>y
using pointer = typename __poinber_type<I>::type;
using iterator_category = iterator_category_t<I>;

};
template <class I>
using iterator_traips‘\=/__iterator_traits<I>;
[ Note: iterator_traits.is an alias template to prevent user code from specializing it. — end note]

FExample: To implément a generic reverse function, a C++ program can do the following:

template <Bidire€ctionallterator I>
void reverse(I first, I last) {
differen¢e_type_t<I> n = distance(first, last);
--n;
while(n > 0) {

value_type_t<I> tmp = *first;

*¥TIiTSt+T = ¥--1ast;

*last = tmp;

n -= 2;

}

}

— end example]
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9.6.2 Standard iterator traits [iterator.stdtraits]

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 = see below;

using iterator_category = std::output_iterator_tag;

};

The nested type value_type is computed as follows:

— If Out::value_type is valid and denotes a type, then std::iterator_traits<But>::value_typeis
Out::value_type.

— Otherwise, std: :iterator_traits<Out>::value_type is void.
The nested type reference is computed as follows:

— If Out::reference is valid and denotes a type, then std::iterator_traits<Qut>::reference |is
Out::reference.

— Otherwise, std::iterator_traits<Out>::reference is void.
The nested type pointer is computed as follows:

— If Out::pointer is valid and denotes a type, then stds:iterator_traits<0Out>::pointer is Out|: :
pointer.

— Otherwise, std: :iterator_traits<Out>::pointer is void.
template <experimental::ranges::Inputlterator In>

struct iterator_traits<In> { };

template <experimental::ranges::InputlIterator 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;

};
}
The nested type reference is computed as follows:

— If In>vreference is valid and denotes a type, then std::iterator_traits<In>::reference [is
In»ireference.

-£~Otherwise, std: :iterator_traits<In>::reference is experimental::ranges: :reference_t<Inp.

The nested type pointer is computed as follows:

— If In::pointer is valid and denotes a type, then std::iterator_traits<In>::pointer is In::
pointer.

— Otherwise, std: :iterator_traits<In>::pointer is experimental::ranges: :iterator_traits<In
>::pointer.
Let type C be experimental::ranges::iterator_category_t<In>. The nested type std::iterator_-
traits<In>::iterator_category is computed as follows:

— 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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— Otherwise, if experimental::ranges: :reference_t<In> is not a reference type, std::iterator_-
traits<In>::iterator_category is std::input_iterator_tag.

— 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.

— 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.

— 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.

— Otherwise, std::iterator traits<In>::iterator category is std::input iterator tag.

[ Note: Some implementations may find it necessary to add additional constraints to these partial specialia-
tipns to prevent them from being considered for types that conform to the iterator requirements specified in
I4O/IEC 14882. — end note ]

—_—

916.3 Standard iterator tags [std.iterator.tagp

It|is often desirable for a function template specialization to find out what is the most specific category of its
itprator argument, so that the function can select the most efficient algorithm at compile’ time. To facilitafe
tHis, the library introduces category tag classes which can be used as compile time tags for algorithm selectign.
[ Note: The preferred way to dispatch to more specialized algorithm implementdlions is with concept-basgd
oyerloading. — end note] The category tags are: input_iterator_tag, output. iterator_tag, forward| -
iterator_tag, bidirectional_iterator_tag and random_access_iterator_tag. For every input iteratpr
of type I, iterator_category_t<I> shall be defined to be the most specific category tag that describes the
itprator’s behavior.

namespace std { namespace experimental { namespace ranges { ‘inline namespace vl {
struct output_iterator_tag { };
struct input_iterator_tag { };
struct forward_iterator_tag : input_iterator_tag {“};
struct bidirectional_iterator_tag : forward_itexator_tag { };
struct random_access_iterator_tag : bidirectional_iterator_tag { };

333

Note: The output_iterator_tag is provided for the sake of backward compatibility. — end note]

Example: For a program-defined iteratoxr/BinaryTreeIterator, it could be included into the bidirectionfal
itprator category by specializing the difference_type, value_type, and iterator_category templates;

template <class T> struct difference_type<BinaryTreelterator<T>> {
using type = ptrdiff_t;
I
template <class T> struct)value_type<BinaryTreeIlterator<T>> {
using type = T;
H
template <class I>) struct iterator_category<BinaryTreelterator<T>> {
using type, s\bidirectional_iterator_tag;

} 3
—~+ end esample ]

9/6:4 " Iterator operations [iterator.operationf]

SiTice only types that satisly RandomAccess [terator provide the + operator, and types that satisty S1izedsent -
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.

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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11

12

13

14

Requires: n shall be negative only for bidirectional iterators.

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>

tqmplate <Iterator I, Sentinel<I> S>

T

tqmplate <Iterator I, Sentinel<I> S>

tqmplate <Range R>

constexpr void operator() (I& i, S bound) const;

Requires: If Assignable<I&, S> is not satisfied, [i,bound) shall denote a range.
Effects:

— If Assignable<I&, S> is satisfied, equivalent to i = std: :move(bound).
— Otherwise, if SizedSentinel<S, I> is satisfied, equivalent to advance(i, bound - i).

— Otherwise, increments i until i == bound.

constexpr difference_type_t<I> operator() (I& i, difference_type_t<I> n, S bound) cOnst;

Requires: If n > 0, [i,bound) shall denote a range. If n == 0, [1,bound) or [bound,i) shall denotqa
range. If n < 0, [bound,i) shall denote a range and (BidirectionalIltérator<I> && Same<I, S}p)
shall be satisfied.
Effects:
— If SizedSentinel<S, I> is satisfied:
— If |n| >= |bound - i|, equivalent to advance (i, bound).
— Otherwise, equivalent to advance(i, n).
— Otherwise, increments (or decrements for negativén) iterator i either n times or until i == bound,

whichever comes first.

Returns: n - M, where M is the distance from the starting position of i to the ending position.

he name distance denotes a customization point object. It has the following function call operators:

constexpr difference_type_t<I> operator() (I first, S last) const;

Requires: [first,last) shall.denote a range, or (Same<S, I> && SizedSentinel<S, I>) shall e
satisfied and [last,first)shall denote a range.

Effects: If SizedSentinel<S, I> is satisfied, returns (last - first); otherwise, returns the numbper
of increments needed to get from first to last.

constexpr difference_type_t<iterator_t<R>> operator() (R&& r) const;

Effects/ Equivalent to: return distance(ranges::begin(r), ranges::end(r)); (10.4)

Remarks: Instantiations of this member function template may be ill-formed if the declarations n
<experimental/ranges/range> are not in scope at the point of instantiation (ISO/IEC 14882:20]4

Q14 o 4

1
NS DY N

template <SizedRange R>

constexpr difference_type_t<iterator_t<R>> operator() (R&& r) const;

Effects: Equivalent to: return ranges::size(r); (10.5.1)

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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he 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>

tqmplate <Iterator I, Sentinel<I> S>

tqmplate <Iterator I, Sentinel<I> S>

T

tgmplate <Bidirectionallterator I>

tqmplate <Bidirectionallterator I>

tgmplate <Bidirectionallterator I>

constexpr I operator() (I x, difference_type_t<I> n) const;

I IS SN i nl 3 1 it ] L AY .
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constexpr I operator()(I x, S bound) const;

Effects: Equivalent to: advance(x, bound); return x;

constexpr I operator()(I x, difference_type_t<I> n, S bound) const;
Effects: Equivalent to: advance(x, n, bound); return x;

he name prev denotes a customization point object. It has the following function call operators:
constexpr I operator() (I x) const;

Effects: Equivalent to: --x; return x;

constexpr I operator() (I x, difference_type_t<I> n) const;

Effects: Equivalent to: advance(x, -n)} return x;

constexpr I operator()(I x, difference_type_t<I> n, I bound) const;

Effects: Equivalent to: @dyvance(x, -n, bound); return x;

7 Iterator adaptors [iterators.predéf]
7.1 Reverse iterators [iterators.reversg]
ass template réverse_iterator is an iterator adaptor that iterates from the end of the sequence defined by

underlyinggitérator to the beginning of that sequence. The fundamental relation between a reverse iteratpr
id its corresponding underlying iterator i is established by the identity: *make_reverse_iterator(i) =
rev (i)

71,1 Class template reverse_iterator [reverse.iteratolr]

namespace std { namespace experimental { namespace ranges { inline namespace vl {
template <Bidirectionallterator I>
class reverse_iterator {
public:
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();
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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);

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 reverseriterator& i)
noexcept(see below);
template <IndirectlySwappable<I> I2>
friend constexpr void iter_swap(const reverse_iteratov& x, const reverse_iterator<I2>& y)
noexcept (see below);

private:
I current; // exposition only

};

template <class Il, class I2>
requires EqualityComparableWith<Ii, I2>
constexpr bool operator==
const reverse_iterator<I1>&«x;
const reverse_iterator<I2>& Jy);
template <class Il, class 12>
requires EqualityComparableWith<I1l, I2>
constexpr bool operatord=(
const reverse_iterator<Ii>& x,
const reverse.iterator<I2>& y);
template <class™l1l4 class I2>
requires, StrictTotallyOrderedWith<I1, I2>
constexpr)bool operator<(
constyreverse_iterator<Ii>& x,
cohst'reverse_iterator<I2>& y);
template <class I1, class I2>
requires StrictTotallyOrderedWith<I1l, I2>
constexpr bool operator>(

TONSt IEVErSE_Iteratorkit>&¢ 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<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 1i);

33

9{7.1.2 reverse_iterator operations [reverse,iter.op

917.1.2.1 reverse_iterator constructor [reversé.iter.con

cqnstexpr reverse_iterator();

Effects: Value-initializes current. Iterator operations applied to the resulting iterator have defing
behavior if and only if the corresponding operations are defined on a valuefinitialized iterator of type

ejplicit constexpr reverse_iterator(I x);

Effects: Initializes current with x.

cqnstexpr reverse_iterator(const reverse_iterator<ConvertibleTo<I>>& 1i);

Effects: Initializes current with i.current.

cqgnstexpr reverse_iterator&
operator=(const reverse_iterator<ConvertipleTo<I>>& i) ;

Effects: Assigns i.current to currént.

Returns: *this.
9{7.1.2.3 Conversion [reverse.iter.con

cqnstexpr I base() const;

Returns: current:

cqnstexpr feference operator*() const;

Effects: Equivalent to: return *prev(current) ;

97.1.2.2 reverse_iterator::operator= [reverse.iter.op=

9{7.1.2.4 operatorx* [reverse.iter.op.stayr]

R

7,

b

—

9 2 Y 4 o L 4
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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;
return tmp;

9{7.1.2.7 operator-- [revérsé.iter.op+-]
cqnstexpr reverse_iterator& operator--();

Effects: ++current

Returns: *this.

cqnstexpr reverse_iterator operator--(int);

Effects:

reverse_iterator tmp = *this;
++current;
return tmp;

9{7.1.2.8 operator+ [reverse.iter.op-

1
—

cgnstexpr reverse_iterator
operator+(difference_type n) const
requires RandomAccessIterator<I>;

Returns: reverse_iterator (current-n).

9{7.1.2.9 operator+= [reverse.iter.op+::

—_

cqnstexpr reverse_iteratork
operator+=(difference_type n)
requires RandomAccessIterator<I>;

Effects: current -= n;

Returns: *this.

9{7.1.2.10\ joperator- [reverse.iter.op-]

cqnstéxpr reverse_iterator
operator-(difference_type n) const

— ISqUIITS RANQOMACCESSItEratorsi>;

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[] [reverse.iter.opindex]

constexpr reference operator[](
difference_type n) const
requires RandomAccessIterator<I>;

Returns: current [-n-1].

9.7.1.2.13 operator== [reverse.iter.op==]

template <class Il1, class I2>

requires EqualityComparableWith<I1, I2>
constexpr bool operator==

const reverse_iterator<Ii>& x,

const reverse_iterator<I2>& y);

Effects: Equivalent to: return x.current == y.current;

—_

9{7.1.2.14 operator!= [réyerse.iter.op!s

tqmplate <class I1, class I2>

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

const reverse_iterator<Ii>& x,

const reverse_iterator<I2>& y);

Effects: Equivalent to: return x.current != y.current;

9{7.1.2.15 operator< [reverse.iter.op<]

tgmplate <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;

\'4
—

9{7.1.2.16 operator> [reverse.iter.op)

tgmplate <class I1, class I2>

requires StrictTotallyOrderedWith<I1, I2>
constexpr bool operator>(

const reverse_iterator<Il>& x,

const reverse_iterator<I2>& y);

Effects: Equivalent to: return x.current < y.current;

9{7.1.2.17 operator>= [reverse.iter.op>=]

tqmplate <crass I1l, 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;

9.7.1.2.18 operator<= [reverse.iter.op<=]

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;
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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]

tJmplate <RandomAccessIterator I>
constexpr reverse_iterator<I> operator+(
difference_type_t<I> n,
const reverse_iterator<I>& x);

1 Effects: Equivalent to: return reverse_iterator<I>(x.current - n);

9{7.1.2.21 iter_move [revérse.iter.iter__move]
fyiend constexpr rvalue_reference_t<I> iter_move(const reverse_iterator& i)

noexcept(see below);

1 Effects: Equivalent to: return ranges::iter_move(prev(i.curreit));
2 Remarks: The expression in noexcept is equivalent to:

noexcept (ranges: :iter_move(declval<I&>())) && noexcépt(--declval<I&>()) &&
is_nothrow_copy_constructible<I>::value

9{7.1.2.22 iter_swap [reverse.iter.iter__swap]

tqmplate <IndirectlySwappable<I> I2>

friend constexpr void iter_swap(const reverse.iterator& x, const reverse_iterator<I2>& y)
noexcept(see below);

1 Effects: Equivalent to ranges: :iter_swap(prev(x.current), prev(y.current)).

2 Remarks: The expression in noexgept is equivalent to:

noexcept (ranges: :iter_swap(declval<I>(), declval<I>())) && noexcept(--declval<I&>())

9{7.1.2.23 Non-member function make_reverse_iterator() [reverse.iter.makeg]

tgmplate <Bidirectionallterator I>
constexpr reverseisiterator<I> make_reverse_iterator(I i);

1 Returns: £evérse_iterator<I>(i).

9{7.2 Iusert iterators [iterators.inserf]

1 To makesit possible to deal with insertion in the same way as writing into an array, a special kind of iteratpr
adlaptors, called insert iterators, are provided in the library. With regular iterator classes,

while (Ifirst '= last) *result++ = *I1rst++;

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 tyne = ntrdiff t.
=3 - J I I -7

[ef¢

eX

b4

constexpr back_insert_iterator();
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);

private:
Container* container; // exposition only

};

template <class Container>
back_insert_iterator<Container> back_inserter(Container& x);

33

7.2.2 Dback_insert_iterator operations [back.insert.iter.op

7.2.2.1 Dback_insert_iterator constructor [back.insert.iter.con|

nstexpr back_insert_iterator();

Effects: Value-initializes containher-

plicit back_insert_iterator{Container& x);

Effects: Initializes container with addressof (x).

7.2.2.2 back_inseft_iterator::operator= [back.insert.iter.op3

ck_insert_iterator&
operator=(conSt value_type_t<Container>& value);

Effects? Equivalent to container->push_back(value).

Returns: *this.

R

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.

*]
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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 Dback_inserter [back.inserter]

template <class Container>
back_insert_iterator<Container> back_inserter(Container& x);

Returns: back_insert_iterator<Container>(x).

namespace std { namespace experimental { namespace ranges { inline namespace v1 {
template <class Container>
class front_insert_iterator {
public:
using container_type = Container;
using difference_type = ptrdiff_t;

constexpr front_insert_iterator();
explicit 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);

private:
Container* container; // exposition only

};
template <class Container>

front_insert_iterator<Container> front_inserter(Container& x);

313}

9{7.2.4 front_insert_iterator operations [front.insert.iter.op

9{7.2.4.1 front_insert) iterator constructor [front.insert.iter.con

cqnstexpr front_inSert_iterator();

Effects: Value-initializes container.

eyplicit ‘front_insert_iterator(Container& x);

9{7.2.3 Class template front_insert_iterator [front.insert.iterator]

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.insert.iter.op*]

[front.insert.iter.op+-]

ffONT _INMSSrt_1Teratord Operator++i) ]
fyont_insert_iterator operator++(int);

Returns: *this.

9]7.2.4.5 front_inserter

tqmplate <class Container>

Returns: front_insert_iterator<Container>(x).

9/7.2.5 Class template insert_iterator

template <class Container>

class insert_iterator {

public:
using container_type = Container;
using difference_type = ptrdiff_t;

insert_iterator();
insert_iterator&

insert_iterator&
operator=(value_type_t<Container>&& value);

insert_iterator& operator*()\
insert_iterator& operator++();
insert_iterator& operator++(int);

private:
Container* container; // exposition only
iterator_t<Container> iter; // exposition only

3
template \¥elass Container>

33}

9]7.2.6 __insert iterator operations

front_insert_iterator<Container> front_inserter(Container& x);

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

insert_iterator(Container& x, iterator_t<Gontainer> i);

operator=(const value_type_t<Container>& value);

insert)iterator<Container> inserter(Container& x, iterator_t<Container> i);

[frent.inserteyr]

[insert.iterator]

—_—

[insert.iter.opls

9.7.2.6.1 insert_iterator constructor

insert_iterator();

Effects: Value-initializes container and iter.

insert_iterator(Container& x, iterator_t<Container> i);

Requires: i is an iterator into x.

[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.iter.op=]

insert_iterator&
operator=(const value_type_t<Container>& value);

Effects: Equivalent to:

iter = container->insert(iter, value);
++iter;

Returns: *this.

ifsert_iterator&
operator=(value_type_t<Container>&& value);

Effects: Equivalent to:

iter = container->insert(iter, std::move(value));
++iter;

Returns: *this.

9]7.2.6.3 insert_iterator::operator* [insert.iter.op
ifgsert_iterator& operatorx();

Returns: *this.

917.2.6.4 insert_iterator::operator++ [insert.iter.op+

isert_iterator& operator++();
igsert_iterator& operator++(int);

Returns: *this.

9{7.2.6.5 inserter [inserte]

tgmplate <class Container>
insert_iterator<Container> inserter(Container& x, iterator_t<Container> i);

Returns: insert_iterator<Container>(x, i).

917.3 Move iterators and sentinels [iterators.mov

Class template move_iferator is an iterator adaptor with the same behavior as the underlying iterator exce
tlat its indirection(perator implicitly converts the value returned by the underlying iterator’s indirecti
operator to an rvalue of the value type. Some generic algorithms can be called with move iterators to replaj
pying with qnéving.

o

Frample:

lisg<string> s;
/7-populate the list s

9{7.3.1 Class template 'move_iterator [move.iterator]

I
—

y

veltor<strina> vils boain() o ond (). opies—strinas into 1z
S S T Y P J

vector<string> v2(make_move_iterator(s.begin()),
make_move_iterator(s.end())); // moves strings into v2

— end example]

namespace std { namespace experimental { namespace ranges { inline namespace vi {
template <Inputlterator I>
class move_iterator {
public:
using iterator_type = 1I;
using difference_type difference_type_t<I>;
using value_type value_type_t<I>;
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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);

private:
I current; // exposition only

};

template <class I1, class/I2>
requires EqualityCemparableWith<I1l, I2>
constexpr bool ,operator==
const move_iterator<I1>& x, const move_iterator<I2>& y);
template <class_Il1, class I2>
requires ‘EqualityComparableWith<I1l, I2>
constexpr* bool operator!=(
cohst 'move_iterator<I1>& x, const move_iterator<I2>& y);
template <class I1, class I2>
requires StrictTotallyOrderedWith<I1l, I2>
constexpr bool operator<(

TONSt MOVE_LteratorIt>8 X, CONSt MOVE_1teratori2>& 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);

[ef¢

e}

[ef¢

[ef¢

[ef¢

[ef¢

template <Inputlterator I>
constexpr move_iterator<I> make_move_iterator(I i);

33

Vote: move_iterator does not provide an operator-> because the class member access exptession 7 -3
ay have different semantics than the expression (*%).m when the expression *% is an rvaluét — end not

7.3.2 move_iterator operations [move.iter.op

nstexpr move_iterator();
Effects: Constructs a move_iterator, value-initializing current. Jtérator operations applied to t}

resulting iterator have defined behavior if and only if the corresponding operations are defined onl
value-initialized iterator of type I.

plicit constexpr move_iterator(I i);

Effects: Constructs a move_iterator, initializing current with i.

nstexpr move_iterator(const move_iterator<ConvertibleTo<I>>& i);

Effects: Constructs a move_iterator, initializing current with i.current.

7.3.2.2 move_iterator::operator= [move.iter.opd

nstexpr move_iterator& operator=(const move_iterator<ConvertibleTo<I>>& 1i);

Effects: Assigns i.currlent to current.
7.3.2.3 move_iterator: conversion [move.iter.op.con

nstexpr I base()/cofist;

Returns: ‘eurrent.

nstexpr reference operator*() const;

7.3.2.1 move_iterator constructors [move.iter.op.const]

7.3.2.4\ move_iterator: :operator* [move.iter.op.stalr]

Pm

S

—

he
a

i

9.

Lffects: BEquivalent to: return iter_move(current);

7.3.2.5 move_iterator::operator++ [move.iter.op.inc

constexpr move_iterator& operator++();

Effects: Equivalent to ++current.

Returns: *this.

constexpr void operator++(int);

r]
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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]

cqnstexpr move_iterator& operator--()
requires BidirectionalIlterator<I>;

Effects: Equivalent to -—current.

Returns: *this.

cqnstexpr move_iterator operator--(int)
requires BidirectionalIlterator<I>;

Effects: Equivalent to:

move_iterator tmp = *this;
--current;
return tmp;

9]7.3.2.7 move_iterator::operator+ [move.iter.op.+]

cqnstexpr move_iterator operator+(difference_type o). <const
requires RandomAccessIterator<I>;

Effects: Equivalent to: return move_iterator (current + n);

—

9]7.3.2.8 move_iterator::operator+= [move.iter.op.+5

cqnstexpr move_iterator& operator+=(difference_type n)
requires RandomAccessIterator<I>}

Effects: Equivalent to gurrent += n.

Returns: *this.

1
—_—

9{7.3.2.9 move_iterdator: :operator- [move.iter.op

cqnstexpr move_iterator operator-(difference_type n) const
requires RaridomAccessIterator<I>;

Effects? Equivalent to: return move_iterator(current - n);

9{7.3:2.10 move_iterator::operator-= [move.iter.op.-=]

ccn§Eexpr move_lﬁériﬁor& opériﬁor—=(dlfférence_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>

[move.iter.op.comp]

requires Fqnal 'ifv("o_mpa'rah'l eWith<T1,  T2>
constexpr bool operator!=(
const move_iterator<I1>& x, const move_iterator<I2>& y);

Effects: Equivalent to: return !(x == y);

tgmplate <class I1, class I2>

requires StrictTotallyOrderedWith<I1, I2>
constexpr bool operator<(
const move_iterator<I1>& x, const move_iterator<I2>& y);

Effects: Equivalent to: return x.current < y.current;

tgmplate <class I1, class I2>

requires StrictTotallyOrderedWith<I1l, I2>
constexpr bool operator<=(
const move_iterator<I1>& x, const move_iterator<I2>&.y)$

Effects: Equivalent to: return !(y < x);

tqmplate <class Il1, class I2>

requires StrictTotallyOrderedWith<I1, I2x
constexpr bool operator>(
const move_iterator<I1>& x, const move_iterator<I2>& y);

Effects: Equivalent to: return(y)< x;

tgmplate <class I1, class I2>

9

requires StrictTotallyOrderedWith<I1l, I2>
constexpr bool operator>=(
const move_iterator<Il>& x, const move_iterator<I2>& y);

Effects: Eq@ivalent to: return !(x < y);.

7.3.2.13 . move_iterator non-member functions

tgmplate ‘<class I1, class I2>

requires SizedSentinel<I1, I2>
constexpr difference_type_t<I2> operator-(

[move.iter.nonmembeyr]

Const move_iteratorll>¥ 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;

© ISO/IEC 2017 - All rights reserved
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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>

tgmplate <Inputlterator I>

friend constexpr void iter swap(const move iterator& x, const move 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))

constexpr move_iterator<I> make_move_iterator(I i);

Returns: move_iterator<I>(i).

7.3.3 Class template move_sentinel [move.sentingl

—

ass template move_sentinel is a sentinel adaptor useful for denofifig ranges together with move_iteratqr.
hen an input iterator type I and sentinel type S satisfy Sentinel<S, I>, Sentinel<move_sentinel<S
ve_iterator<I>> is satisfied as well.

\4

bzample: A move_if algorithm is easily implemented with copy_if using move_iterator and move| -
entinel:

template <InputIterator I, Sentinel<I> S, WeaklyIncrementable O,
IndirectUnaryPredicate<I> Pred>
requires IndirectlyMovable<I, 0>
void move_if (I first, S last, 0 out, Pred pred)
{
copy_if (move_iterator<I>{first},\move_sentinel<S>{lastl}, out, pred);

}

- end ezample |

namespace std { namespace’/experimental { namespace ranges { inline namespace v1 {
template <Semiregular S>
class move_sentinel {
public:
constexprymove_sentinel();
explicit. move_sentinel(S s);
move{sentinel (const move_sentinel<ConvertibleTo<S>>& s);
move>sentinel& operator=(const move_sentinel<ConvertibleTo<S>>& s);

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);

cqnstexpr move_sentinel();

Effects: Constructs a move_sentinel, value-initializing last. If is grivially_default_construg
ible<S>::value is true, then this constructor is a constexpr censtructor.

ejplicit move_sentinel(S s);

Effects: Constructs a move_sentinel, initializing lasti\with s.

mqve_sentinel (const move_sentinel<ConvertibleTo<S»¥&“s) ;

Effects: Constructs a move_sentinel, initidlizing last with s.last.

9]7.3.4.2 move_sentinel::operator= [move.sent.op=

mqve_sentinel& operator=(const move. sentinel<ConvertibleTo<S>>& s);

Effects: Assigns s.last todlast.

Returns: *this.

9]7.3.4.3 move_sentinel.comparisons [move.sent.op.com

tgmplate <class I,,Sentinel<I> S>
constexpr boolreperator==
const move/iterator<I>& i, const move_sentinel<S>& s);
tgmplate <class'I, Sentinel<I> S>
constexpx_bool operator==
const. mMove_sentinel<S>& s, const move_iterator<I>& i);

33}
9{7.3.4 move_sentinel operations [move.sent.ops]
9{7.3.4.1 move_sentinel constructors [move.sent.op.const]

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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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 jterator<T>% i, const move sentinel<S>& s):

tgmplate <Semiregular S>

Irg

8!

1
of

1

Effects: Equivalent to: return i.current - s.last;

constexpr move_sentinel<S> make_move_sentinel(S s);

Returns: move_sentinel<S>(s).

7.4 Common iterators [iterators.common)]

ass template common_iterator is an iterator/sentinel adaptor that is capable.of'representing a non-bound¢d
nge of elements (where the types of the iterator and sentinel differ) as @bounded range (where they afe
e same). It does this by holding either an iterator or a sentinel, and implémenting the equality comparispn
erators appropriately.

Note: The common_iterator type is useful for interfacing with legacy code that expects the begin and end
a range to have the same type. — end note]

xample:

template <class ForwardIterator>
void fun(ForwardIterator begin, ForwardIterator end);

list<int> s;

// populate the list s

using CI =

common_iterator<counted_iterator<list<int>::iterator>,
default_sentinel>;

// call fun on a range of 10 ints

fun(CI (make_counted_iteratoxr(s.begin(), 10)),
CI(default_sentinel (D))}

- end example|

7.4.1 Class template common_iterator [common.iterator]

namespace std){vnamespace experimental { namespace ranges { inline namespace vl {
template($lterator I, Sentinel<I> S>
requires !Same<I, S>
class.common_iterator {
public:
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
};

template <Readable I, class S>
struct value_type<common_iterator<I, S>> {
using type = value_type_t<I>;
};

template <Inputlterator I, class S>
struct iterator_category<common_iterator<I, S>> {
using type = input_iterator_tag;

}’

template <ForwardIterator I, class S>
struct iterator_category<common_iterator<I, S>> {
using type = forward_iterator_tag;

};

template <class Il, class I2, Sentinel<I2>»S1, Sentinel<I1> S2>
bool operator==
const common_iterator<Il, S1>& x, g¢énst common_iterator<I2, S2>& y);
template <class Il, class I2, Sentinel<I2> S1, Sentinel<I1> S2>
requires EqualityComparableWith<T1i, I2>
bool operator==
const common_iterator<Il, S1>%& x, const common_iterator<I2, S2>& y);
template <class Il, class T2, Sentinel<I2> S1, Sentinel<I1> S2>
bool operator!=(
const common_iterator<Il, S1>& x, const common_iterator<I2, S2>& y);

template <class“[24 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);

1333

9]7.4.2 common_iterator operations [common.iter.ops]

9174.2.1 common_iterator constructors [common.iter.op.cons]t]

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);

3 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);

4 Effects: Constructs a common_iterator, initializing is_sentinel with u.is_sentinel, iter with
u.iter, and sentinel with u.sentinel.

97T aA22 common_iterator: :operator= [common.lter.opzz]

cqmmon_iterator& operator=(const common_iterator<ConvertibleTo<I>, ConvertibleTo<S>>& u);

1 Effects: Assigns u.is_sentinel to is_sentinel, u.iter to iter, and u.sentinel to sehtinel.
2 Returns: *this
9{7.4.2.3 common_iterator::operator* [common.iter.op.stalr]

dgcltype(auto) operatorx*();
dgcltype (auto) operator*() const
requires dereferenceable <const I>;

1 Requires: 'is_sentinel
2 Effects: Equivalent to: return *iter;
9]7.4.2.4 common_iterator: :operator-> [common.iter.op.rdf]

dgcltype (auto) operator->() const
requires see below;

1 Requires: 'is_sentinel

2 Effects: Equivalent to:
(2.1) — If T is a pointer type or if the expression i.operator->() is well-formed, return iter;
(2.2) — Otherwise, if the expression-¥iter is a glvalue:

auto&& tmp = *iter;
return addressof (tmp) ;

(2:3) — Otherwise, return ~proxy(*iter); where proxy is the exposition-only class:

class proxj { // exposition only
value stype_t<I> keep_;
proxy(reference_t<I>&& x)
wkeep_(std: :move(x)) {}
pubilic:
const value_type_t<I>* operator->() const {
return addressof (keep_);
}
I

3 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.

Effects: Equivalent to: return iter++;

cqmmon_iterator operator++(int)
requires ForwardIterator<I>;

Requires: 'is_sentinel
Effects: Equivalent to:

common_iterator tmp = *this;
++iter;
return tmp;

9{7.4.2.6 common_iterator comparisons [common.iter.op.comp]

tqmplate <class I1, class I2, Sentinel<I2> S1, Sentinel<I1>.S2>
bqol operator==
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.gentinel)
(ly.is_sentinel || x.iter == yvsentinel);

tgmplate <class I1, class I2, Sentinel<I2> S1, Sentinel<I1> S2>
requires EqualityComparableWith<I1l, I2>

bqol operator==

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

Effects: Equivalent to:

return<x \is_sentinel 7
(ySirszsentinel || y.iter == x.sentinel)
(y¢1is_sentinel ?
x.iter == y.sentinel :
X.iter == y.iter);

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);

7
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Effects: Equivalent to:

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);

9.7.4.2.7 iter_move [common.iter.op.iter__move]

friend rvalue_reference_t<I> iter_move(const common_iterator& i)
Boex r\p+fﬂnn halow)

requires Inputlterator<I>;

Requires: 'i.is_sentinel.
Effects: Equivalent to: return ranges::iter_move(i.iter);
Remarks: The expression in noexcept is equivalent to:

noexcept (ranges: :iter_move(i.iter))

9{7.4.2.8 iter_swap [comunon.iter.op.iter__swap]

template <IndirectlySwappable<I> I2>
friend void iter_swap(const common_iterator& x, const common_iteratcr<I2>& y)
noexcept(see below);

Requires: 'x.is_sentinel && !y.is_sentinel.
Effects: Equivalent to ranges: :iter_swap(x.iter, y.iter).
Remarks: The expression in noexcept is equivalent 0«

noexcept(ranges: :iter_swap(x.iter, y.iter))

9|7.5 Default sentinels [default.sentinelg]
9{7.5.1 Class default_sentinel [default.sent]
ngmespace std { namespace experimental-'{ namespace ranges { inline namespace vl {

class default_sentinel { };

3 33

Class default_sentinel is antempty type used to denote the end of a range. It is intended to be us¢d
tdgether with iterator types-that know the bound of their range (e.g., counted_iterator (9.7.6.1)).

9/7.6 Counted iterators [iterators.countedl]
9{7.6.1 Class template counted_iterator [counted.iteratojr]

Class template eounted_iterator is an iterator adaptor with the same behavior as the underlying iteratpr
except that itwkeeps track of its distance from its starting position. It can be used together with claks
de¢fault_sentinel in calls to generic algorithms to operate on a range of N elements starting at a givgn
psition without needing to know the end position a priori.

Fzample:

TIst<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]

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 v1 {

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) donst
requires RandomAccessIterator<I>;

constexpr counted_iterator& operator+=(difference_type“n)
requires RandomAccessIterator<I>;

constexpr counted_iterator operator- (difference, type n) const
requires RandomAccessIterator<I>;

constexpr counted_iterator& operator-=(diffe¥ence_type n)
requires RandomAccessIterator<I>;

constexpr decltype(auto) operator[](difference_type n) const
requires RandomAccessIterator<I>;

friend constexpr rvalue_referencelt<I> iter_move(const counted_iterator& i)
noexcept (see below)
requires Inputlterator<I>;
template <IndirectlySwappable<I> I2>
friend constexpr voidt\iter_swap(const counted_iterator& x, const counted_iterator<I2>& y)
noexcept(see below);

private:

I current; //‘emposition only

difference type_t<I> cnt; // exposition only
};

template)<Readable I>
strutt-value_type<counted_iterator<I>> {
using type = value_type_t<I>;

5

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>& yl;
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 countédriterator<I2>& y);
template <class I>
constexpr difference_type_t<I> operator<{
const counted_iterator<I>& x, default sentinel y);
template <class I>
constexpr difference_type_t<I> operator-(
default_sentinel x, const ceounted_iterator<I>& y);

template <RandomAccessIterator I>
constexpr counted_iterator<I> operator+(
difference_type_t<I>.n, const counted_iterator<I>& x);
template <Iterator\I>

constexpr counted_iterator<I> make_counted_iterator(I i, difference_type_t<I> n);

33}

9{7.6.2 counted_iterator operations [counted.iter.op

cqnstexpr counted_iterator();

97.6.2.1-\¢ounted_iterator constructors [counted.iter.op.const]

S

—_—

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);

80
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9.

Effects: Constructs a counted_iterator, initializing current with i.current and cnt with i.cnt.

7.6.2.2 counted_iterator::operator=

[counted.iter.op=]

constexpr counted_iterator& operator=(const counted_iterator<ConvertibleTo<I>>& i) ;

9.

Effects: Assigns i.current to current and i.cnt to cnt.

7.6.2.3 counted_iterator conversion

constexpr I base() const;

[counted.iter.op.conv]

C(

[ef¢
[ef¢

[ef¢

dd

[ef¢

Returns: current.

7.6.2.4 counted_iterator count

nstexpr difference_type_t<I> count() const;

Returns: cnt.

7.6.2.5 counted_iterator::operator*

nstexpr decltype(auto) operator*();
nstexpr decltype(auto) operator*() const
requires dereferenceable <const I>;

Effects: Equivalent to: return *current;
7.6.2.6 counted_iterator::operator++
nstexpr counted_iterator& operator++();

Requires: cnt > 0

Effects: Equivalent to:

++current;
--cnt;

Returns: *this.

cltype(auto) operator++(int) ;

Requires: cnt > 0.
Effects: Equivalent.to:

--cnt;
try { refurn current++; }
catch(.\.) { ++cnt; throw; }

nstexpr- counted_iterator operator++(int)
requires ForwardIterator<I>;

[counted.iteriop.cnt]

[counted.iter.op.stalr]

[counted.iter.op.indr]

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)
requires BidirectionalIlterator<I>;

Effects: Equivalent to:
counted_iterator tmp = *this;
--xthis;
return tmp;

9{7.6.2.8 counted_iterator: :operator+ [counted.iter.op.+]

constexpr counted_iterator operator+(difference_type n) const
requires RandomAccessIterator<I>;

Requires: n <= cnt
Effects: Equivalent to: return counted_iterator(current + n, cnt - n);
9{7.6.2.9 counted_iterator::operator+= [counted.iter.op.+]

constexpr counted_iterator& operator+=(differencé_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

1
—

constexpr countedsiterator operator-(difference_type n) const
requires RandomAccessIterator<I>;

RequireS;=n <= cnt

Effects’ Equivalent to: return counted_iterator(current - n, cnt + n);

9]7.6.2.11 counted_iterator::operator-= [counted.iter.op.-5+

—

constexpr counted_iterator& operator-=(diiierence_type n)
requires RandomAccessIterator<I>;

Requires: -n <= cnt
Effects:

current -= n;
cnt += n;

Returns: *this.
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10

9.7.6.2.12 counted_iterator::operator[] [counted.iter.op.index]

constexpr decltype(auto) operator[](difference_type n) const
requires RandomAccessIterator<I>;

Requires: n <= cnt

Effects: Equivalent to: return current[n];

9.7.6.2.13 counted_iterator comparisons [counted.iter.op.comp]

template <class I1, class I2>

[ TequiTres Commoniit, 12>

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.cnt == y.cnt;

constexpr bool operator==

const counted_iterator<auto>& x, default_sentinel);
constexpr bool operator==

default_sentinel, const counted_iterator<auto>& x);

Effects: Equivalent to: return x.cnt == 0;

tgmplate <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);
constexpr bool operator!=(
default_sentinel, const counted_iterator<atto>& x);

Requires: For the first overload, x and‘y shall refer to elements of the same sequence (9.7.6).

Effects: Equivalent to: return L(x)== y);

tqmplate <class I1, class I2>
requires Common<I1l, I2>
constexpr bool operator{(
const counted_iteraten<I1>& x, const counted_iterator<I2>& y);

Requires: x andyy shall refer to elements of the same sequence (9.7.6).
Effects: Equivalent to: return y.cnt < x.cnt;

[ Note~The argument order in the Effects element is reversed because cnt counts down, not up. —e
note]

tqmplate <class I1, class I2>
e‘—req-u'Trereu'ﬂ':ﬂ\'uu 5

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 !(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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n Requires: x and y shall refer to elements of the same sequence (9.7.6).

12 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);

13 Requires: x and y shall refer to elements of the same sequence (9.7.6).
14 EffectsBanivalent—borreturn L (e < y);
9{7.6.2.14 counted_iterator non-member functions [counted.iter.nonmembeyr]

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);

1 Requires: x and y shall refer to elements of the same sequence (9.7.6).

2 Effects: Equivalent to: return y.cnt - x.cnt;

tgmplate <class I>
constexpr difference_type_t<I> operator-(
const counted_iterator<I>& x, default_sentinel y);

3 Effects: Equivalent to: return -x.cnt;

tqmplate <class I>
constexpr difference_type_t<I> operator-(
default_sentinel x, const counted_iterator<I3& y);

4 Effects: Equivalent to: return y.cnt;

tgmplate <RandomAccessIterator I>
constexpr counted_iterator<I> operator+(
difference_type_t<I> n, const counted_iterator<I>& x);

5 Requires: n <= x.cnt«

6 Effects: Equivalentbo: return x + n;

friend constexpr,xvalue_reference_t<I> iter_move(const counted_iterator& i)
noexcept (seesbelow)
requires (InputIterator<I>;

7 Effects: Equivalent to: return ranges::iter_move(i.current);

8 Remarks: The expression in noexcept is equivalent to:

noexcept (ranges: :1ter_move(i.current))

template <IndirectlySwappable<I> I2>
friend constexpr void iter_swap(const counted_iterator& x, const counted_iterator<I2>& y)
noexcept(see below);

9 Effects: Equivalent to ranges: :iter_swap(x.current, y.current).
10 Remarks: The expression in noexcept is equivalent to:

noexcept (ranges: :iter_swap(x.current, y.current))

84
© ISO/IEC 2017 - All rights reserved


https://standardsiso.com/api/?name=f6951394130aae461b3626a9086b5125

11

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-isused-by algorithms that-acceptrvalue ranges-and return-iterators.

namespace std { namespace experimental { namespace ranges { inline namespace vi {
template <CopyConstructible T>
class dangling {
public:
constexpr dangling() requires DefaultConstructible<T>;
constexpr dangling(T t);
constexpr T get_unsafe() const;
private:
T value; // exposition only

};

template <Range R>
using safe_iterator_t =
conditional_t<is_lvalue_reference<R>::value,
iterator_t<R>,
dangling<iterator_t<R>>>;

111}
9{7.7.2 dangling operations [dangling.wrap.ops]
9{7.7.2.1 dangling constructors [dangling.wrap.op.const]

cqnstexpr dangling() requires DefaultConstructible<T>;

Effects: Constructs a dangling, value-initializing value.

cqnstexpr dangling(T t);

Effects: Constructs a ddngling, initializing value with t.
917.7.2.2 dangling: :get. unsafe [dangling.wrap.op.get]
cqnstexpr T get_unsafe() const;
Returns: walue.

7.8 Unreachable sentinel [unreachable.sentinels]

7.8¢1\"~Class unreachable [unreachable.sentingl]

9

9

CldsS)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 {
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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;

333}
7.8.2 unreachable operations [unreachable.sentinel:ops]
7.8.2.1 operator== [unreachable.sentinel.op==F]

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

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

Returns: false.

7.8.2.2 operator!= [unreachable.sentinel.op!=

—_

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

constexpr bool operator!=(unreachable x, const I& y) noexgept;

Returns: true.

8 Stream iterators [iterators.stream)]

b make it possible for algorithmic templates te;work directly with input/output streams, appropriafe
brator-like class templates are provided.

xample:

partial_sum(istream_iterator<doublel char>(cin),
istream_iterator<double, char3()),
ostream_iterator<double, chat>(cout, "\n"));

ads a file containing floatifig)point numbers from cin, and prints the partial sums onto cout. —end
ample |

8.1 Class template istream_iterator [istream.iteratof]

he class templatéistream_iterator is an input iterator (9.3.11) that reads (using operator>>) successiye
bments from $he input stream for which it was constructed. After it is constructed, and every time ++|is
ed, the iterator reads and stores a value of T. If the iterator fails to read and store a value of T (fail() ¢n
e streaninréturns true), the iterator becomes equal to the end-of-stream iterator value. The constructpr
th no\arguments istream_iterator () always constructs an end-of-stream input iterator object, which |is
econly legitimate iterator to be used for the end condition. The result of operator* on an end-of-stream

o bl e aaad a—oraa il oz ot o — Ot ] o - o o

a

end-of-stream iterator is not defined. For any other iterator value a const T* is returned. The behavior of

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.

namespace std { namespace experimental { namespace ranges { inline namespace v1 {
template <class T, class charT = char, class traits = char_traits<charT>,
class Distance = ptrdiff_t>
class istream_iterator {
public:
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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);

[ef¢
[ef¢

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);

private:
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, 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, charF, traits, Distance>& x,
default_sentinel y);
template <class T, class charT, class traitsj class Distance>
bool operator!=(const istream_iterator<Ty,charT, traits, Distance>& x,
const istream_iterator<T, charQ," traits, Distance>& y);
template <class T, class charT, class(traits, class Distance>
bool operator!=(default_sentinel\k,
const istream_iteratox<T, charT, traits, Distance>& y);
template <class T, class charT, klass traits, class Distance>
bool operator!=(const istream_iterator<T, charT, traits, Distance>& x,
default_sentinel-y) ;
33

8.1.1 istream_ité€rator constructors and destructor [istream.iterator.cons]

nstexpr istreamsiterator();
nstexpr istréamviterator(default_sentinel);

Effests’ Constructs the end-of-stream iterator. If T is a literal type, then these constructors shall e
constexpr 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: value.

cqnst T* operator->() const;

Effects: Equivalent to: return addressof (operator*()).

ijtream_iterator& operator++();

Requires: in_stream != nullptr.
Effects: *in_stream >> value.

Returns: *this.

iftream_iterator operator++(int);

Requires: in_stream != nullptr.
Effects:

istream_iterator tmp = *this;
*in_stream >> value;
return tmp;

tqmplate <class T, class charT, class traits, class Distance>
bool operator==(const istream_iterator<T, charT, traits, Distance> &x,
const istream_itlerator<T, charT, traits, Distance> &y);

Returns: x.in_stream ==.y".in_stream.

tgmplate <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.

tgmplate.<cYass T, class charT, class traits, class Distance>
bool ‘Opérator==(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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Returns: 1 (x == y)

9.8.2 Class template ostream_iterator [ostream.iterato

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 delimit

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++;

r]

er

ogtream_iterator is defined as:

namespace std { namespace experimental { namespace ranges { inline namespace vl {
template <class T, class charT = char, class traits = char_traits<charT>>
class 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);

private:
basic_ostream<charT, traits>* out_stream; _\// exposition only
const charT* delim; // exposition only
};
1
918.2.1 ostream_iterator constructors and destructor [ostream.iterator.cons.des]
cqnstexpr ostream_iterator() noexcept;
Effects: Initializes out- stream and delim with nullptr.
ogtream_iterator (ostream_type& s) noexcept;
Effects: Initializes out_stream with &s and delim with nullptr.
ojtream_iteévator (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);

0Of

o
o

o

el

dg
T

V4

Effects: Equivalent to:

*xout_stream << value;
if (delim != nullptr)

*out_stream << delim;
return *this;

tream_iterator& operator*();

Returns: *this.

tream_iterator& operator++();
tream_iterator& operator++(int);

Returns: *this.

8.3 Class template istreambuf_iterator [istreambuf.iteratof]

he class template istreambuf_iterator defines an input iterator (9.3.11)-that reads successive charactdrs
bm the streambuf for which it was constructed. operator* provides access to the current input character
any. Each time operator++ is evaluated, the iterator advances to(the next input character. If the end
stream is reached (streambuf_type::sgetc() returns traits<feof ()), the iterator becomes equal fo
e end-of-stream iterator value. The default constructor istreambuf_iterator() and the constructpr
treambuf_iterator (nullptr) both construct an end-ofsstream iterator object suitable for use as gn
d-of-range. All specializations of istreambuf_iterator shall have a trivial copy constructor, a constexpr
fault constructor, and a trivial destructor.

hie result of operator*() on an end-of-stream iterator is undefined. For any other iterator value a char_type
lue is returned. It is impossible to assign a chatacter via an input iterator.

namespace std { namespace experimental {-~namespace ranges { inline namespace vi {
template <class charT, class traits, =“char_traits<charT>>
class 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;

class 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,

[ef¢
Ccdg

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);
313}

8.3.1 Class template istreambuf_iterator: :proxy [istreambuf.iterator::proxy]

namespace std { namespace experimental { namespace ranges { inline namespace vl {
template <class charT, class traits = char_traits<charT>>
class istreambuf_iterator<charT, traits>::proxy { // exposilion 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_; }
}
I3}

ass istreambuf_iterator<charT, traits>::proxy is for exposition only. An implementation is permiit-
d to provide equivalent functionality without providing a class with this name. Class istreambuf| -
erator<charT, traits>::prexy.provides a temporary placeholder as the return value of the pogt-
crement operator (operator++)* It keeps the character pointed to by the previous value of the iterator fpr
me possible future access/ta~get the character.

8.3.2 istreambuf iterator constructors [istreambuf.iterator.cons]

nstexpr istreambuf) iterator() noexcept;
nstexpr istreambuf_iterator(default_sentinel) noexcept;

Effects:) Constructs the end-of-stream iterator.

treambuf_iterator(basic_istream<charT, traits>& s) noexcept;

jtreambuf iterator(basic streambuf<charT, traits>* s) noexcept:

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;

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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8.3.3 istreambuf_iterator::operator* [istreambuf.iterator::op*]

charT operator*() const

9.

Returns: The character obtained via the streambuf member sbuf_->sgetc().

8.3.4 istreambuf_iterator::operator++ [istreambuf.iterator::op+-]

istreambuf_iterator&

istreambuf_iterator<charT, traits>::operator++();

b(

9

tgmplate <class charT, class traits>

tgmplate <class charT, class traits>

tgmplate <class charT, class traits>

9

tgmplate, <class charT, class traits>
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Returns: *this.

oxy istreambuf_iterator<charT, traits>::operator++(int);

Effects: Equivalent to: return proxy(sbuf_->sbumpc(), sbuf_);
8.3.5 istreambuf_iterator::equal [istreambuf.iterator::equ4l]

ol equal(const istreambuf_iterator& b) const;

Returns: true if and only if both iterators are at end-of-stream, or neither/is at end-of-stream, regardless
of what streambuf object they use.

8.3.6 operator== [istreambuf.iterator::op=g]

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

Effects: Equivalent to: return a.equal(b);
bool operator==(default_sentinel a,
const istreambuf_itexator<charT, traits>& b);
Effects: Equivalent to: return\isstreambuf_iterator<charT, traits>{}.equal(b);
bool operator==(const istreambuf_iterator<charT, traits>& a,
defatilt_‘sentinel b);

Effects: Equivalent to: return a.equal(istreambuf_iterator<charT, traits>{});

—_

8.3.7 opexdtor!= [istreambuf.iterator::op!s

bool ‘opéerator!=(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);

Effects: Equivalent to: return !(a == b);
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.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;

typedef basic_streambuf<charT, traits> streambuf_type;
typedef basic_ostream<charT, traits> ostream_type;

W

C(

[o}:

Of

[o}:

constexpr ostreambuf_iterator() noexcept;
ostreambuf_iterator(ostream_type& s) noexcept;
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;

private:
streambuf _type* sbuf_; // exposition only
};
I
he class template ostreambuf_iterator writes successive chardcters onto the output stream from whichlit
hs constructed. It is not possible to get a character value out of the output iterator.
8.4.1 ostreambuf_iterator constructors [ostreambuf.iter.cons|

nstexpr ostreambuf_iterator() noexcept;

Effects: Initializes sbuf _ with nullptr.

treambuf_iterator(ostream_type& s) noexcept;
Requires: s.rdbuf () != nullptr.

Effects: Initializes sbuf ~with s.rdbuf ().

treambuf_iterator(streambuf_type* s) noexcept;
Requires: s A= nullptr.
Effects: Initializes sbuf_ with s.

8.4.2 _ostreambuf_iterator operations [ostreambuf.iter.ops]

treambuf_iterator&
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);

Returns: *this.

bool failed() const noexcept;

Requires: sbuf_ != nullptr.

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]
19.1 General [ranges.general]
This Clause describes components for dealing with ranges of elements.
The following subclauses describe range and view requirements, and components )for range primitives s
symmarized 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]
S¢veral places in this Clause use the expression \DECAY_COPY (x), which is expression-equivalent to:
decay_t<decltype ((x))>(x)
10.3 Header <experimental/fanges/range> synopsis [range.synopsip]
#include <experimental/range§/iterator>
namespace std { namespace ekxperimental { namespace ranges { inline namespace vl {
// 10.4, range access;
namespace {
constexpr unspectified begin = unspecified ;
constexpr dinspecified end = unspecified ;
constexpr/unspecified cbegin = unspecified ;
constexpr unspectified cend = unspecified ;
constexpr unspecified rbegin = unspecified ;
constexpr unspecified rend = unspecified ;
constexpr unspectified crbegin = unspecified ;
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&>()));
94
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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 =

// 10.6.4, View:
template <class T>

concept bool View = see below;

// 10.6.5, BoundedRange:
template <class T>

// 10.6.7, OutputRange:
template <class R, class T>
concept bool OutputRange =

// 10.6.8, ForwardRange:
template <class T>
concept bool ForwardRange =

// 10.6.9, BidirectionalRange:
template <class T>
concept bool BidirectionalRange =

// 10.6.10, RondomAccessRange:
template <class T>
concept Bool RandomAccessRange =

33}

).4 . Range access

see below;

concept bool BoundedRange = see below;
// 10.6.6, InputRange:

template <class T>

concept bool InputRange = see below;

see belowy

see below;

see below;

see below;

[range.acces§]
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point objects in 10.4 are available when <experimental/ranges/iterator> is included.

10.4.1 begin

1 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:

(1.1)

(1.2)

[range.access.begin]

— 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).

© ISO/IEC 2017 - All rights reserved
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(1.4)
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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 name end denotes a customization point object (6.3.5.1). The expression ranges: : end (E)cfor some

Sy

[

(of:
n

bexpression E is expression-equivalent to:

— ranges: :end(static_cast<const T&>(E)) if E is an rvalue of type T. This usage is deprecated. [ Nofe:
This deprecated usage exists so that ranges: :end(E) behaves similarly to std: :end(E) as defined fin
ISO/IEC 14882 when E is an rvalue. — end note]

— Otherwise, (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.Sdmeets the syntactic requite-
ments of Sentinel<S, decltype(ranges::begin(E))>. If Sentinel(i§not satisfied, the program fis
ill-formed with no diagnostic required.

— Otherwise, DECAY_COPY (end(E)) if it is a valid expression andits type S meets the syntactic re-
quirements of Sentinel<S, decltype(ranges::begin(E))Xwith overload resolution performed in|a
context that includes the declaration void end(auto&) =~delete; and does not include a declaratipn
of ranges: :end. If Sentinel is not satisfied, the progrant is ill-formed with no diagnostic required

— Otherwise, ranges: :end(E) is ill-formed.

Vote: Whenever ranges: :end (E) is a valid expressionythe types of ranges: :end (E) and ranges: :begin(E)

tisfy Sentinel. — end note]
D.4.3 cbegin [range.access.cbegin]
he name cbegin denotes a customization*point object (6.3.5.1). The expression ranges: :cbegin(E) fpr

me subexpression E of type T is expressioh-equivalent to ranges: :begin(static_cast<const T&>(E)

e of ranges::cbegin(E) with rvalue E is deprecated. [Note: This deprecated usage exists so thht
nges: :cbegin(E) behaves similarly to std: :cbegin(E) as defined in ISO/IEC 14882 when E is an rvalie.
end note |

Vote: Whenever ranges: fcbegin(E) is a valid expression, its type satisfies Iterator. — end note]

D.4.4 cend [range.access.cend]

he name cend denotes a customization point object (6.3.5.1). The expression ranges: :cend(E) for some
bexpression E bftype T is expression-equivalent to ranges: :end(static_cast<const T&>(E)).

be of ranges(: : cend(E) with rvalue E is deprecated. [ Note: This deprecated usage exists so that ranges|: :
nd (E) <belfaves similarly to std::cend(E) as defined in ISO/IEC 14882 when E is an rvalue. —end
te]

[

Vote: 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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(1.2)

(1.3)

(1.4)

(1.2)

(1.3)

(1.4)

(1.1)

(1.2)

— 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]
]_ }.’:‘I:.G L eud [1 adllgC.dCCCS5.1CI1 }.]
The name rend denotes a customization point object (6.3.5.1). The expression ranges: :rend(E) forsome

Sy

A

C]

1

bexpression E is expression-equivalent to:

— ranges: :rend(static_cast<const T&>(E)) if E is an rvalue of type T. This usage is‘deprecatdd.
[ Note: This deprecated usage exists so that ranges: :rend (E) behaves similarly to std:“rend(E) ps
defined in ISO/IEC 14882 when E is an rvalue. — end note]

— Otherwise, DECAY_COPY ((E) .rend()) if it is a valid expression and its type<Smeets the syntactfic
requirements of Sentinel<S, decltype(ranges::rbegin(E))>. If Sentimel’is not satisfied, the
program is ill-formed with no diagnostic required.

— Otherwise, make_reverse_iterator(ranges: :begin(E)) if both ranges: :begin(E) and ranges|: :
end (E) are valid expressions of the same type I which meets the syhtactic requirements of Bidirecft-
ionallterator<I> (9.3.14).

— Otherwise, ranges: :rend(E) is ill-formed.
Vote: Whenever ranges: :rend(E) is a valid expression, the types of ranges::rend(E) and ranges]: :
egin(E) satisfy Sentinel. — end note]
D.4.7 crbegin [range.access.crbegin]

hie name crbegin denotes a customization point objeet (6.3.5.1). The expression ranges: : crbegin(E) fpr
me subexpression E of type T is expression-equiyalent to ranges: :rbegin(static_cast<const T&>(E)).

ke of ranges::crbegin(E) with rvalue E is"deprecated. [ Note: This deprecated usage exists so thht
nges: :crbegin(E) behaves similarly to*std: :crbegin(E) as defined in ISO/IEC 14882 when E is 4n

alue. — end note]
Vote: Whenever ranges: : crbegin(E)"is a valid expression, its type satisfies Iterator. — end note]
D.4.8 crend [range.access.crend]

hie name crend denotes a Customization point object (6.3.5.1). The expression ranges: : crend(E) for some
bexpression E of type T s expression-equivalent to ranges: :rend(static_cast<const T&>(E)).

ke of ranges::crend(E) with rvalue E is deprecated. [Note: This deprecated usage exists so thht
nges: : crend (B)\ béhaves similarly to std: :crend(E) as defined in ISO/TEC 14882 when E is an rvalie.
end note |

Vote: Whenéver ranges: :crend(E) is a valid expression, the types of ranges: :crend(E) and ranges|: :
Fbegin(E). Satisfy Sentinel. — end note]

D5 “Range primitives [range.primitive§|

In"addition to being avallable via imclusion or 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.

97
© ISO/IEC 2017 - All rights reserved


https://standardsiso.com/api/?name=f6951394130aae461b3626a9086b5125

(1.3)

(1.5)

(1.1)

(1.2)
(1.3)

(1.4)

ISO/IEC TS 21425:2017(E)

— 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+sizelE)—is-ill-formed-
[ Note: Whenever ranges: :size(E) is a valid expression, its type satisfies Integral. — end note]
19.5.2 empty [range.primitives.empty]
The name empty denotes a customization point object (6.3.5.1). The expression ranges: : empty(E) for sorpe

Sy

1

Sy

[

bexpression 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.

— Otherwise, bool (ranges: :begin(E) == ranges::end(E)), except that Edy only evaluated once, iffit
is a valid expression and the type of ranges: :begin(E) satisfies ForyardIterator.

— Otherwise, ranges: :empty (E) is ill-formed.

Vote: Whenever ranges: :empty(E) is a valid expression, it has typdbool. — end note]

D.5.3 data [range.primitives.dat]

he name data denotes a customization point object (6.3.5.3) The expression ranges: :data(E) for sonhe
bexpression E is expression-equivalent to:

— ranges: :data(static_cast<const T&>(E)) if:EMis an rvalue of type T. This usage is deprecatdd.
[ Note: This deprecated usage exists so that ranges: :data(E) behaves similarly to std: :data(E) hs
defined in the C++ Working Paper when E.igyan rvalue. — end note]

— Otherwise, DECAY_COPY ((E) .data()) if\it is a valid expression of pointer to object type.
— Otherwise, ranges: :begin(E) if itVis-a valid expression of pointer to object type.
— Otherwise, ranges: :data(E) i§ ill-formed.

Vote: Whenever ranges: :data(E)-is a valid expression, it has pointer to object type. — end note]

D.5.4 cdata [range.primitives.cdatj]

hie name cdata denotes @)customization point object (6.3.5.1). The expression ranges: : cdata(E) for some

sybexpression E of typeT is expression-equivalent to ranges: :data(static_cast<const T&>(E)).

Uge of ranges: ycdata(E) with rvalue E is deprecated. [Note: This deprecated usage exists so thht
ranges: : cdat&(E) has behavior consistent with ranges: :data(E) when E is an rvalue. — end note]

[ Note: Whengver ranges: :cdata(E) is a valid expression, it has pointer to object type. — end note|
10.6 , \Range requirements [ranges.requirementg]
10.6)1 General [ranges.requirements.general]

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 type with

C

B

all

TIStAT-Tie Copy and assSIgT Operations.

Il addition to the three fundamental range categories, this document defines a number of convenien
rd

ce

finements of Range that group together requirements that appear often in the concepts and algorithnps.
bunded ranges are ranges for which begin and end return objects of the same type. Random decess ranges
e ranges for which begin returns a type that satisfies RandomAccessIterator (9.3.15). The range categorips
bidirectional ranges, forward ranges, input ranges, and output ranges are defined similarly:

10.6.2 Ranges [ranges.rangg]
The Range concept defines the requirements of a type that allows iteration over (its elements by providig
albegin iterator and an end sentinel. [ Note: Most algorithms requiring this ¢ofieept simply forward to gn
Iterator-based algorithm by calling begin and end. — end note]
tqmplate <class T>
cqncept bool Range =
requires(T&& t) {
ranges: :begin(t); // not necessarily equality-preserving (see below)
ranges: :end(t);
};
Given 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 amektized constant time and non-modifying. [ Note: begin(f)

T
th

and end(t) do not require impligif expression variations (7.1.1). — end note]

— If iterator_t<T> satisfies ForwardIterator, begin(t) is equality preserving.

[ Note: Equality preservation of botli-begin and end enables passing a Range whose iterator type satisfi

rwardIterator to multiple algerithms and making multiple passes over the range by repeated calls

begin and end. Since begin is hot required to be equality preserving when the return type does not satigfy
rwardIterator, repeated dalls might not return equal values or might not be well-defined; begin should

e size function.

tgmplate ‘<Class T>

C(

ncept {bool SizedRange =
Range<T> &&

LO

b called at most once for such a range. — end note|
D.6.3 Sized ranges [ranges.sizedl]
hie SizedRangelconcept specifies the requirements of a Range type that knows its size in constant time with

Tdisable_sized_rangelremove_cv_t<remove_reierence_tl>>> &&
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.

[

rample: Examples of Views are:

A

cd

tqmplate <class T>

C(

tgmplate <class T>

[ef¢

off

— 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 copies.
— A Range type that generates its elements on demand.

container (ISO/TEC 14882:2014 §23) is not a View since copying the container copies thereléments, whigh
nnot be done in constant time. — end example]

nstexpr bool view-predicate // exposition only
= see below;

ncept bool View =
Range<T> &&
Semiregular<T> &&
view-predicate <T>;

Since the difference between Range and View is largelysemantic, the two are differentiated with the help
of the enable_view trait. Users may specialize enable_view to derive from true_type or false_type.

For a type T, the value of view-predicate <T>'shall be:
— If enable_view<T> has a member typétype, enable_view<T>: :type: :value;
— Otherwise, if T is derived from viey_base, true;

— Otherwise, if T is an instantjation of class template initializer_list (ISO/IEC 14882:20]4
§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), fals

— Otherwise, if both Tsand const T satisfy Range and reference_t <iterator_t<T>> is not the
same type as reference_t <iterator_t<const T>>, false; [ Note: Deep const-ness implips
element ownership; whereas shallow const-ness implies reference semantics. — end note]

L

— Otherwise, G©riie.

D.6.5 Bounded ranges [ranges.bounded]

he BoundedRange concept specifies requirements of a Range type for which begin and end return objedts
the samé type. [ Note: The standard containers (ISO/IEC 14882:2014 §23) satisfy BoundedRange. — efd
te]

template <class T>

caricent bhaool BoundedRange =
T =

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
tiat satisfies ForwardIterator (9.3.13).

template <class T>
concept bool ForwardRange =
InputRange<T> && ForwardIterator<iterator_t<T>>;

190.6.9 Bidirectional ranges [ranges,bidirectional]

1 The BidirectionalRange concept specifies requirements of a ForwardRange type for{which begin returns| a
tyjpe that satisfies BidirectionalIterator (9.3.14).

template <class T>
concept bool BidirectionalRange =
ForwardRange<T> && Bidirectionallterator<iterator_t<T>>;

10.6.10 Random access ranges [ranges.random.acces]

1 The RandomAccessRange concept specifies requirements of a B8idirectionalRange type for which begin
rdturns a type that satisfies RandomAccessIterator (9.3.15)

template <class T>
concept bool RandomAccessRange =
BidirectionalRange<T> && RandomAccessIterator<iterator_t<T>>;

—

11 Algorithms library lalgorithms

.1 General [algorithms.genera]l]

1
1 This Clause describes componentsthat C++ programs may use to perform algorithmic operations on containdrs
(Glause ISO/TEC 14882:2014 '§23) and other sequences.

2 The following subclauses™describe components for non-modifying sequence operations, modifying sequenfe
operations, and sorting-and related operations, as summarized in Table 11.

Table 11 — Algorithms library summary

b Subclause Header(s)
11.3 Non-modifying sequence operations
11.4 Mutating sequence operations <experimental/ranges/algorithm>
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://standardsiso.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;

11.5, non-modifying sequence operations:
template <InputlIterator 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{});

template <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 (Rng&& rng, Pred pred, Proj proj = Proj{});

template <InputIterator I, Sentinel<I> S, class Proj:s 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{});

template <InputlIterator I, SentinelXI> S, class Proj = identity,
IndirectUnaryInvocable<projected<I, Proj>> Fun>
tagged_pair<tag::in(I), tag::fun(Fun)>
for_each(I first, S last,.Fun f, Proj proj = Proj{});

template <InputRange Rag,/class Proj = identity,
IndirectUnaryInvocable<projected<iterator_t<Rng>, Proj>> Fun>
tagged_pair<tag::in(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>
requirés..IndirectRelation<equal_to<>, projected<I, Proj>, const T*>
I find(I first, S last, const T& value, Proj proj = Proj{});

teémplate <InputRange Rng, class T, class Proj = identity>
requires IndirectRelation<equal_to<>, projected<iterator_t<Rng>, Proj>, const T*>

safe_fterator_tRng>
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{});
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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{});

template <Inputlterator Il, Sentinel<I1> S1, ForwardIterator I2, Sentinel<I2> S2,
class Projl = identity, class Proj2 = identity,
IndirectRelation<projected<Il, Projl>, projected<I2, Proj2>>“Pred = equal_to<>>
I1
find_first_of (I1 firstl, S1 lastl, I2 first2, S2 last2y
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>> (Pred = equal_to<>>
safe_iterator_t<Rngl>

find_first_of (Rngl&& rngl, Rng2&&(rng2,

Pred pred = Pred{},

Projl projl =«Rrdji{}, Proj2 proj2 = Proj2{});

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{},
Rroj 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{});

témplate <Inputlterator I, Sentinel<I> S, class T, class Proj = identity>
requires IndirectRelation<equal_to<>, projected<I, Proj>, const T*>
alllclclce_type_Lus1l~2
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 <InputIterator Il, 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>s, iterator_t<Rng2>, Pred, Projl, Proj2>

bool equal(Rngl&& rngl, Rng2&& rng2, Pred preéd = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <ForwardIterator Il, 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>
bool is_permutation(Il 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‘'s.didentity, 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{});

template <ForwardIterator I1, Sentinel<I1> S1, ForwardIterator 12,
Sentinel<I2> S2, class Pred = equal_to<>,
class Projl = identity, class Proj2 = identity>

— requires ImairectiyComparabie]it; 12, Pred;, Projt, 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{});

// 11.4, modifying sequence operations:
// 11.4.1, copy:
template <InputlIterator 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);

template <InputlIterator I, Sentinel<I> S, WeaklyIncrementable 0, class Proj =
IndirectUnaryPredicate<projected<I, Px0j>> 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{});

template <BidiréctionalIlterator Il, Sentinel<I1> S1, Bidirectionallterator I2>
requires IndirectlyCopyable<Il, I2>
tagged_pdir<tag::in(I1), tag::out(I2)>
copyibackward(I1 first, S1 last, I2 result);

template <BidirectionalRange Rng, Bidirectionallterator I>
réquires IndirectlyCopyable<iterator_t<Rng>, I>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(I)>

identity,

LOpy_[faLKde(l\nIlg&& g, 1 I'esuli/,

// 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<I1l, 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>)5
swap_ranges (Rngl&& rngl, Rng2&& rng2);

template <InputlIterator I, Sentinel<I> S, WeaklyIncrementable O,
CopyConstructible F, class Proj = identity>
requires Writable<O0, 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 = Prgj{});

template <InputRange Rng, WeaklyIncrementable 0, CopyConstxuctible 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)>
transform(Rng&& rng, 0 result, F op, Proj,proj = Proj{});

template <InputlIterator Il, Sentinel<I1>.8%," 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, Projl>,
projected<I2, Proj2>)>>

tagged_tuple<tag::in1(I1), tag::in2(I2), tag::out(0)>
transform(I1 firstil, Si lastl, I2 first2, S2 last2, 0 result,

F binary_op,-Rrojl 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)>
transform(Rngl&& rngl, Rng2&& rng2, 0 result,
F binary_op, Projl projl = Proji{}, Proj2 proj2 = Proj2{});

—teMpIate <INpUtItErator I, SentinmelkI>—S,; TIass If, Class 12, 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 <InputlIterator I, Sentinel<I> S, class T1l, class T2, OutputIlterator<comnst T2&> 0,
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(yvalue,
Proj proj = Proj{});

template <InputRange Rng, class T1, class T2, OutputIterator<const T2&>(0;
class Proj = identity>
requires IndirectlyCopyable<iterator_t<Rng>, 0> &&
IndirectRelation<equal_to<>, projected<iterator_t<Rng>, Projos Const T1x*>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>
replace_copy (Rng&& rng, O result, const T1& old_value, ,const T2& new_value,
Proj proj = Proj{});

template <Inputlterator I, Sentinel<I> S, class T, OutputIterator<const T&> O,
class Proj = identity, IndirectUnaryPredicate<prgjected<I, Proj>> Pred>
requires IndirectlyCopyable<I, 0>
tagged_pair<tag::in(I), tag::out(0)>
replace_copy_if (I first, S last, 0 result, 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_iterator_t<Rng>), tag::out(0)>
replace_copy_if (Rng&& rng, O result, Pred pred, const T& new_value,
Proj.proj = Proj{});

template <class T, OQutputlterator<const T&> 0, Sentinel<0> S>
0 fi11(0 first,.S_last, const T& value);

template <classS_T, OutputRange<const T&> Rng>
safe_iterator_t<Rng>
£i11(Bng&& rng, const T& value);

template <class T, Outputlterator<const T&> 0>
0Yfill_n(0 first, difference_type_t<0> n, const T& value);

l:e‘mpiate <Iterator G, Sentineko> S, CUP?CU1TSCIUCCIDTE >

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 <InputlIterator 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, class T, class Proj = identity>
requires IndirectlyCopyable<iterator_t<Rng>, 0> &&
IndirectRelation<equal_to<>, projected<ite¥ator_t<Rng>, Proj>, const T*>
tagged_pair<tag::in(safe_iterator_t<Rng>) ,\tag::out(0)>
remove_copy (Rng&& rng, 0 result, constT& value, Proj proj = Proj{});

template <Inputlterator I, Sentinel<I>* S, WeaklyIncrementable O,
class Proj = identity, IndirectUnaryPredicate<projected<I, Proj>> Pred>
requires IndirectlyCopyable<I 0>
tagged_pair<tag::in(I), tag::out(0)>
remove_copy_if (I first, S.last, O result, Pred pred, Proj 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)>
remove_copy.if (Rng&& rng, 0 result, Pred pred, Proj proj = Proj{});

template (<EorwardIterator I, Sentinel<I> S, class Proj = identity,
IndirectRelation<projected<I, Proj>> R = equal_to<>>
requires Permutable<I>
I\unique(I first, S last, R comp = R{}, Proj proj = Proj{});

—temMpIate <FOIWardRange RNE, Class Proj = Iaentity,
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);

template <BidirectionalRange Rng>
requires Permutable<iterator_t<Rng>>
safe_iterator_t<Rng>
reverse (Rng&& rng);

template <Bidirectionallterator I, Sentinel<I> S, WeaklyIncrementable ‘0>
requires IndirectlyCopyable<I, 0>
tagged_pair<tag::in(I), tag::out(0)> reverse_copy(I first, S léast; 0 result);

template <BidirectionalRange Rng, WeaklyIncrementable 0>
requires IndirectlyCopyable<iterator_t<Rng>, 0>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(@)>
reverse_copy(Rng&& rng, 0 result);

template <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_iterdtor_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<tag::in(I), tag::out(0)>
rotate_copy.(I-first, I middle, S last, 0 result);

template <ForwardRange Rng, WeaklyIncrementable 0>
requirés..IndirectlyCopyable<iterator_t<Rng>, 0>
tagged)pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>
Totate_copy(Rng&& rng, iterator_t<Rng> middle, 0 result);

Ay 11.4.12, shuffle:
—tEMpIate <RaNMQOMACCESSITETator I, SentineikI>—S, Tlrass 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{});

template <Bidirectionallterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
requires Permutable<I>
I stable_partition(I first, S last, Pred pred, Proj proj = Rroj{});

template <BidirectionalRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Pxroj>> Pred>
requires Permutable<iterator_t<Rng>>
safe_iterator_t<Rng>
stable_partition(Rng&& rng, Pred pred, Proj proj = 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::outl1(01), tag::out2(02)>
partition_copy(I first, S last,[01 out_true, 02 out_false, Pred pred,
Proj proj = Proj{});

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::outl1(01), tag::out2(02)>
partition~Copy(Rng&& rng, 01 out_true, 02 out_false, Pred pred, Proj proj = Proj{});

template(<EorwardIterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
I partition_point(I first, S last, Pred pred, Proj proj = Proj{});

template <ForwardRange Rng, class Proj = identity,

TmttrectimaryPredtcateproJectedRIterator _tRNg>, PT0J>> PTEd>

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{});

template <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 = Proj{});

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{l},
Proj proj = Proj{});

template <Inputlterator Il, Sentinel<I1> S1, RandomAccessIterator I2, Sentinel<I2> S2,
class Comp = less<>, class Projl = identity, class PrqQj2 = identity>
requires IndirectlyCopyable<Il, I2> && Sortable<I2, Comp/, Proj2> &&
IndirectStrictWeakOrder<Comp, projected<Il, Projl>, projected<I2, Proj2>>
I2
partial_sort_copy (Il first, S1 last, I2 result first, S2 result_last,
Comp comp = Comp{}, Proji ‘projl = Proji{}, Proj2 proj2 = Proj2{});

template <InputRange Rngl, RandomAccessRange Rng2, class Comp = less<>,
class Projl = identity, class Proj2<s identity>
requires IndirectlyCopyable<iteratof_it<Rngl>, iterator_t<Rng2>> &&
Sortable<iterator_t<Rng2>, Cofup, Proj2> &&
IndirectStrictWeakOrder<Cempy projected<iterator_t<Rngl>, Proji>,
projected<iterator_t<Rngl>, Proj2>>
safe_iterator_t<Rng2>
partial_sort_copy(Rngl&& rng, Rng2&& result_rng, Comp comp = Comp{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <Forwardlterator 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 (<EorwardRange Rng, class Proj = identity,
IndirectStrictWeakOrder<projected<iterator_t<Rng>, Proj>> Comp = less<>>
bool
is_sorted(Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

t@mpia:e ForwardIterator T, SentineIRI> o, Class FIO] = 1(1511131Ey,

IndirectStrictWeakOrder<projected<I, Proj>> Comp = less<>>
I is_sorted_until(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>
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 = Compi},
Proj proj = Proj{});

template <ForwardRange Rng, class T, class Proj = identity,
IndirectStrictWeakOrder<const T*, projected<iterator_t<Rng>, Proj>> Comp = less<>>
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<Rng>, Proj>> Comp = less<>>
safe_iterator_t<Rng>
upper_bound (Rng&& rng, const T& value, Comp comp =sGomp{}, Proj proj = Proj{});

template <ForwardIterator I, Sentinel<I> S, class (I, \¢lass Proj = identity,
IndirectStrictWeakOrder<const T*, projected<l, 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*y(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{});

template <ForwardIterator’Iy 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,
IndifectStrictWeakOrder<const T*, projected<iterator_t<Rng>, Proj>> Comp = less<>>
bool
binary_search(Rng&& rng, const T& value, Comp comp = Comp{},
Proj proj = Proj{});

11.0.7, 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>
requires Sortable<iterator_t<Rng>, Comp, Proj>
safe_iterator_t<Rng>
inplace_merge (Rng&& rng, iterator_t<Rng> middle, Comp comp = Comp{},
Proj proj = Proj{});

// 11.5.5, set operations:
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
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 = less<>>
bool
includes(Rngl&& rngl, Rng2&& rng2, Comp compv= Comp{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

template <Inputlterator Il, Sentinel<I1>.\S1, Inputlterator 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::ini(I1), tag::in2(I2), tag::out(0)>
set_union(Il firstl, S1 lastdl, 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 Mergeablediterator_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_tunion(Rngl&& rngl, Rng2&& rng2, 0 result, Comp comp = Comp{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

témplate <Inputlterator Il, Sentinel<I1> S1, InputIlterator I2, Sentinel<I2> S2,
WeaklyIncrementable 0, class Comp = less<>, class Projl = identity, class Proj2 = identity>

—.Em_m"gEdD_Le\Ll, 12505 Comp, Projr, 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{});

template <Inputlterator Il, Sentinel<I1> S1, InputIlterator I2, Sentinel<I2> S2,
WeaklyIncrementable 0, class Comp = less<>, class Projl = identity, class Proj2 F-identity>
requires Mergeable<I1l, I2, 0, Comp, Projil, Proj2>
tagged_tuple<tag::in1(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}j 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{k, Broj2 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 ¢émp = Comp{}, Proj proj = Proj{});

template <RandomAccessRange Rngjsclass 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{});

template <RandomAccessIterator I, Sentinel<I> S, class Comp = less<>,
class Proj = ddentity>
requires Sortable<I, Comp, Proj>
I pop_heap(l “first, S last, Comp comp = Comp{}, Proj proj = Proj{});

template (<RandomAccessRange Rng, class Comp = less<>, class Proj = identity>
requirés Sortable<iterator_t<Rng>, Comp, Proj>
safe_iterator_t<Rng>
pop_heap(Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

—tEMpIate <RaNMQOMACTCESSITETator I, SentineIkI>—S, TIrass Comp = 185537,

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{});

template <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{});

template <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 = RBroj{});

// 11.5.7, minimum and mazimum:
template <class T, class Proj = identity,
IndirectStrictWeakOrder<projected<const T*, Proj>> €omp = less<>>
constexpr const T& min(const T& a, const T& b, Comp'comp = Comp{}, Proj proj = Proj{});

template <Copyable T, class Proj = identity,
IndirectStrictWeakOrder<projected<const J*, Proj>> Comp = less<>>
constexpr T min(initializer_list<T> t,.Comp comp = Comp{}, Proj proj = Proj{});

template <InputRange Rng, class Projy= jidentity,
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,
IndirectStrictWeakOrder<projected<iterator_t<Rng>, Proj>> Comp = less<>>
requires Copyable<value_type_t<iterator_t<Rng>>>

VdJ_Lle_T.ype_E\lT.eI dlOI'_tShnig-s~

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 =.l€ss<>>
safe_iterator_t<Rng>
max_element (Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{})y

template <ForwardIterator I, Sentinel<I> S, class Proj = identity,
IndirectStrictWeakOrder<projected<I, Proj>> Comp = less<>>
tagged_pair<tag::min(I), tag::max(I)>
minmax_element (I first, S last, Comp comp = Comp{},“Proj proj = Proj{});

template <ForwardRange Rng, class Proj = identity,
IndirectStrictWeakOrder<projected<iteratort<Rng>, Proj>> Comp = less<>>
tagged_pair<tag::min(safe_iterator_t<Rng>).}
tag: :max(safe_iterator_t<Rng>)>
minmax_element (Rng&& rng, Comp comp-~= 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_compa¥e(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°s.ddentity,
IndirectStrictWeakOrder<projected<iterator_t<Rngl>, Projil>,
projected<iterator_t<Rng2>, Proj2>> Comp = less<>>
bool
lekicographical_compare(Rngl&& rngl, Rng2&& rng2, Comp comp = Comp{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

7/ 11.5.9, permutations:
—temprate BIdiTectionarIterator I, SentinelkI>—S,Trass Comp = 185837,
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<>,
class Proj = identity>
requires Sortable<iterator_t<Rng>, Comp, Proj>
bool
prev_permutation(Rng&& rng, Comp comp = Comp{}, Proj proj = Proj{});

113}
AlT of The algorithms are separated from the particular implementations of data structures and are paranje-
tdrized by iterator types. Because of this, they can work with program-defined data structures, as long hs
tHese data structures have iterator types satisfying the assumptions on the algorithms.
For purposes of determining the existence of data races, algorithms shall not modify objects véferenced
tHrough an iterator argument unless the specification requires such modification.
Bpth in-place and copying versions are provided for certain algorithms.* When such a ver§ibn is provided fpr
algorithm it is called algorithm_copy. Algorithms that take predicates end with the suffi©) _if (which folloys
tHe suffix _copy).
[ Note: Unless otherwise specified, algorithms that take function objects as argulwents are permitted to copy
tHose function objects freely. Programmers for whom object identity is important should consider using|a
wrapper class that points to a noncopied implementation object such as rfeférence_wrapper<T> (ISO/IHC
14882:2014 §20.9.3), or some equivalent solution. — end note]
I1] the description of the algorithms operators + and - are used for§eme of the iterator categories for whigh
tHey do not have to be defined. In these cases the semantics of .a+n is the same as that of

X tmp = a;

advance(tmp, n);

return tmp;
ald that of b-a is the same as of

return distance(a, b);
Irl the description of algorithm return values, sentinel values are sometimes returned where an iterator [is
ejpected. In these cases, the semanticsare as if the sentinel is converted into an iterator as follows:

I tmp = first;

while(tmp != last)

++tmp;

return tmp;
Ojverloads of algorithis)that take Range arguments (10.6.2) behave as if they are implemented by callig
beégin and end on(the Range and dispatching to the overload that takes separate iterator and sentinfel
ajjguments.
The number_and-order of template parameters for algorithm declarations is unspecified, except where explicitlly
stated otherwise.
11.24 Tag specifiers [alg.tagspef]

namespace tag t

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.
[ Example: 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)y’;)}
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]

tqmplate <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{})y

tgmplate <InputRange Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Px0j>> Pred>
bool all_of(Rng&& rng, Pred pred, Proj proj = Projfl);

Returns: true if [first,last) is empty or.if\invoke(pred, invoke(proj, *i)) is true for evely
iterator i in the range [first,last), and\fdlse otherwise.

Complezity: At most last - first applications of the predicate and last - first applications pf
the projection.

11.3.2 Any of [alg.any__ of]

tgmplate <InputIterator I, Semtinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
bool any_of(I first, S last, Pred pred, Proj proj = Proj{});

tgmplate <InputRange‘Rhg, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
bool any_of (Rug&k rng, Pred pred, Proj proj = Proj{});

Returps* false if [first,last) is empty or if there is no iterator i in the range [first,last) su¢h
that invoke (pred, invoke(proj, *i)) is true, and true otherwise.

Complexity: At most last - first applications of the predicate and last - first applications pf
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{});
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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]

template <Inputlterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryInvocable<projected<I, Proj>> Fun>
tagged_pair<tag::in(I), tag::fun(Fun)>
for each(J first, S last, Fun f. Proj proj = Proj{}):

tgmplate <InputRange Rng, class Proj = identity,
IndirectUnaryInvocable<projected<iterator_t<Rng>, Proj>> Fun>

tagged_pair<tag::in(safe_iterator_t<Rng>), tag::fun(Fun)>
for_each(Rng&& rng, Fun f, Proj proj = Proj{});

Effects: Calls invoke(f, invoke(proj, *i)) for every iterator i in the range [first’,last), starting
from first and proceeding to last - 1. [Note: If the result of invoke(prbjs *i) is a mutalbfle
reference, f may apply nonconstant functions. — end note]

Returns: {last, std::move(f)}.
Complezity: 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 thafy those specified in ISO/IEC 14882:20]4
§25.2.4. This algorithm requires Fun to satisfy CopyConstrictible, whereas the algorithm in the C{+
Standard requires only MoveConstructible. — end notey

11.3.5 Find [alg.fing]

tqmplate <InputIterator I, Sentinel<I> S, class T,\class Proj = identity>
requires IndirectRelation<equal_to<>, projected<I, Proj>, const T*>
I find(I first, S last, const T& value, Prog<proj = Proj{});

template <InputRange Rng, class T, class Proj = identity>
requires IndirectRelation<equal_to<>,.projected<iterator_t<Rng>, Proj>, const T*>
safe_iterator_t<Rng>

find (Rng&& rng, const T& value;”Proj proj = Proj{});

tqmplate <Inputlterator I, Semtinel<I> S, class Proj = identity,
IndirectUnaryPredicaté<projected<I, Proj>> Pred>
I find_if(I first, S/Tast, Pred pred, Proj proj = Proj{});

tgmplate <InputRange ‘Rng, class Proj = identity,
IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pred>
safe_iterator_t<Rng>
find_if<(Rug&& rng, Pred pred, Proj proj = Proj{});

tqmplate~<InputIterator I, Sentinel<I> S, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
I £ind 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{});

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,

IJJLIJ'.LCL bRCldbiUll ..LbULdbUL_lz Fulsﬂ F)
projected<iterator_t<Rng>, Proj>> Pred = equal_to<>>
safe_iterator_t<Rngl>
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)) sueh that for eve

such iterator is found.

Complexity: At most (last2 - first2) * (lastl - firstl - (lasp2 - first2) + 1) appli
tions of the corresponding predicate and projection.

tgmplate <Inputlterator I1, Sentinel<I1> S1, ForwardIteratoxr“\I2, Sentinel<I2> S2,
class Projl = identity, class Proj2 = identity,
IndirectRelation<projected<Il, Projl>, projected<I2,\Proj2>> Pred = equal_to<>>
I1
find_first_of (Il firstl, S1 lastl, I2 first2,.82.1ast2, Pred pred
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

Pred{},

tqmplate <InputRange Rngl, ForwardRange Rng2, ‘class Projl = identity,
class Proj2 = identity,
IndirectRelation<projected<iterator( t<Rngl>, Proji>,
projected<iterator_t<Rng2>, Prej2>> Pred = equal_to<>>
safe_iterator_t<Rngl>
find_first_of (Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{},
Projl projiS=\Proji{}, Proj2 proj2 = Proj2{});

Effects: Finds an elemient that matches one of a set of values.

Returns: The firstyiterator i in the range [first1,lastl) such that for some iterator j in the ran
[first2,last2) the following condition holds: invoke(pred, invoke(projl, *i), invoke(proj
xj)) != falge. Returns lastl if [first2,last2) is empty or if no such iterator is found.

and the’ two projections.

non-negative integer n < (last2 - first2), the following condition holds: invoke (pred, invokg(
proj, *(i + n)), *(first2 + n)) != false. Returns lastl if [first2;last2) is empty or if o

11.3.7 Find first of [alg.find.first.of]

Complexity: At most (lastl-firstl) * (last2-first2) applications of the corresponding predicafe

y

N

11.3°8 ¥ Adjacent find [alg.adjacent.fingl]
teMpIate FOIWardlterator I, Sentinelkl> S, Class ProJ = 1dentity,
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.

2 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>

tgmplate <InputRange Rng, class T, class Proj = identity>

tgmplate <Inputlterator I, Sentinel<I> S, class Proj = identity,

tgmplate <InputRange Rng, class Proj = identity,

1

tgmplate <Inputlterator I1, Sentinel&I1> S1, Inputlterator I2, Sentinel<I2> S2,

tqmplate <InputRange\Rngl, InputRange Rng2,

(1.1)
(1.2)

(1.3)

vnqn-ivoc an]-irnr-f\?n'l::f-ir\n(nqnn"l to<> Prnjor-+nr§(T, Dran, const Txk>

[.3.10 Mismatch [mismatch]

difference_type_t<I>
count(I first, S last, const T& value, Proj proj = Proj{});

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{});

IndirectUnaryPredicate<projected<I, Proj>> Pred>
difference_type_t<I>
count_if (I first, S last, Pred pred, Proj proj = Proj{});

IndirectUnaryPredicate<projected<iterator_t<Rng>, Proj>> Pfed>
difference_type_t<iterator_t<Rng>>
count_if (Rng&& rng, Pred pred, Proj proj = Proj{});

Effects: Returns the number of iterators i in the range [first,last) for which the following c¢r-
responding conditions hold: invoke(proj, *i)(== value, invoke(pred, invoke(proj, *i)) |=
false.

Complezity: Exactly last - first applications of the corresponding predicate and projection.

class Projl = identity, class Proj2 = identity,
IndirectRelation<projected<Il; Projl>, projected<I2, Proj2>> Pred = equal_to<>>
tagged_pair<tag::ini(I1), tag::in2(I2)>
mismatch(Il firstl, Si-lastl, I2 first2, S2 last2, Pred pred = Pred{},
Projl proji =-Proji{}, Proj2 proj2 = Proj2{});

class Projl =Jidentity, class Proj2 = identity,
IndirectRelation<projected<iterator_t<Rngl>, Projl>,
projected<iterator_t<Rng2>, Proj2>> Pred = equal_to<>>
tagged_pair<tag::inl(safe_iterator_t<Rngl>), tag::in2(safe_iterator_t<Rng2>)>
mismatch(Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

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>
Tequires—}ndirectiryeoquLablc ihULdbUL_b Fu151 3 j_bt:LdbUL_b F\.usﬁ 3 PJ.C\l, PLUJl, PLujz
bool equal(Rngl&& rngl, Rng2&& rng2, Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{});

1 Returns: If lastl - firstl != last2 - first2, return false. Otherwise return tryge'if for evely
iterator i in the range [first1,last1) the following condition holds: invoke (pred,, invoke(proj
xi), invoke(proj2, *(first2 + (i - firstl1)))). Otherwise, returns false.

—
-

2 Complezity: 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.

Otherwise, at most min(lastl - firstl, last2 - first2) applications of the corresponding pregli-
cate and projections.

11.3.12 Is permutation [alg.is__permutation]

tqmplate <ForwardIterator I1, Sentinel<I1> S1, ForwardIterator I2,
Sentinel<I2> 82, class Pred = equal_to<>, class Pxojl = identity,
class Proj2 = identity>
requires IndirectlyComparable<Il, I2, Pred, Projl, Proj2>
bool is_permutation(Il firstl, S1 lastl, I2(first2, S2 last2,
Pred pred = Pred{},
Projl projl = Projit{}, Proj2 proj2 = Proj2{1});

template <ForwardRange Rngl, ForwardRange Rng2, class Pred = equal_to<>,
class Projl = identity, class Rroj2 = identity>
requires IndirectlyComparable<iterator_t<Rngl>, iterator_t<Rng2>, Pred, Projl, Proj2>
bool is_permutation(Rngl&&~rugl, Rng2&& rng2, Pred pred = Pred{},
Projl projl = Proji{}, Proj2 proj2 = Proj2{1});

1 Returns: If last@~="firstl !'= last2 - first2, return false. Otherwise return true if there exigts
a permutatioref the elements in the range [first2,first2 + (lastl - firstl)), beginning with
I2 begin,Such that equal (firstl, lastl, begin, pred, projl, proj2) returns true ; otherwige,
returns false.

2 Complerxity: 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.

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>
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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.

Returns: The first iterator i in the range [firstl,lastl - (last2-first2)) such that'for every
non-negative integer n less than last2 - first2 the following condition holds:

invoke(pred, invoke(projl, *(i + n)), invoke(proj2, *(first2 + n))) != false!

Returns firstl if [first2,last2) is empty, otherwise returns last1 if no such-iterator is found.

Complezity: At most (lastl - firstl) * (last2 - first2) applicatiohs of the corresponding
predicate and projections.

tqmplate <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{});

tgmplate <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{});

Effects: Finds a subsequence .of*équal values in a sequence.

Returns: The first iteratoriidin the range [first,last-count) such that for every non-negative integer
n less than count the~following condition holds: invoke(pred, invoke(proj, *(i + n)), valu
!= false. Returng-last if no such iterator is found.

2
~

Complezity: At wrost last - first applications of the corresponding predicate and projection.

11.4 Mutating sequence operations [alg.modifying.operationg]
11.4.1 Copy [alg.copy]

templateS<InputIterator I, Sentinel<I> S, WeaklyIncrementable 0>
reqiixes IndirectlyCopyable<I, 0>
tagged_pair<tag::in(I), tag::out(0)>

e Qo a 2
COpy(ll 1l1lot, o 1doi, U IToULlL/,

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 < (last
- first), performs *(result + n) = *(first + n).

Returns: {last, result + (last - first)}.
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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).

forppo. LE3 ot L oo rocilt 4 oL
TCEEUHF ST T ST RA5—Fesdro -

Complezity: Exactly n assignments.

tgmplate <InputIterator I, Sentinel<I> S, WeaklyIncrementable 0, class Proj = identity,
IndirectUnaryPredicate<projected<I, Proj>> Pred>
requires IndirectlyCopyable<I, 0>
tagged_pair<tag::in(I), tag::out(0)>
copy_if (I first, S last, O result, Pred pred, Proj proj

Proj{});

tgmplate <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{});

invoke(proj, *i)) holds.
Requires: The ranges [first,last) and [result,result + ) shall not overlap.

Effects: Copies all of the elements referred to hycthe iterator i in the range [first,last) for whi
invoke(pred, invoke(proj, *i)) is true.

Returns: {last, result + N}.

Complezity: Exactly last - first applications of the corresponding predicate and projection.
Remarks: Stable (ISO/IEC 14882:2014 §17.6.5.7).

tgmplate <Bidirectionallterator Il, Sentinel<I1> S1, Bidirectionallterator I2>
requires IndirectlyCopyable<Idl, I2>
tagged_pair<tag::in(I1), tag::out(I2)>

copy_backward(I1 first,)S1 last, I2 result);

template <BidirectiendlRange Rng, Bidirectionallterator I>

requires IndirectlyCopyable<iterator_t<Rng>, I>

tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(I)>
copy_backuward (Rng&& rng, I result);

Effects: Copies elements in the range [first,last) into the range [result - (last-first),resul
tarting from last - 1 and proceeding to first.’ For each positive integer n <= (last - firsf
performs *(result - n) = *(last - n).

Let N be the number of iterators i in the range [first,last) for which the condition invoke (pre

Q.

h

~

Requires: result shall not be in the range (first,last].
Returns: {last, result - (last - first)}.

Complezity: Exactly last - first assignments.

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

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);

[alg.move]

Effects: Moves elements in the range [first,last) into the range [result,result + (last - fiirs
) starting from first and proceeding to last. For each non-negative integer n < (last-first),pesforr
*x(result + n) = ranges::iter_move(first + n).

Returns: {last, result + (last - first)}.
Requires: result shall not be in the range [first,last).

Complerity: Exactly last - first move assignments.

tgmplate <Bidirectionallterator Il, Sentinel<I1> S1, Bidirectionallterator{I2>

requires IndirectlyMovable<I1, I2>
tagged_pair<tag::in(I1), tag::out(I2)>

move_backward(I1 first, S1 last, I2 result);

template <BidirectionalRange Rng, Bidirectionallterator I>

1

requires IndirectlyMovable<iterator_t<Rng>, I>
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(I)>

move_backward (Rng&& rng, I result);

Effects: Moves elements in the range [first,last) into the range [result - (last-first),resul
starting from last - 1 and proceeding to first.® For each positive integer n <= (last - first
performs *(result - n) = ranges::iter'@ove(last - n).

Requires: result shall not be in the ranige (first,last].
Returns: {last, result - (last-—first)}.

Complezity: Exactly last - firnst assignments.

[.4.3 swap [alg.swa}

tgmplate <ForwardIterator(Il, Sentinel<I1> S1, ForwardIterator I2, Sentinel<I2> S2>

requires IndirectlySwappable<I1, I2>
tagged_pair<tag::idi(I1), tag::in2(I2)>

swap_ranges (Il 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>)>

sydprranges (Rngl&& rngl, Rng2&& rng?2);

L)

~

&
—_

Effects: For each non-negative integer n < min(lastl - firstl last? - Ffirst?) 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.transform)]

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&(

PLUJUbbU\l ibcldbUL_b R F) PJ.UJ )
tagged_pair<tag::in(safe_iterator_t<Rng>), tag::out(0)>
transform(Rng&& rng, 0 result, F op, Proj proj = Proj{});

tgmplate <Inputlterator Il1, Sentinel<I1> S1, InputIterator I2, Sentinel<I2> S2,
WeaklyIncrementable 0, CopyConstructible F, class Projl = identity,
class Proj2 = identity>
requires Writable<0, indirect_result_of_t<F&(projected<Il, Projl>,
projected<I2, Proj2>)>>
tagged_tuple<tag::in1(I1), tag::in2(I2), tag::out(0)>
transform(I1 firstl, S1 lastl, I2 first2, S2 last2, 0 result,
F binary_op, Projl projl = Proji{}, Proj2 proj2 = Proj2{});

tgmplate <InputRange Rngl, InputRange Rng2, WeaklyIncrementable O,
CopyConstructible F, class Projl = identity, class Proj2 = idemtity>
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)>
transform(Rngl&& rngl, Rng2&& rng2, 0 result,
F binary_op, Projl projil = Proji{}, Proj2 proj2 = Proj2{});

Let N be (lastl - firstl) for unary transforms, or min(lastl - firstl, last2 - first2) f
binary transforms.

Effects: Assigns through every iterator i in the range [result,result + IN) a new corresporn
ing value equal to invoke (op, (invoke (proj, *(firstl + (i - result)))) or invoke(binary_o
invoke(projl, *(firstl +.(i - result))), invoke(proj2, *(first2 + (i - result)))).

Requires: op and binaryiop shall not invalidate iterators or subranges, or modify elements in t}
ranges [firstl,firsti+ N], [first2,first2 + N], and [result,result + NJ].”

Returns: {first1(+)N, result + N} or make_tagged_tuple<tag::inl, tag::in2, tag::out]
firstl + N, f9D9st2 + N, result + N).

ComplezityrExactly N applications of op or binary_op and the corresponding projection(s).
Remarks:\tésult may be equal to firstl in case of unary transform, or to firstl or first2 in ca|

of binary transform.

11.4.5~Replace [alg.replac

tgmplate <Inputlterator I, Sentinel<I> S, class T1, class T2, class Proj = identity>

r

d-
P

e

e

[
—_—

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 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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