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Abstract

Theonlyway tomakealanguagemore powerful (biggerbut also makets programssimpler, is by abstraction
addingwell-chosenabstractiors that let programmers replace manuabdepatterns withsaying directly what
they mean There are two majocategories

Elevate coding patterns/idioms intmew abstractions built into the language For example ni current C+;#+
rangefor letsprogrammers directly decS & T 2 NJ Bith @ filer $ugpari.dad enforcemeritem-
plates are a powerful parameterization of functions and classes, but do not enable authoring new encapsu-
lated behavior.

(major, this pape) Providea new abstraction authoring mechanismo programmerscanwrite new kinds
of userdefined abstractions that encapsulate behaviarln current C+tthe function andthe class are the
two mechanisms that encapsulate us#fined behaviorln this paper$class metaclassegnabledefining
categoriesoflassSa (G KIF G KIF @S 0O2YY2y RSFldzZ 6Ga FyR 3ISYSNI GSH
abstraction vocabulary beyoraiass /struct /union /enum
Also,83 includesa set ofcommonmetaclassesand proposes that several are commamough to belong in
std:: . Each subsection @ isequivalenttoa A 3y A FA OF y i  dhatlwgull detheBrse réqBitétsi dzNB £
own EWG papegind be wired into the languagéut here can be expresseadstead agust a (usallytiny) library
that can go through LEWGor example,his paper begins by demonstrating htsvimplementJava/C#nter-
face as alO-line C++std:: metaclasg; with the same expressivenesdegance and efficiencyf the builtin
featurein suchlanguages, where it is specified as ~20 pagegett.


mailto:hsutter@microsoft.com
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1 Overview

Metaclasseset programmers writea new kind of efficient abstrac .

tion: a userdefined namedubsetof class es that share common source ordinary
characteristicg including usedefinedrules defaults, and gener- NI your code class

ated functions; enabled by writing a custom transformation fro definition
normal C+source codéo a normal C++ class definitiorhere is

no type system bifurcatiorthe generatecclasss anormalclass .

This paper builds on, and with, related work
1 C++ and published TS work, includingcepts, con-

metaclasses

stexpr, if constexpr compile-
: i : reflection OIS _‘
1 In-progress TS work: reflectigR0578 et al., PG®, time code ||| generation
t n P (*)y 2 X0 (PU???(&‘E EJI,, (PDSBE) & ]“JE.‘CE]D“
1 Inprogress proposals: compilene programming ,ijr “’) < ) ,DU{,;);;: (P0633, ...)
6t npy s tnpdps tncoos X0 i P0633, ...)

This paper hopes tprovided 6 K & 6S 41 YEHNK2S & Sdzd & t G a1 & dhe rél@tedivorza A y 3

Primary gals:
9 9ELI YR / bbQ& I o4& NaSisnty/und2/Enbindvbith bréhBrdwies @ité thfeRan-
guage.

1 Enable providing longstanding best practices as reusabdeies instead of English guidbsbks,to have an
easily adopted/ocabulary(e.g.interface ,value ) instead of lists of rules to be memorized (e.g., remembe
this codingpattern to write an abstract base class or value type, relying on todilsdmistakes).

1 Enable writingzompilerenforcedpatterns for any purposesoding standardge.g., manyCoe Guidelines
G Sy T 2 NDAPFequidrerisiely., rules a class must follow to work with a hardware interface library, a
browser extension, a callback mechanism), and any other pattern for classes.

T 9yIFo6tS 6NAGAY3I YI ye olidarylbiary sodimteadoputéESglish siehdf & ¢ | &
ardesg with equal usability and efficiencgo that they can be untested and debugged using normal tqols
developed/distributedwvithout updatingshipping a new compiler, and go through LEWG/LWG asitode
stead of EWG/CWG as standardéséé | O2y aSljdzSyO0Ss Syl oftS adl yRFNRA
likely never standardize in the core language because they are too narrovinfertpce ), but could read-
ily standardize as a small setintained Ibrary.

f Eliminate the needb inventnon/ bb ¢ &A RS I y3dz 3S4¢ QiyidRCEVUUBIDA L £ O2
and C++/C)to express the informatiotheir systemsieed but cannobe expresedini 2 R IC8+Q &

Primary intended benefits:

f C2NJ dzZASNRBY 52y Qiy Skl @2 YL { BINEI / FANIAKEFNBE a42YS Ay
libraries. Can even add productivity features themselves.

f For standardization: More features as librarieseasier evolution. Testable code higher quality pro-
posals.

f For C++ implementains: Fewer new language featurésless new compiler work and more capacity to
improve tooling and quality for existing features. Over time, can deprecate and eventually remove many
nonstandard extensions.

Metaclasses are primarily for library writetssers would use themwidely, but usuallys 2 yw@ité their own
A Clanghasedprototypeis availablet github.com asutton clang(source) anappx.gdbolt.org(live compiler).


https://github.com/isocpp/CppCoreGuidelines/
http://doc.qt.io/qt-4.8/moc.html
https://msdn.microsoft.com/en-us/library/windows/desktop/aa379174(v=vs.85).aspx
https://msdn.microsoft.com/en-us/library/hh699871.aspx?f=255&MSPPError=-2147217396
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1.1 Design principles

Note These principles apply @l design effortd y R | NedSfigf 1 this gapdrPlease steal and reuse

The primary design goal is conceptual intedifiyooks 1975 which means that the design is coherent aaliia-
blydoes whatthe userexpeit A G (2 R2® /2y OSLIidzZf AydiSaNrRdGeQa Yl a2
f Beconsistent52y Qi YI 1S aAYAfII N GKAy3da RAFFSNByidsx AyOfd
make different things appear similar when they have different behavior or caahifor examplein
metaclasses we use normal class declaration syntax instead of inventing novel syntax
1 Be athogonal: Avoid arbitrary coupling. Let features be used freely in combinatjéior examplein
thesepapersfor can be used to procesgeflectedcollection of itemge.g., all the member functions of
a class)without having a distinct speciglurposefor_each <>on a reflected collection
f Begneral52y Qi NBAGNROG 6KIFIG A& AYKSNBYy(id 52¥@i | NbDA
cases and partial features For examplethis paper prefers to avoid creating a spegiatpose syntax to
declare metaclasses, and instdats programmers write metaclasses usimaymal classcopedeclara-
tion syntax plughe general features ofeflection and compildime programmingAlso, metaclasses are
just code, that can appear wherever code can apearitten inside namespaces to avoid name colli-
sions (including putting common onessid:: ), and shared viginclude headers or via modules.

Thesealso help satisfyhe principles of least surprisendof including onlywhat isessentialand result in features
that are additive and so directly minimize concept count (and therefore also redundancy and clutter).

1.2 Synopsis dP0633-based ompiletime programming

This paper assumes concepgneralcompiletime programming

along the lines proposed iFD633and related papers, and underlying Quick cheat sheet

reflection facilitiesalong the lines 0194 P0385 PO578and related .
. . . ; . Reflection

papers. This paper is tracking the evolution of those corjrile fa-

cilities, whose syntax is still undergoing charlgee is ad OK S I 3T, sexpr

a K S §opsiof current draft syntax fothe main featuresf those Compile-time programming

papersthat will be usedf 2 NJ G KA & LJ; lua$heXigher S E | constexpr {

level metaclass facility proposed herein is not affected by the synta for (auto m : $T.variables())
tic details andhe intent of this propoal is tobuild onwhatever syn- if (m.name() g “xyzzy”)
tax ends up being adopted } ~>{intplugh; }

The strawman syntax for reflection is prefixFor example:
$T Il reflect type T
$expr /I reflect expression expr

The strawman syntax for a comptiene codeblock, which can appear any sce, is aconstexpr { } block.
Within aconstexpr block,->{ } injectscodeinto the enclosingcope For example:

constexpr { Il execute this at compile time
for (auto m : $T.variables()) I/l examine each member variable min T
ifm T AT Ass 77" 2gUuUWWesBZE OEAOA EO 11T A xEOE 1T AIA
->{ intplugh; } Yy OEAT ETEAAO Al O A1l ETO 1
}

For further details, see PO62®1d the other cited papers


https://en.wikipedia.org/wiki/The_Mythical_Man-Month
https://wg21.link/p0633
https://wg21.link/p0194
https://wg21.link/p0385
https://wg21.link/p0578
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In addition, this paper proposes compiiategrated diagnostics, erecompiler.error 5 21 AOOACA 2 ¢
source_location)  directs the compiler to emit the diagnostic message, which is intended to be integrated with
GKS O2YLIAESNRAE yIFriABS RAFIy2aGA0az AyOf dmleyid AY OAa
quire (cond, 21 A OO Aidkaetlocation) is equivalent taf constexpr(lcond) Al | DET A0t AOOI Os2i A
O A C Asaurce_location); . For example:

constexpr {
EA sAl O1 OMEAs B4t £AO1 AOET 1 Os8t 15 A00OT Av Dz OAOOOI
Al I PEI AOt AOOT Os 2th@rifgdiRI GO 2 |
2 EOT AGEI T TAITAO 1606 OO6A0O xEOE pCRe
}
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2 LanguageMetaclasses

éClasses can represertst all the conceptswene¥d hyt & AF GKS £ A0 NI NB NER

infeasible should the language extension route be follosvedB. Stroustrup (D&E, p. 181)

This paper relies on C++ clas@dseadybeing general and unified. Stroustrup resisedbhttempts to bifurcate

the type systemsuch ago havestruct

andclass be different kinds of typesThe result is that the Cetass

can expres virtually every kid of type.c The goal of metaclasses is to fully preserve that, while also being able
to define different kinds of types as reusable code by providing a narrow targeted hook: the ability to write com-
pile-time code that participates in how the compilerénprets source code and turns it into a class definition.

¢ 2 R HadgDagehas rules to interpresource code and applies defaults and generates special member func-
tions (SMFs)Here is a pseudocodxample to illustrate how the compiler interprettass and struct

class Point {
int x, y;

}s

struct MyClass : Base {
void () { /*...*/ }
/7 ...

i

Today, thecontents of thed O2 Y LIA f S NE

Compiler

for (m : members)
if (!v.has_access())
if(is_class())
v.make_private();
else // is_struct()
v.make_public();

for (f : functions) {

if (f.is_virtual_tin_base _class()
&& If.1is_virtual())
f.make_virtual();

if (!f.is_virtual_in_base class()
&& f.specified override())
ERROR(“does not override®);

if (f.1is_destructor())

if (members_dtors_noexcept())
f.make_noexcept();

}

class Point {
private:
int x, y;
public:
Point() =default;
~Point() noexcept =default;
Point(const Point&) =default;
Point& operator=(const Point&) =default;
Point(Point&&) =default;
Point& operator=(const Point&) =default;

}s

class MyClass :
public:

virtual void f() { /*...*/ }
/7 ...

Y

public Base {

02 E ke standdfi€sa ahd Hariwiradyhto SompilerA & K

implementations.The generalization in this paper is to ask one narrowly targgtestion

class Point {
int x, y;

};

struct MyClass : Base {
void f() { /*...*/ }
/..

Y

Compiler

Q.' What if you
could write your
own code here,
and give a name
to a group of
defaults &
behaviors?

(treat it as ordinary
code, share it as a
library, etc.)

class Point {

int x, y;

};

MyClass : Base {
void f() { /*...*/ }
/1.
¥
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The intent is taviewstruct andclas s asthe first two metaclasseg&, except that todaytheir semanticsare
baked into the language and written inside C++ compiler implementations, instdsdngfan extensibility
point that can bewritten as ordinary C++ code.

This hook helps to solve aumber of existing problems caused®K S FI Ol (G KIFG GRAFFSNBy
supported by the laguage itself. For exampl@daywe rely on coding patterns such as abstract base classes

6al ./ a¢0 FyR aNB giday hambsiténgidoas dzIAWANIES R BSFlF GdzNBSa A1 S
that would let users easilgametheir designintent and get the right defaults, constraints, and generated func-
tionsforthatkind oftype! Yy R G KS FIF OlG GKIFIG GKSNB AGK@ytRyaI¢gzSI$ AR
(e.g., all members private by default for classes and public for structs, functions that are virtual in a base class

are virtual by default in the derived class) and generated special member functions (SMFs) (e.g., generate move
assgnment under these conditions) must be specified using a single heuristic for all conceivable types, which
guarantees that they will be wrong for many types, and so when the heuristic fails we need toetielike to

suppress an incorrectly generateMB and=default to opt back in to a desired incorrectly suppressed SMF.

A metaclassallows programmers to write compifime code that executes while processing the definition of
classThislets the programmedistinguish- & dzo & S 2 NJ & @fall BdharNdassesderified By S
the metaclass namdt alsoelevates idiomatic conventions into the type system as compilable and testable
code.

Q)¢
(0p))
c:

The primary goal of metaclassis$o makedefiningtypes more convenient and flexible, in a way trathieves
other goals such asxpressingnore futured f |y Jaktierdiéhéasclasdibraries instead of hardwiring them
into the core language.

Metaclasses complement (and rely olhcepts and reflectionwhich areaboutqueryingcapabilities; based on
R25a G(GKA&a SELINBaarzy O2YLWAtSé | yR aR2S& (KA&deYSyYoS|
fining typesg participating in interpretinghe meaning of source code to generate the class definition.

Querying a Generating an Changing an
definition original definition | existing definition
(i.e., read-only) (before it is used) (= violate ODR)
Use-pattern-based N
(e.g., “does x==
compile” — match concepts
member or
nonmember)
Structurally-based
(e.g., query/define reflection
member function
X::operator==(/*...*/))
J

Figurel: How the pieces fit

L Andunion andenumas the next two, though thatter has slightly different syntax thancéass .
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2.1 Overview“CGo n st r candeptsy e ”

A metaclass is defined usifigass , and can express constraintiefaults and moreusing compileime code A
metaclass is just code; it can be put in a namespace, and shared in a header or a inddalsame \aysas
other compiletime codewe havetoday (in particular templates). For example:

namespace std :: experimental {
$class interface  {

Il we will describe howto write code to

I - ADPI U 2DbOAl EAe AT A 20EOOOAi e OI 1Al AAO
I/l - require all member functions be public and virtual

/[ - require no data members, copy functions, or move functions

I/l - generate a pure virtual destructor (if not user - supplied)

b
}
A metaclasmame can be written in place ofss to more specifically define a type in termséfs K I & The {
compiletime code is run when instantiating the metaclass by using it to define an ordinary class:

interface  Shape { Il Shape is -a interface
int area() const; /I metacode in $class interface runs on
void scale_by(double factor); /l the ¢ ontents in this protoclass body
I3
Here:

1 Metaclassnterface is used in place of the unspecialized keywdeds to state that the characteristics
associated withinterface  apply toShape.

9 Thecodethe user writesas the body oShapeis thesourceprotoclass It is passed amput to the meta-
classinterface . The contents are available via reflection; the functions can be reflectefings-
face.functions () , thedatamembermsas$interface. variable s() , etc.

9 At the opening brace afiterface , Shapeisopenand its definition can be used by code in the body of
metaclassnterface , for reflection and other purpose$Vhile a class is opgand only then)reflection
onitself returns norconst information that can be modified.

1 Atthe closing brace afiterfa ce, metaclass finalization runs (see below), after widbhpeiscomplete
a normalfully definedclass type. This is the point of definition $ifape. When a class is fully defined,
reflection returnsconst information.

Note Unlike in Java/C#, the typestgm is not bifurcated; there is still only one kindclefss , and every

interface is still alass . A metaclass simply gives a name to a subset of classes that share common

characteristics and makes them easier to write correctly.
Ametaclas® Oigfi®\Bgeneral andocan express anything computablBere are four commomnises

f Enforce rulesConstraintf & dzO Knterfage  dohtafns only public virtual functions and is not copy-
I 0 f ebdnceptsto expresausagebased patternsand use reflectionat query specific entities; to-
gether theseenablea constraint toexpress apthing computable about a type.

1 Provide cbfaults:L YLI AOA G YSI yAy3Ias & dzOKuublicdandviiiufl hyds-SNF I OS
FTldf G 6AGK2dzi GKS IedgieavinNg t@pecify theldbfadli A Odzf I NJ A Y (i S NJ
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1 Generatefunctions: Default declarations and implementations for functions that all classes conforming
G2 GKS YSGl Of I aavaMedzaivdys Kab @3/ 3and @nde®, Kind mémbeérwise definitions
aregenerated bR S ¥ dzf G AF O2L® YR Y20S INB y20 SELX AOAI
f Perform ransformations/ KI y3Sa (2 RSOf I NBiRerf®@q (i mistthdvé &aHRE-dzOK | &
SULTreturn type, and a nowoid return type must bechangedo an additionaffout , retval ]| pa-
ray S S NJ A y a\nrBrit Rypé reptadelaliiofthe data membersieclared in the protoclassith
an opaque bufferin the fully defined clask €

Notes OneresultA & G KI G YSGI Of I aaSa& yENFAMNRSI Sy Hbiethcisst re¥ idA R (i ;
places thebuilt-in class special member functiogeneration rules because the metaclass is taking
over responsibility for all generation

C++ provides only a feBpeciat generatedfunctions for all classeand moreare desirablde.g.,
comparisons)Theyare difficult to manage and extend becauselay C++ has onlgg monolithic uni-

verse of all classes, with no way to name subsets of claSeasach compiled Sy SNJ 4§ SR & a LJS
YS Yo SNJ Thiryt@hé derfesated based on a genetauristicthat mustwork well enoughfor

all conceivablelasesto decidewhetherthe functionwould likely be desiredBut no heuristic is

correct for all types, so this led to bugs when a special function was generated or omitted inappro-
priately (the heuristic failed), whickd to theneedforg I € & (2 G2LJi o O1 2dzié |
ated function when not desired=(elete 0 2 NJ G2 &a2LJi ol O1 Ayé¢ |yR dza$s
when the heuristic did not generate them (manual declaration followeddmjault ). Any new ge-

erated functions, such as comparisons, would need their own heuristics and face the same problems

if the same rule is forced to apply to all possible classes

Metaclasses provide a way to name a gradiglasses (aubset of the universe of all clasyesnd

an extensible way to give that subset appropriate generated functidesause the generated func-
GA2ya I NB LINPOARSR 08 GKS YSUGIFIOCAy&ag2iGHSGYS@OER
provides.In turn, becausgenerated functionsire provided exactly and only when asked foreta-

classes remove theeedto reinstate/suppress theng because we opted in, the functiotise meta-
classgenerate® yy2 (i €t 23A0Fftt& 0SS &adzJINB’aaSR o0SOldzasS 7
opted into themetachss(thus no need fordelete for generated functions)and because they are

never suppresselly a heuristiave neverneed to reinstate thenfthus no needo =default them).

Of coursezdefault and=delete are still usefufor other things such as a comwient way to get
default bodies (see P0515) or to manage ovadl sets respectively The point here is only that
when using metaclassethiey are no longer needed to override an overly general heuristic that
guesses wrong.

In a netaclass the followingefaultsapply, and are applied in metaclass finalization

1 Functions are public by default, andtd members are private by default (if not already specified).
1 The only implicitly generated function is a public nonvirtual default destructor (if not deglared
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These are applied by the defauftetaclass prograrthat runs the following at the end of the class defiom af-
ter all other compiletime metaclass cod@using__ because this is in the language implementatio$@éss ):

constexpr {

for (auto o :$ thisclass .variables())

if ('f.has_access()) f.make_private(); /I make data members private by default
bool __has_declared_dtor = false;
for (auto f: $ thisclass .functions () ){
if (If.has_access()) f.make_public(); /I make functi  ons public by default
__has_declared_dtor |=f.is_dtor(); /I and find the destructor
}
if (!__has_declared_dtor) /l'if no dtor was declared, then
- > { public: ~$thisclass.name$() { } } /I make it public nonvirtual by default

}

22 Met ac | aesysovdrviewlsags and definition examples

To illustrate, here is an overview of some equivalent code side by side. In each case, the code onithgisight
a more convenient way to write exactly the code on the left antiasidentical performance but the code on
the right offersstronger abstractiorandso eliminates classes of errors andnisre robustunder maintenance

C++17 style This paper (proposed)
Applyingareusable abstractiowith customdefaults and constraints= Mediumimprovement
class IShape { interface  1Shape {
public: intarea()  const ;
virtual  int area() const =0; void scale_hy(double factor);
virtual  void scale_hy(double factor) =0; Il'... etc.
Il ... etc. Y

virtual ~IShape() noexcept {} ;

Il be careful not to write nonpublic/nonvirtual function
Y, Il or copy/move fun ction or data member; no enforcement

Il see below in this table for the
I definition of $class interface

Applyinga reusable bstractionthat additionally hacustomgenerated functions= Largeimprovement

class Point { value Paint {
intx=0; intx=0:
inty=0; SO
public: inty =0;
H... behavior functions .. Il... behavior functions ...
Point() = default; b
friend  bool operator==(const Point& a, const Paint& b) '
{retumax==hxé&&ay ==hy;}

friend  bool operator< (const Point& a, const Point& b)

{retunax<bx| (ax==hx&&ay<hy)}
friend  bool operator!=(const Point& a, const Pointé& b) { return !(a == b); }
friend  bool operator> (const Point& a, ¢ onst Point& b) { return b < a; }
friend  bool operator>=(const Point& a, const Point& b) { return !(a < b); }
friend  bool operator<=(const Point& a, const Point& b) { return !(b < a); }
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Applyinga reusable bstractionwith defaults, generated functions, amdistom semantics XLimprovement

template <class T1, class T2>
struct pair {

using first_type =T1;
using second_type = T2;
T1 first;
T2 secon d;
template <class... Argsl, class... Args2>

pair(piecewise_construct_t,

tuple<Argsl...> argsl,
tuple<Args2...> args2);

constexpr pair();
pair(const pair&) = default;
pair(pair&&) = default;
pair& operator=(constp  air& p);
pair& operator=(pair&&. p) noexcept( see below );
void swap(pair& p) noexcept(  see below );
explicit constexpr pair(const T1& x, const T2& y);
template<class U, class V>

explicit constexpr pair(U&& x, V&& y);
template<class U, class V>

explicit constexpr pair(const pair<U, V>& p);
template<class U, class V>

explicit constexpr pair(pair<U, V>&& p);
template<class U, class V>

pair& operator=(const pair<U, V>& p);

template<class U, class V>
pair& operator=( pair<U, V>&& p);
b

template <class T1, class T2>
constexpr hool operator==

(const pair<T1,T2>& x, const pair<T1,T2>& y);

template <class T1, class T2>
constexpr hool operator<

(const pair<T1,T2>& x, const pair<T1,T2>& y);

template <class T, class T2>
constexpr hool operator!=

(const pair<T1,T2>& x, const pair<T1,72>& y);

template <class T1, class T2>
constexpr hool operator>

(const pair<T1,T2>& x, const pair<T1,72>& y);

template <class T1, class T2>
constexpr hool operator>=

(const pair<T1,T2>& x, const pair<T1,72>& y);

template <class T1, class T2>
constexpr hool operator<=

(const pair<T1,T2>& x, const pair<T1,T2>& y);

template<class T1, class T2>
void swap(pair<T1, T2>& x, pair<T1, T2>&y)
noexcept(noexcept(x.s  wap(y)));
template <class T1, class T2>
constexpr pair<V1, V2>
make_pair(T1&& X, T2&& y);

template<class T1, class T2>
literal_value pair {

T1 first;

T2 second;

3
Il note:

Il pap erexcept forl

section 3 shows code for
I all metaclasses mentioned in the
iteral_value

Writing asif a new Yanguagéieature usingcompiletime code+ addingexpressive power XXL improvement

Il C#l anguage spec. ~20 pages of non testable  English

/I Usercod A

interface IShape {
int area();
void scale_by(double factor);

5 O A BavaRod C#)

Il (Proposed) C++ library impl : ~10 lines  of testable code
$class interface  {
~interface () noexcept  {}
constexpr {
compiler.require($  interface.varia  bles () .empty(),

"interfaces may not contain data");

for (auto f :

$interface .
compiler. require(!f.is_copy

functions () ) {
() &&!fis_move (),

"interfaces may not copy or move; consider a"

"virtual clone() instead");

if( !'f. has_access() )f.
compiler.require
"interface functions must

f. make_pure_virtual () ;

/' User code (proposed C++)
interface IShape {
int area() const ;
void scale_b y(double

¥

make public ();

(f. is_ public (),

be public");

factor);

Notes wS GAYOGSNFI OS¢y

/I bbb Kl a

Ft ol ea

0 ShSgMmantnér=ind

G2

even gave the idiomatic convention a name (ABCs, for abstract base cld$ss)should be a way
for class authors to express thaitent more directlywith a name that is actual code

~

SE
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wS GHILISKER FeEAy3d (skiDairda dhdsVHeeh énbarrdissirigl compl&ar years, |
have beeraskingd KS 62 NI RQ& Y2aid SELSNASYOSR /bbb f I y3Idz
missihg from C++ to enable expressiid:: pair assimply as

template <class T1, class T2> struct pair { T1 first; T2 second,; };

but I never received an answer. As far as | know, this is the first proposal that achieves that goal,
OKIFy3aAay3a aadONHza&é yioi ¥ SI 6 XS INIE A)yhat can théntod reusedi- & £ A G SN
rectlyto just assimply defineother similartypes (e.g.std::it uple , usea Q I#egal/value types)

2.3 Exampleinterface

The previous page shows the code for an exanfjuless inter face , that could bea candidate for thestand-
ard library and that has the same expressiveness, efficiency and usability as the same ffeatlweed into
other languages.

Note ¢KS O2yOSLIi 2F +y aAyidSNFI O¥eaturddpdciliall in allthpseY | y &
languages as pages of humiamguage specification and implemented in a compiler. | believe that
the above specification and implementation is as gt sometimesbetter) in every respect, in-
cluding in strength of abstractionxpressiveness, error diagnostic qualitystability,debuggability,
run-time performance, and (to be proven) comptime performance.

$interface .functions () includes all functions in theurrentclassnterface is being applied tancluding
functions it nherited from any of its base class@$einterface  metaclass:

1 Implicitly generatesa pure virtual destructorIn this case we can just implicitly declare the pure virtual
destructor without any additional checks to see whether the user declartba isane wayexplicitly,
because ifhe userdid declare it explicitithen this declaration is just Rdzy R yiG ® oLy 2 KSN.
first check to see what the user declared, and then supply generated functions only if the user did not.)

1 Appliesdefaultsviacompiletime codeto makeall functions public and pure virtual hisapplies to all
functions in the type including the required function thateclares itself (the destructor).

1 Appliesconstraints If theauthor of the type applyingterface  explicitly declared any nonpublic or
nonvirtual function, copy/move function, or data member, they get a cordjnite error message.

2.3.1 Applyingnterface
So now we can ugeterface  in place oftlass when defining a new type, to get its defaults and generated
functions, and to apply its requirements at compile time.

interface  drawable { /l this is an interface
int draw(widget w); /I draw now defaults to public pure virtual
...
};
And user code gets higluality diagnostis when it violates constraintsoFexample, ithis classs modified
during maintenance by a programmer who forgets that it should consist of only public pure virtual functions,
today the code could silently compile, but witherface  the compiler helps robustly maintain the class au-
th2 NRad RSOt FNBR AydSydy
interface  drawable { /l  attempted modification during maintenance...
int draw(widget w); Il ok
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private:
void scale (doublefactor ); YY %22/ 2k 2ET OAOZAAA AEOT AGEIT O 16060
string data ~; YY %22/ 2k @2EBmd Ao dhtdddata 2

¥

Of coursejf the maintainer really wants to add a nonpublic function or data membweeycan still do that

theyjustneed tochangeinterface  to a more suitable metaclass name, or juisiss , to document that this is

no longer ani nterface . The change is simple, but notsilentA & ¢ 2 dzf Ry QG 6S aAf Syid F2N
a2 GKIFIG GKS YFAYGFAYSNI OFlyy2i @A2f1GS GKS 2NARIAYL

2.4 Declarations

The contents of a metaclass consist of:

91 Declarations ofnembers to appear the completed class, using ordinary class scope declaration syntax.
1 Compiletime code to reflect, and modify protoclass membergpiace or compute new declarations.

At metaclass scope, a member declaration can appearamad using albrdinary syntaxlIf in aconstexpr
block, it can be injected into the metaclass scope using}.

Alternatively, a part of the declaration can be provided by compatitd&:: values. For example, in a function
declaration, the function name can be pided by any compilkdime meta:: value that has aname, or a
meta::string , and the parameter list can be provided by any comfiitee meta:: value that hasparameters :

$class x {
// for each function, create a no - T OAOI T AA xEOE Al A@®@OOA 2E]
constexpr {
for (auto f : $x.functions())
-> { void (f$)( f$, int) {}}

h

2.5 Composition

Because metaclasses are just code, they can be combined and refactored like regular code.

In particular, ve candefine additionalmetadassesn terms of existing onegsing inheritancdike extension syn-
tax (note that there is no neednd no supportfor declaring accesspecifiers)Here is a example fron§3.5:

$class value : basic_value, ordered { /lava lueis -an ordered basic_value
/I ... with additional defaults/constraints/generation/etc. ...
2
As with base class constructors, each metaclass is executed-io-tefht depthirst order.If the composed
metaclasses conflict (e.g., one requirelsdalta members to be private, and the other all public), the result will
not be usable because any attempt to use it will cause errors.

A metaclass can also compose concepts, with the semantics that the resulting class is recgatedytbe con-
cept. For example, given a concepegular , we can add it to the requirements list:
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$class value : ordered, basic_value, Regular { /l'include a Concept
/I etc.

h

and behaves as a convenience shorthand for:

$class value : ordered, basic_value {

Il etc. // run metaprogram first :d efaults YCAT AOAOQET 1T Y1
requires Regular<  value >; /I then put this at the end, when we have
h /I the complete generated type

Here is a second example, returningrterface :1IS3G Qa &l & ¢ BterfReS Ocoudd&réabtdted io
SEGNI Ol 2dzad GKS FANRG tAYyST GKS &LJz2NB @GANIdz t RSad
class. We could write the following equivalently to the previous definitiontefface

$class has_pure_virtual_dtor {

/I gen erated function: now moved into its own metaclass
~name$() noexcept = 0;

¥
$class interface : has_pure_virtual_dtor {
/ 8< --- no mention of a destructor, now we get it from has_pure_virtual_dtor
...
/I ... remaining unfactored default/c onstraint logic as before
...

h
2.6 s and.as

2.6.1 .is to match

We canperform adhoc duck typing taest whether a classnplicitly satisfies the requirements ofraetaclassvi
In thisproposal $T. is (M evaluates tdrue iff:

1 applyingMto T (asif the definition of T had specifiedV) succeedsand
9 the resulting type has nnoew members not already presentTn

For example, this test uses thepyable pointer metaclass defined i83.6:

static_assert ($shared_ptr<widget> .is( copyable_pointer<widget>) );

For exampleconsiderShape written equivalently by hand vs. using timeerface  metaclass

class IShapel{ /I written by hand as in C++17
public:
virtual void draw() = O;
virtual ~IShapel() noexcept =0;
h
interface  I1Shape2 { /I same written using a metaclass
void draw();

h
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Both types is (interface ):

static_assert ($IShapel. i s(interface));
static_assert ($IShape2. i s(interface));

This applies transitively to base metaclasses. For exampierifice had beerrefactored as shown i§2.5to
be written in terms of das_pure virtual dtor & ol 8Sé YSGlI OfFaasx GKS F2ff28AY:

static_assert ($IShapel. i s(has_pure_virtual_dtor ));
static_assert ($IShape2. i s(has_pure_virtual_dtor ));

This loop prints the names of all interfaces in namespace

constexpr {
for (auto t : $N.types())
if (t.is(interface))
cout << t.name() << endl;

}
2.6.2 .asto apply

Additionally, ve canuse a class @it had been declared with metaclassincluding to apply defaults and gen-
erated functions To express thatise$T. as(M , whichgenerates dype that is identical td but isadditionally
defined using the namenhetaclassvl Hereis an exampleising a metaclassdered (see83.4):

struct legacy_point { int x; inty; }; Il in C++17 thisis not comparable...
set<legacy_point> s; // and so this is an error

using ordered_point = $legacy_point .as(ordered) ; //...butthisis ordered
set<ordered_point> s; /[ and so this is ok

Interestingly, the above example illustrates how strong typedefs fall out naturally fenx

2.6.3 Bonus: strong tygdefs viausing ...as
To enablegeneral strong typedsiviausing X as, we first define an empty metaclass, which requiaesl adds

Y2UKAY3 (2 (KBwiRealSol zZ88QaKDEINE K86 LINRPINI YYSNB gAf
$class new_type {}; /[ no - op metaclass

TKSYy GKS F2f{ft26Ay3 Adofffe aLISEEtAYI F2N aadNRy3I G@LISRS
using my_T =$T.as(new_type) ;

Gommonmotivatingcasesarenewint andstring types that work the samas the originalbut are distinct
typesfor overloadingand do notimplicitly convert to/from the original typédoy default.

OOET ¢ EAT AT A » BET Ot AOsT AxmOUDPALK Yy AAOOAO OEAI
using s core = $unsigned.as(new_type);

using player = $string.as(new_type);


http://stackoverflow.com/questions/28916627/strong-typedefs
http://stackoverflow.com/questions/34287842/c-strongly-typed-using-and-typedef
http://www.open-std.org/jtc1/sc22/wg21/docs/papers/2013/n3515.pdf
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2.7 Concepts + metaclasses
Concepts and etaclasses are complementaffhe key isi K| & YSGI Ot FaasSa NB aO02yail
they go beyond concepts to define new types, but metselanplementationsiseboth concepts and reflectian

f  Metaclasses useonceptsto askd OF y TOS | dza SR (i K Apattera toBstrain@.A | dza S
f  Metaclasses use reflectidmased computation to asédoesclass Thavethese contents  @spéction

Becauseboth concepts and metaclassbave requirements and constraints, we should allow the complemen-
tary applicationswhich both involve replacing the keyworldss .

First, concepts allow clasisesto be constrainedy replacingslass with a concept name

template < class T> // unconstrained Z any type will do
template < Sequence S> /Il constrained Z requires Sequence<S>

So ve propose that a metaclass also be allowed to reptdass here with.is meaning:

template < interface 1> /I constrained Z requires 3l .i s(interface)

Second, metaclasses allow cldsginitionsto be constrainedy replacinglass with a metaclass name

class 8 Dz Yl Alj Y /ldionstrained Z2EOOO @gpelcA
interface ) Dz Y Alj Y //dbKstrained Z is - an interface

So we propose that eonceptalso be allowed to replacgass here withthe meaningof checking that theom-
plete type must satisfy the concept

Sequence 3 Dz Yl Alj Y /ldéKstrained Z requires Sequence<S>

Note Casey Carter has asked for this feature in the past, and reportghisatapability would be used
widely in the Ranges TS implementation.

There is currently no way to enforce these conditions for specializations of a template. Here is the
essence of the problem:

template<typename T>
struct S {
...
static_ assert( Regular <S>); Il always fails, S is incomplete

¢
static_assert(Regular<S<  ???>>); /[ what goes in ???

Theabove proposaprovides a way to express an annotatiorSithat can be extracted and applied
after instantiation:

template<typename T>
Regular S{
...

3

Alternatively, writing an expliciequires is useful in combination with conditional comptiene
programming. For example:
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template<typename T>
struct vector {

...

constexpr {
if (Copyable<T>) /I if T is Copyable, then
->{ requires Copyable<vector>; } Il vector<T> is also Copyable

3

However, note that thiss just a requirement check;dobes not makeector modelCopyable . This
is a minor extension of modern Concepts TScepis; it is not moving towards C++0x concepts,
Haskell typeclasses, Rust traits, dtg.injecting anythingnto the class
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3 Library: Example metaclasses

This section shows how to useetaclasseso define powerful abstractions as libraries, often only in a few lines,
without loss of efficieng, expressiveness, usability, diagnostics, or debuggability compared to languages that
support them as language featurbaked into their compilers.

This paper proposes considering the following subsetds standard libraries:

9 interface , anabstract baeclass with all public virtual functions and no copy/move or data members;
9 base_class , aclass designed to be inherited from with no copy/move or data members;
9 ordered etal.,each aclass that supports a comparison category (e.g., total ordering, etguetimpari-
son);
f value, aclass 0 K I (i redulag type with default construction, destruction, copy/move, and compari-
son (memberwise by default), and no virtual functions or protected members;
 plainstruct 66 KIF G 6S dzadzZ- ff& YSI ydflagkeBuyi. 6S o NAGS & a i Nox

3.1 interface

( an abstract base class defines an interface Stroustrup (D&E § 12.3.1)

Aninterface is aclass where all functions are public and pure virtual, including by default, and there is a vir-
tual destructor and no data or copyinghe dfinition is as we saw earlier.

$class interface  {
[*see 823 *
b

We can then use this to defirdassesincluding to use access/virtual defaults and enforce rules:

interface  drawable {
void draw(canvas & c); /I de faults to pure virtual

Il int X / would be error, no data allowed
/I drawable(const drawable & from); // would be error, no copying allowed
b
In this interfacedraw is implicitlypublic and pure virtual because nothing else is allowed. gngmmake dunc-
tion explicitlypublic or virtual would be fine but redundant. Trying to make a function expliwthpublic or
nonvirtual would be an error, as would adding copy/move functions or data members.

3.2 Dbase_class

A purebase_class is aclass that has no instance data, is not copyable, and whose a destructor is either public
and virtual or protected and nonvirtudlnlike aninterface , it can have nonpublic and nonvirtual functions.
Also, implemented interfaces are public by default.

$class base cl ass {
constexpr {
for (auto f : $base_class.functions()) {
if (f.is_dtor() && !(f.is_public() && f.is_virtual())
&& I(f. is_ protected () &&!f. is_virtual () ))
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compiler.error("base class destr uctors must be public and"
" virtual, or protected and nonvirtual");
if (f.is_copy O |lfis_move ())
compiler.error("base classes may not copy or move;"
" consider a virtual clone() instead");

}

for (auto b : $base_class.base _classes() )
if (b.is(interface) && I'b. has_access() )f. make public () ;

if ('$base_class.variables().empty())
compiler.error("pure base classes may not contain data");

¥
These can be used to write types that match thagtaclass

base_class shape :drawable {
override void draw(canvas& c) { [*..* }

b
class rectangle : public shape {
override void draw(canvas & c){ [*..*/ }
b
3.3 final

Afinal type is aclass that cannot be further included in another type (aka derived from).

$class final {
final.can_derive = false; YY AAT RO AAOEOA £O0i1 i OEEO
J#

For example:

final circle :shape {
override void draw(canvas& c) { [ }

h
3.4 ordere d

Notes Up to this point, we have only used metaclasses (a) to apply defaults to declared functions and vari-
ot S&X FYyR 600 G2 SyT2NDS NBljdZANBSYSyiad b2g 685
them to implement custom defauigenerated functios. C++17 already does this for the special
YSYOSN) Fdzy OilA2yaT (KS RAFFSNBYOS KSNB Aa GKI
6S 6yl (2 020K NBldJdANB G2 SEA&G FyR 3ISYySNI
hardwireding G KS f I y3dzZ 3Se® Ly GKAa aSOdliAzy FyR (KS
functionst default construction, copy construction, copy assignment, move construction, and move
assignmert YR O2YLJI NRAaA2ya G6KAOK Aad oKSNB ¢gSQfft 0S3,;

U S

This section is vitten in terms of C++17 and does not depend on my parallel papeéf5Con-
sistent ComparisarHowever, P0515 makes comparisons much better, and if that paper is adopted
then this section is easily updated to referthe features added by that paparcluding<=>three-



http://wg21.link/P0515
http://wg21.link/P0515
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way comparison and all five comparison categordsarly all of P0515 can be implemented as a
library in this way, except only the automatic generation of comparison functiorfsridamental
types andor existingclass types defined without metaclasses.

This section illustrates howpting in to default comparisons is easyd efficient using metaclasses, by demon-
strating asingle comparison category (total ordering) implemented dibrarywith full opt-in semantics

Anordered typeis aclass that requires operators:, >, <=, >=, ==, and!=. If the functions araot userwritten,
lexicographicamemberwise implementations are generated by default.

$class ordered {

constexpr {
if('r equire s(ordereda){a==ga;}) ->{
friend bool operator == (const ordered& a, const ordered& b) {
constexpr {
for (auto o : ordered.variables()) I/ for each member
->{ if ((a.0.name$ == h.(0.name)$)) return false; }
}
return true;
}
}
if (! requires(ordered a) {a< a; }) ->{
friend bool operator < (const ordered& a, const ordered& b) {
for (auto o : orde red.variables()) -> I for each member
if (a.0.name$ < b.(0.name)$) return true; Il (disclaimer: inefficient; P0515
if (b.(0.name$) < a.0.name$) return false; /l'with 3 -way comparison is better)
}
return false;
}
}
if (! requires(ordered a) {a = a; })
->{ friend bool operator != (const ordered& a, const ordered& b) { return !(a == b); } }
if (! requires(ordered a) {a > a; })
->{ friend bool operator > (const ordered& a, const ordered& b) { return b< a;} }
if (! requires(ordered a) { a<=1gq; })
->{ friend bool operator <= (const ordered& a, const ordered& b) { return !(b < a); } }
if ( !requires(ordered @) {a>=a;})
->{ friend bool operator >= (const ordered& a, const ordered& b) { return !(a < b); } }
}

h
Note This example shows hovgimg concepts is convenieint metaclasses, especially whem just care
whethera given operation (hereomparisonis provided alreadst all, regardless dhe manner in
whichA 0 Q& L(ANR rgeinBef Ronmember friend, etcSothis code just writes
if (! requires(ordered a) {a==a; })

Alternatively, we could also have wein the following(assumingonstexpr rangebasedfind_if ),
0 dzii mareit€didus andess general:
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if (find_if($ordered.functions 0

I +5 A0OI @Dz OAOOOT GtTAIA "* 2i PAOAGT O 2K

I= ordered.functions () .end())

The author of a tothy ordered type can just apptydered to get all comparisons with memberwise semartics

/I using ordered (but prefer &value 2 t see 8 3.5 -- thisis for illustration )
ordered Point {intx; inty; [*copying etc. */ '}, /I no user - written comparison
Point p1{0,0}, p2{1,1};

assert ( pl ==p1l); Il ok, == works

assert ( pll=p2 ); Il ok, 1= works

set<Point> s; /I ok, less<> works

s.insert  ({1,2}); /Il ok , <works

However, most code will not usedered RA NB Ol tf & 0 $ebriediale $netaciag®.aVvhithybringsyls to
vaues 'y AYLRNIFYG 62N] K2NABSX

3.5 value types(regular types)

Avalue is aclass that is a totally ordered regular typét musthave all public default constructionppy/move
constructionfassignmentanddestruction,all ofwhich are generated by default if not useritten; andit must
not have anyprotected or virtual functions (including the destructor).

basic_value carries the common defaults and constraints that applyegularvalue types:

$class basic_value {
constexpr {
if (find_if(value.functions(), [J(auto x){ return x.is_default_ctor(); }) = value.functions().end())
->{ basic_value() = default; }

if (find_if(value.functions(), [J(auto x){ return x.is_copy_ctor(); }) = valu e.functions().end())
->{ basic_value(const basic_value& that) = default; }

if (find_if(value.functions(), [J(auto x){ return x.is_move_ctor(); }) != value.functions.end())

->{ basic_value(hasic_value&& that) = default; }

if (find_if(value.functions () , [J(auto x){ return x.is_copy_assignment(); }) = value.functions.end())
->{ basic_value& operator=(const hasic_value& that) = default; }

if (find_if(value.functions () , [J(auto x){ return x.is_move _ assignment(); }) = value.functions.end())
->{ basic_value& operator=(hasic_value&& that) = default; }

for (auto f: value.functions 0){

compiler.require  (!f. is_protected () &&!f. is_virtual (),
"a value type must not have a protected or virtual function");
compiler.require  (!fis_dtor () ||} f.is_public ()), "avalue type musthave a public destructor");

b
Avalue is atotally orderedregulartype:

$class value : ordered, basic_value { };
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Note If PO515s acceptedwe wouldnaturallyexpand this to provide other convenient epts here, and
0SOldzasS aia2GFf 2NRSNAYy3A¢E |yR aSljdzr t Ade O2YLI NI
be encouraged, they get the nice nase

$class weakly ordered_value : weakly ordered , basic_value {};
$class partially_ordered_value : partially_ordered , basic_value { };
$class equal _value . equal , basic_value { };
$class weaky _equal _value . weakly _equal , basic_value {};
Example:

value Point{intx;inty;}: //note: OEAOROcoBv@nient and full y opt-in

Point p1; /I ok, default construction works

Point p2 = p1; /I ok, copy construction works

assert( pl ==p1l); /I ok, == works

assert (pl>=p2); /I ok, > =works

set<Point> s; Il ok, less<> works

s.insert  ({1,2});

3.6 plain_struct

G . d&finition, astruct is a class in which members are by default public; that is,

OOOOAO O Dz A
is simply shorthand for
Al AOO O Dz POAI EAk A
X 2 KA Oyou usaidederitls on circumstances and tastsually prefer to usstruct  for
classes that have all data publict B. Stroustrup (C++PL3e, p. 234)

Aplain_struct  is abasic_v alue with only public objects and functions, no virtual functions, no wgsfined
constructors (i.e., no invariants) or assignment or destructors, and the most powerful comparison supported by
all of its members (including none if there is no common comparison category).

Notes ! LJ G2 GKAA LRAYGXZ ¢S QO 8foréng @glireinénts, (d) dalnlfingndinye- RS F I
Of aaSad b2y ¢SQft 221 +dG NBFESOGAYy3a 2y YSYOS
selectively combining metaclasses.

Thefull56 1 @ O2YLI NRazy OF GS3A2NE O02YLMzil ( PEBY5,s0St 26
GKSeQNB &0GNRY3ISNI GKIFy33iKS aAYLitS SEGNI OG aKz2gy

$class plain_struct  : basic_value {

constexpr {
for (auto f : plain_struct.functions 04
compiler.require  (f. is_public () || !f. is_virtual ())

"a plain_struct function must be public and nonvirtual");

compiler.require (! (fis_ctor () || f.is_dtor () |lfis_copy () |[|fis_move ()
|| f. has_default_body() )
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"constructor, destructor, or copy/move");

}

bool all_ordered = true, /I to compute common comparability
all_weakly ordered =true,
all_partially_ordered = true,
all_equal = true,
all_weakly equal = true;

for (auto o : plain_struct.variables()) {
if ( !o.has_access() )o. make public () ;
compiler.req uire( o.is_ public (), "plain_struct members must be public");

all_ordered &= o.type.is(ordered);
all_ weakly ordered &= o.type.is(weakly ordered);
all_partially_ordered &= o.type.is(partially_ordered);

all_equal &=o.type.s( equal);
all_ weakly equal &= o.type.is(weak ly_equal );
}
if (all_ordered) /I generate greatest common comparability

plain_struct = plain_struct.as(ordered);
else if (all_equal )
plain_struct = plain_struct.as( equal );
else if (all_weakly_ordered)
plain_struct = plain_struct.as(weakly_ordered);
elseif ( all_weakly equal )
plain_struct = plain_struct.as(weakly equal );
else if (all_partially_ordered)
plain_struct = plain_struct.as(partially_ordered);

3
Now we can uselain_struct  to have this meaning strictly, without relying on it being just a personal conven-
tion. To write a type that selflocunents this intent, we can write for example:

plain_s truct group_o_stuff {

inti; { implicitly public

string s;
J§
group_o_stuff a, b, c; /I ok, because values are default - constructible
if(a==b&&c>a){} Il ok,  ordered because all member s are ordered

3.7 copyable pointer

Acopyable_pointer is avalue that has at least one type parameter and overlo&de return an Ivalue of that
parameterand- > to return a pointer to that parameter

$class copyable pointer  :value {
T& operator* () const ; /I require * and - > operators
T* operator ->() const;
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b
Now we can useopyable_pointer  both to tell if a type is a smart pointer, and to write new smart pointers
(unlike concepts)

static_assert ($ shared _ptr<widget>.type. i s( copyable_pointer ));

copyable_pointer  my_ptr {
Il ... AAT RO Al O0CAO cdpying and Eoth Andirection operators
b

3.8 enumclass andflag_enum

6C enumerations constitute a curiously Hadked conceptX G KS Of Sy Sad o1 & 2 dzi
deem each enumeratidn & S LJ- N [St®oustrud, ID&EPE11.7]

G!'y SydzYSNI GA2Yy A& | RAAGAY(SD Chestaflard o hdH O 6 A

Anenum class is a totally orderedalue type that stores a value of i§ y dzY S Niypé, 2ndbtierwise has
onlypublic $ membervariables of itS y dzY S Niypé, alNakwich are naturally scoped because they are
members of a type.

Note ! LJ (12 (GKA&A LRAYy:OGX 6SQ@S 4SSy 6F0 FLIWIXe@Ay3d RSTFI
classes, (d) reflecting on members and compyitharacteristics such as selectively combining met-
aclassesNowz ¢S Qf f 3ISYSNIraGS +y FRRAGAZ2YIFE RFEGF YSYo

$class basic_enum : value {
constexpr {
compiler.require(basic_enum.variables().size() > 0,
"an enum cannot be  empty");

if ($basic_enum.variables().front().type().is_auto())
->{using U =int; } // underlying type
else ->{using U = $basic_enum.variables().front().type(); }

for (auto o : $basic_enum.variables) {
i f (lo.has_access()) o.make_public();
if ('o.has_storage()) o.make_constexpr();
if (0.has_auto_type()) o.set_type(U);
compiler.require(o.is_public(), "enumerators must be public");
compiler.require(o.is_ constexpr(), "enumerators must be constexpr");
compiler.require(o.type() == U, "enumerators must use same type");

}

->{ U$ value; } I the instance value

3

Note A very common request is to be able to get string raraf enums (e.gStackOverflow examp)elt
is tempting to provide that as a function dasic_enum that is always available, which would be
easyi 2 LINPQDGARS® . dzi ¢S ySSR (i 2oveth8ad ihchls; vezhustyid G (0 2
AYLR2&S 20SNKSIR 0KSNB Ay GKS 202800k SESOdzil 6t S
Making this available always by default, such as always geating string names for thenembers



http://stackoverflow.com/questions/5093460/how-to-convert-an-enum-type-variable-to-a-string
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of abasic_enum, would be a baby step down the slippery slope toward alwaysr defaulton run
time metadata.

However, making it opin would be fine. One way would be have a specific metaclass that adds the
desired ifformation. A better way would be to write a generanstrained function template:

template<basic_enumE > /I constrained to enum types
string to_string(E e) {
switch (value) {
constexpr {
for (const auto o : $E.variables())
if (lo.default_value. empty())
->{ case o.default_value () $:return  E:( o.name())$; }

}

Because templates are only instantiated when used, this way the information is generated (a) on
demand at compile timepf only in the calling code (and only those calling programs) that actually
use it, and (c) only for those enum types for which it is actually used.

There are two common uses of enumerations. Fnsiimexpresses an enumeration that stores exactly one of
the enumerators. The enumerators can have any distinct values; if the first enumerator does not provide a
value, its value defaults t0; any subsequent enumerator that does not provide a value, its value defaults to the
LINB @A 2 dza Sy dzY SNMultipeNshuineraddrstcalz$ave dhedzime value.

$class enum_class : basic_enum {
constexpr {
U next_val ue =0;
for (auto o : $enum_class.variables()) {
if (o.has_default_value())
o.set_default_value( next_val ue);
next value =o.get default value()++;

3

Here is astate  enumeration that starts at valueand counts up:

enum class state {
auto started = 1, waiting, stopped; Il type is int

I3

state s = state::started,

while (s != st ate::waiting) {
...

}

Here is a different enumeration using a differeatiuetype and setting some values while using incremented
values where those are useful:

enum class skat_games {
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char diamonds = 9, hearts /*10*/, spades /*11*/, clubs /*12 * ,grand =24 ;
¥
Secondflag_enum expresses an enumeration that stores values corresponding to biviSEQ R Sy dzY S NI { 2
The enumerators must be powers of two, and are automatically generated; explicit values are not allowed. A
none value is provided, ith an explicit conversiontbool I & 02y @Sy ASy OS (Said FT2N a4
and&are provided to combine and extract values.

$class flag_enum : basic_enum {
flag_enum operator& (const flag_enum& that) { return value & that.value; }
flag _enumé& operator&= (const flag_enumé& that) { value &= that.value; return *this; }
flag_enum operator| (const flag_enumé& that) { return value | that.value; }
flag_enumé& operator|= (const flag_enumé& that) { value |= that.value; return *this; }
flag_enum operator® (const flag_enumé& that) { return value * that.value; }
flag_enumé& operator’= (const flag_enumé& that) { value "= that.value; return *this; }

flag_enum() {value =none;} Il default initialization
explicit oper  ator bool() { value != none; } I test against no -flags - set
constexpr {
compiler.require(objects.size() <= 8*sizeof(U)
“thereare"  + objects.size() + " enumerators but only room for " +
to_str ing(8*sizeof(U)) + " bits in value type " + $U.namg) );

compiler.require(!  numeric_limits<U>.is_signed
"a flag_enum value type must be unsigned");

U next_val ue =1, Il generate powers - of - two values
for (auto o : $flag_enum.variables()) {
compiler.require('o.has_default_value(),
"flag_enum enumerator values are generated and cannot be specified explicitly");
o.set_default_value(  next_val ue);
next_val ue *=2;

}

U none = 0; /l'add name forno  -flags -setvalue
b

Here is anos_mode enumeration that starts at valueand increments by powers of two:

flag_ enum openmode {

auto in, out, binary, ate, app, trunc; /I values 124816 32
h
openmode mode = openmode::in | openmode::out;
assert (mode != openmode::none); YY Al I PAOEOIT T ATiT AOG &AOI I pOoOA
assert (mode & openmode::out); Il exercise explicit conversion to bool

Note There is a recurring need for & § Y dzige, and writing it in C++17 is awkward. After | wrote
thisimplementation Overload 13 ! LINAf wHnamc 0 OF YS 2dzi gAGK ! yiKs:
9ydzy [/ f I &a S &hatls & highqualitf G+$1ffitRatydriplementation,andillustrates the


http://accu.org/var/uploads/journals/Overload132.pdf
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limitations of authoring nothe-usualclass types in C++: Compared to this approach, the C++17 de-
sign is harder to implement because it relies on TMP and SFINAE,; it is hardebé&zagse it re-

quires flagenum type authors to opt into a common trait to enable bitmask operations; and it is

more brittle because the flagnum type authors must still set the bitmask values manually instead

of having them be generated. In C++17, therinégefore a compelling argument to add this type
because of its repeated rediscovery and usefulndsst to be robust and usable it would need to

be added to the core language, with all of the core language integration and wordsmithing that im-
plies includng to account for feature interactions and crasderencing; in a future C++ that had the
capabilities in this proposal, it could be added as a small library with no interactions and no language
wording.

3.9 bhitfield

Abitfield  is an object that allows treatg a sequence of contiguous bits as a sequence of values of trivially
copyable types. Each value can be get or set by copy, which the implementation reads from or writes to the
valuebits. To signify padding bits, set the typevtod or leave the name entp. It supports equality compari-
son.

Note Also, treating a bitfield as an object is truer to the C++ memory model. The core language already
says (though in standardese English) that a sequence of bitfield variables is treated as a single object
for memorymodel purposes. That special case falls out naturally when we model a sequence of bits
containing multiple values as a single object.

Abitfield  metaclassould pasS | OK Y Ssi¥edaS ahatiributée.g.,int member[3]]: ) ¢ but since we
already havehe bitfieldd LISOAFAO / IANF YYEN FGFAf I o6fSY t£SGQa dzasS A

bitfield game_stats {
int  score_difference : 3;
void | 2; [/l padding
unsigned counter : 6;

} example;

Note | LJ G2 GKAA LRAYGZ faulsQe) EnfoiiBgSefuirénterits, (c) lciinibiding yhd&a- R S
classes, (d) reflecting on members and computing characteristics such as selectively combining met-
FOfFraasSaz FyR 6S0O 3ISYSNIGAYy3a FRRAGAZ2YLFE RIEGE Y
new dath members, but actually remove the existing declared data members and replace them.

Here is the code:

$class bitfield : final, comparable_value { /I no derivation
constexpr {
auto objects = bitfield .variables() ; YY OAEA A AT bPU T £bvjerA Al AOOF
size_tsize =0; I first, calculate the required size
for (auto o : objects ) {

size += (o.bit_length == default ? o.type.size*CHAR_BITS : o.bit_length X

if ( !o.has_storage() )o. make_member()
compiler.require(o.is_member(), "bitfield members must not be static");

compiler.require  (lis_trivially_copyable_v<o.T>,
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"bitfield members must be trivially copyable");

compiler.require(! o.name.empty() || o.T== $void,
"unnamed bitfield members must have type void");

compiler.require(  o.type != $void || o.name.empty() ,
"void bitfield members must have an empty name");

if (0.type = $void) -> { /I generat e accessors fornon - empty members
0.T$ o0.name$ () { return /*bits of this member cast to T*/; }
set_(0.name)$(const 0.T$& val) { /*bits of this value*/ = val; }

}
}
}
$bitfield  .variables() .clear() ; /I now replace the previous instance vars
byte data[ (size/CHAR_BITS) + 17; /I now allocate that much storage
bitfield() { /I default ctor inits each non - pad member
constexpr {
for (const auto& o : objects )
if (0.type != $void)
->{ new (&data[0]) o.type.name$(); kh
}
}
~bitfield() { Il cleanup goes here
constexpr {
for (auto o : objects )
if (0.type != $void)
-> { o.name$.~(0.type.name$)(); }
}
}
bitfield(const bitfield& that) : bitfield() { Il copy constructor
*this = that; Il just delegate to default ctor + copy =
}/1'you could also directly init each member by generating a mem -ini t-list
bitfield& operator=(const bitfield& that) { /I copy assignment operator
constexpr {
for (auto 0 : objects ) Il copy each non - pad member
if (0.type != $void) /I via its accessor
->{ case o.num$: set_(0.name$)() = that.(o.name)$(); }
}
bool operator==(const bitfield& that) const {
constexpr { YY sxARIT CAO n” &EOTT pAIl i DPAOAA]
for (auto o : objects ) /I just compare each member
->{ if (o.name$() !=that.(0o.name)$()) return false; }
return true;
}
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3

For example, this bitfield fits in two bytes, and holds two integers separated by two bits of padding:

bitfield game_stats {

int score_difference 13

void _ 12 /l padding

unsigned counter 16 ;
} example;
example.set_score_difference( -3); I/ sadly, the home team is behind
unsigned val = example.counter(); I/ read value back out

Note that in computing the size, the metass defaults to the natural size if the number of bits is not explicitly
specified. For example, the following two are the same on systems vititeris 32 bits:

bitfield sample {charc: 7; inti: 32;};

bitfield sample { char c: 7; inti; };

And hee is a it character as an anonymoubéfield  type:
bitfield { char value : 7}char_7;
char_7.set_value('a');

Of course, if
members to

Note

we can transform the declared members to lay them out successively, we could also transform the declared
overlap therin suitably aligned storage, which brings ustaon 6 A G K aA YAf I NJ O2 RS X

Unlike C and C++17, special language support is not necessary, packing is guaranteed, and because a
gt dzSQa oAGa INB y2i SELRAaSR (KSkNEadd@ssy 2 ySSR

When adding the concurrency memory model to C++11, we realized that we had to invent a lan-

3dzZ- 3S NM¥z S GKIFIG al aSd 2F O2ydA3ddz2dza 6AGFASE RaA
OKAYS YSY2NE Y2RSt & ¢ K toitiguau Bitfie)d Qalueare 6n6 dbject. IF&-A y 3 K
GKSNE Ay [/ bbmm 65 KI R0 248 RRI B KSIF BRJUR 2y /1 b B
sion in a series of bitfields to denote that this was the location to start a new byte and break a series

of successive bitfields into groups each so that each group could be treated as its own object in the
YSY2NE Y2RSt® ! 3+ Ay GKI bitfieR 2 Sdrighie is algéadpar objett,e A y 3
so if you want two groups of them to be two objects, justidase twobitfield  objects.

3.10 safe_union
Asafe_union isaclass 6 KSNB 4 Y2ad 2yS RFEGF YSYOSNI A& | OGAGS |
son is supported. The metaclass demonstrates how to replace the declared data members aviitieandiscri-

minant and

adata buffer of sufficient size and alignment to store any of the types. There is no restriction on the

number or types of members, except that the type must be copy constructible and copy assignable.

For simpler exposition onlynot as a satement on how a variant type should behave), this sarspie _union

follows the

model of having a default empty state and the semantics that if setting the union to a different type

throws then the state is empty. #afe_union with exactly the C++15td:: variant semantics is equally imple-

mentable.

$class

safe_union :final, comparable_value { /I no derivation
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constexpr {

auto objects = safe_union .variables) ; YY OAEA A AT DU 1T &£ OEA Al AOGOR
size_tsize =1, /[ first, calculate the required size

size_talign =1, /I and alignment for the data buffer

for (auto o : $safe_union .variables() ){

size = max(size, sizeof (0.type));
align = max(align, alignof(o.type));
if (o.storag  e.has_d efault () ) 0. make_member()
compiler. require (o0.is_member(), "safe_union members must not be static");
compiler.require(  is_ copy_constructible_v<o.type$>
&& is_copy_assignable_v<o.type$>,
"safe_union members must be copy "

" constructible and copy assignable");
}
safe_union .variables() .clear(); /I now replace the previous instance vars
}
alignas(align) byte data[size]; /I with a data buffer
int active; /I and a discriminant
safe_union () {active =0;} /I default constructor
void clear() { Il cleanup goes here
switch (active) {
constexpr {
for (const auto& o : objects ) /I destroy the active object
->{ case 0.num$: o.name$.~(o.type.name$)(); }
}
active = 0;
}
~safe_union () {clear();} /I destructor just invokes cleanup
safe_union (const safe_union & that) /I copy  construction
. active{that.active}
{
switch (that.active) {
constexpr {
for (auto o : objects) Il just copy the active member
->{ case 0.num$: 0.name$() = that.(0.name)$(); }
} /[ via its accessor, defined next below
}
}
safe_union & operator=(const  safe_union & that) { /I copy  assignment
clear(); /I to keep the code simple for now,
active = that.active; /I destroy - and- construct even if th e
switch (that.active) { /I same member is active

constexpr {
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for (auto o : objects) Il just copy the active member
->{ case 0.num$: o.name$() = that.(0.name)$(); }
} [/ via its ac cessor, defined next below
}
}
constexpr {
for (auto o : objects) -> /I for each original member
auto o.name$() { I generate an accessor function
assert (active==0.num); /I assert that the member is active
return (o.type$&)data;
} /I and cast data to the appropriate type&
void operator=  (o.type$ value) { I generate a value - set function
if (active==0.num)
o.name$() = value; II'if the member is active, | ust set it
else {
clear(); Il otherwise, clean up the active member
active = o.num; /I and construct a new one
try { new (&data[0]) o.type.name$( value); }
catch { active = 0; } Il failure to construct implies empty
}
}
boolis_ (0.name)$ () { Il generate an is - active query function
return (active== o.num);
}
}
}
bool operator==(const safe_union &that) const  {
N xARIT CA® n” &OIi pAiiDAOAAIA
if (active != that.active) /I different active members => not equal
return false;
if (active == 0) /I both empty => equal
return true;
switch (that.active) {
constexpr {
for (auto o : objects) /I else just compare the active member
->{ case o0.num$: return o.name$() == that.(0.name)$(); }
}
}
}

boolis_empty()  {return active ==0; }
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Here is ode that defines and uses a samplde_union . The usage syntax is identical to C and C++17.

safe_union U{
inti;
string s;
map<string, vector<document>> document_map;
¥
Notes |would be interested in expressingriant in this syntax, beca®& L GKAYy]1 AdGQa o6Sdd
variant<int,  string, map<string, vector<document>>> for several reasons, including:

AiQ&a SIFaASN) G2 NBI RIindmosy 3 G(KS &l YS aeyidlE |
we can giveJa type that is distinct from the type of other unions eviétheir members are of
the same type;

we get to give nice names to the members, including to access them (instgatk0f).

That we can implementnion as a library and even get the same union definition syntax for mem-

bers is only possible becausesoB Yy A & wA 1 OKASQa O2yaraidiSyid RSaa3
wisely used the same syntax for writing the members sifat and aunion . He could instead

have gratuitously used a different syntax just because they were (then) different thingse but h
RARYQUX FtYyR ¢S O2yGAydzS G2 o0SySFAG FNRBY GKIFG R

Uu;

O ” 2guUUlUUeK I/ constructs a string
assert (u.is_s());

cout << u.s() << endl; I ok

Note L f 2 @SstdivaiaRtl 85Q &0 dzii L ¢ 2 dzf R @ir@riymovsiaadipoimtysi®0d.A y 3 G K S

U = map<string, vector<document>>; Il destroys string, moves in map
assert (u.is_document_map());

use(u.document_map()); Il ok

u.clear(); /I destroys the map

assert (u.is_empty());

3.11 namespace class

din this respect, amespaces behave exactly like clagsefStroustrup, D&E§17.4.2]

i Kra 0SSy &ada3aSadSR GKFO |yl YSalagon8ideake d2f R 0 S
cause many class facilities exist exclusively to support the notioclagsabeing aserdefined type.
For example, facilities for defining the creation amanipulation of objects of that type hétle to do
with scope issue3he opposite, that a class is a kind of namespace, seems almost obviously true. A
class is a namespace in thense that all operations supported for namespaces cappked with the
same meaning to a class unless the operation is explicitly prohfbitethsses. This implies simplicity
and generality, while minimizing implementatieffort.£t [Stroustrup, D&E817.5]

oFunctions not intended for use by applications are in boost::math::detdBoost.Math]

Anamespace_class is aclass with only static membersandstatic public members by default.


http://www.boost.org/doc/libs/1_58_0/libs/math/doc/html/math_toolkit/namespaces.html
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CANRGE fSiQa RSrEoheyalle metakl&skianyiypé bt oesdzét Befirdzrhonstatic data mem-
bers can be treated as incomplete ar@bpenable so that a subsequetiéclaration can add new things to the
type members:

$class reopenable {
constexpr {
compiler.require(  $reopenable. member variables().empty(),
"a reopenabl e type cannot have member variables ");

$reopenable. make reopenable() ;

Anamespace_class isreopenable :

$class namespace_class : reopenable {
constexpr {
for(auto  m: $reopenable . memberg) ) {
if ( 'mhas_access () ) m.make public () ;
if ( !'mhas_storage() ) m.make_static() ;

compiler.require(  mis_static(), "namespace_class members must be static  ");
}
}
%
These can be used to write types that match that metaclass. UsingiBd@s al G K f A0 NI NB Fa |y

C++17 style Usinga metaclass
namespace boost { namespace class hoost {
namespace math { namespace class math {

I public contents of boost::math /I public contents of boost::math

namespace detail { private :

Il implementation details of boost::math Il implementation details of boost:: math

Il'go here;  function call chains go infout Il go here  and can be called normally

/I of this nested/nqmps;pacg ,qnq Qa[ls o h

II detail: k [ 000 AA OOEI CRA 10 };

}

Notes In C++11, we wantl to add a more cladie enuminto the language, and calledeihumclass . This
has been a success, and we encourage people to use it. Now we have an opportunity to give a simi-
lar upgrade to namespaces, but this time without having to hardwire aarewclass -like type
into the core language and plumb it through the core standardese.

This implementation of theamespaceconceptappliesgenerality toenabk greater expressiveness
without loss of functionality or usability. Note that this intentionally allowseespace cla ss to
naturally haveprivate members which can replace tod&®/handcodednamespacedetail idiom.
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4 Applying metaclasses: Qt moc and C++/WIinRT

Today,C++ frameworkendorsare forcedresort to language extensiortisat requireside compilers/languages
and/or extended C++ compileflanguagegin essencetightly or loosely integratedode generatorspnly be-
causeC++ cannot express everything they negdme prominenturrentexamples are:

f Ot moc (metaobject compler) (see Figure 1)One ofQtQa Y240 O2¥¥XKE RRv & 2 Az K| |
meta-object compilerinstead ofjustusing/ b B?KThis issue is contentious and divisive; it has caused
spawningforks likeCopperSpicand creatingprojects likeVerdigris whichare largelymotivated by try-
ing to eliminating the moextensions andompiler(Verdigriswas created by the Qt moc maintainer)

1 Multiple attempts at Windows COM oWinRT binding, lately C++/CXof which | led the design) and
its in-progressreplacementC++/WinRTsee Figures 2 and 3Jhe most common FAQ about C++/CX
gl a agKe | ff (KSanSead df ysHudhgIESH3KBHaIN the/issue & yoatentious and
divisive: C++/WIinRT exists because its desidistikedC++/CR & NI ldngugigd Extensions and
set out to show it could be done as jus€Ca+ libraryhe created an approach that works for consuming
WinRT types, but still has to resort to extensions to be able to express (author) the ayhethe ex-
tensions are in a sepate .IDL file instead of inline in the C++ source

Theside/extendedanguage and compilersexistto expresghings that C++ cann@xpresssufficientlytoday.

1 Qt has to expressignals/slots properties, andrun-time metadatabaked into the executable.
I C++/CX and C++/WinRias to expresdelegates/events properties, andrun-time metadatain a sepa-
rate .winmd file.

Note The C++ static reflection propo$sl itselfhelps the ruatime metadata issue, but not the others. For
example,seé / I Vv viQa Y20 06S NBEihZ0t40ywthaQt méc maitainer NS Ff SO0 A

There are two aspects, illustrated in Figure3: 1

1 Side/extended languageTheextra informationhas to go into source cod®mewhere The two main
choicesare: (1) Nonportable extensions in the C++ source catiés is what Qt and C++/CX, dsing
macros anccompiler extensions respectively?2) A sde language andource file whichrequires a more
complex build model with a second compiler and requires usensaimtain parallesource files consist-
ently (by writing in the extended language as the primarily languagel generating C+¢ode or by
handsynchronizatioiy this is whatlassic COM and C++/Win&l

9 Side/extended compilerThe extrgprocessindas togo into a compiler somewhere. Tamechoices
are: (1) Put it in nonportable extensions in each C++ compiler; this is what C++/CX2)&4.it in a
side compileandusea more complex build model; this is what Qt arldssic COM and++/WinRT do.

2The Qt site devotes multiple pages to this. For example, see:
f 4a20 YeikKa RSo6dzy]1 SR k X @&2dz I NB y2i 6NARGAYT NBIf [/ bbé
f 4G2Keé 5283 vi 'aS az20 F2NJ {Adylfta IyR {f20a¢
f K& 52SayQi vi 'asS ¢SYLJXIlidSa F2NI {Adylfta IyR {f20aKé
T a/+y voSaNBpIOlI OSR 6& /bb NBFiSOUA2YKE
3 C++/CX ended up largely following the desig@-ef/CLInot by intention (in fact, we consciously tried not to follow it) but
because both had very similar desigmstraints and forces in their bindings to COM and .NET respectively, which led to
AAYAE NI RSaA3dy az2fdziazyad 2SS g2ddZ R KIFI @S f20SR y2likAy3d o
3dzt 3S SEGSyaArzyaé AténiodesSenoagh that | hacidbwite] L 568 A 32 Wl G Aire2g06t S F 2
to document the rationale, which is about the C++/CLI binding to CLI (.NET) but applies essentidity-point to the
C++/CX binding to COM and WIinRT.

S
N



http://doc.qt.io/qt-4.8/moc.html
http://www.copperspice.com/
https://woboq.com/blog/verdigris-qt-without-moc.html
https://msdn.microsoft.com/en-us/library/hh699871.aspx?f=255&MSPPError=-2147217396
https://github.com/Microsoft/cppwinrt
https://woboq.com/blog/reflection-in-cpp-and-qt-moc.html
https://woboq.com/blog/moc-myths.html
http://doc.qt.io/qt-5/why-moc.html
http://doc.qt.io/qt-4.8/templates.html
https://woboq.com/blog/reflection-in-cpp-and-qt-moc.html
https://en.wikipedia.org/wiki/C%2B%2B/CLI
http://www.gotw.ca/publications/C++CLIRationale.pdf
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Qt moc Proposed

.h —with
extensions

A

generate:
moc_*.cp

C++ compiler C++ compiler

Figure2: Qtextendedlanguage +sidecompilerc build model vs. this proposal

C++/CX (for WinRT) Proposed

.h — with
extensions

.cpp — with
extensions

'C++ compiler —

g ’ C++ compiler
WIER extensions

.obj, .lib, .dlI .obj, .lib, .dll

Figure3: C++/Cxxtendedlanguage +extendedcompilerg build model vs. this proposal

C++/WinRT IDL (like COM) Proposed

.idl — C-like source =

generated
_i.c,_pc, .h

C++ compiler C++ compiler

.obj, _lib, .dll .obj, .lib, .dll

Figure4: C++WinRTsidelanguage+ sidecompilerg build models. this proposal
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4.1 Qtmoc- metaclasses (sketch)

This section describes how Qt moc could be replaced by metaclasses.

The approach centers on writing metaclasses to encapsulate Qt conventions. In particular:

Feature Qt moc style Proposed
Qt class : public QObject QClass metaclass
Q _OBJECinacro
Signals and slots signals: access specifier gt:signal  type
slots: access specifier gt: slot type
Both are grammar extensions No grammar extensions
Properties Q_PROPERTYacro property <>metaclass

(note: not necessarily specific to Qt)

Metadata Generated by moc compiler Generated iMQ)Class metaclass code, or
separately by reflection

/] 2y AARSNI KAa SEFYLX ST 6KAOK dzaSa || aAYLX &ndoieR LIS NI &
languages), and a simple signal (outbound event notification) and slot (inbound event notification):
Qt mocstyle This paper (proposed)
class MyClass : public QObject { QClass MyClass {
Q_OBJECT property< int > value {} ;
public: signal  mySignal();
MyClass( QObject* parent=0); slot  mySlot();
Q_PROPERTIYi{ value READ get_value WRITE set_value) It

int get value() const { return value; }

void set_value(int v) {value =v;}
private:

int value;

signals:

void mySignal();
public slots:

void mySilot();
¢

4.2 QClass metaclass

QClass is a metaclass thamplements the following requirements and defaults:

1 Implicitly inherits publicly fron@Object.

1 Generates a constructor that tak€bject* with a defaultvalue ofnullptr

1 Performs all the processing currently performed by @@BJECmacro.

1 For each nested type declarecperty<T> 6 4SS 06St 260> aAYyfAySe GKS y
member(s) and function(s) into the scope of this class.

w
Q)¢
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9 For each funtion whose return type igt::s ignal <T>(see below)change its return type td and treat
it as a signal function.

1 For each function whose return typegs:slot  <T>(see below)change its return type td andtreat it
as a slot function.

1 Performs allhe processing currently performed by the ENUM®acro to every nestednumtype.

1 (etc. for otherQ_macros)

1 Apply any Qt class rules (e.g., on accessibility of signals and slots).

Note ¢KS&S (SOKYyAldzS& Fft2¢ FRRAYD theCtrgaAdmaa S SEGSya

(1) Using avell-known marker class type as a contextual keywoily using a weknown type

such assignal orslot as a marker type (for a variable, or a function parameter or return type), a
metaclass lik&)Class can assign special sent&cs and processing to that type when it encounters it
in the specially recognized position, essentially turning the type into a contextual keyword but with-
out disturbing the C++ grammar. (The same can be done with vagaieinction names.)

(2) Usinga wellkknown marker metaclass as a contextual keyword and abstractiBarproperty

we need a little more because it is intended to be an abstraction encapsulating multiple compo-

nents. Because the C++ grammar already allows nested abstractions (clasdesg, are now add-

ing metaclasses, we can simply use a+etlwn metaclass such asperty to define a nested

Of raa GKIFIG NBLNBaSyida GKS o0aldNIOGA2yd o6t N2OSa
metaclass (e.gproperty ) is useful cabe done inside that metaclass, and the combining or post
processing to integrate it into the enclosiQglass can be done i)Class.)

4.2.1 signal andslot types

The typegyt::signal  andqgt::slot  are ordinary empty types that do nothing on their own, but aredias
markers recognized by th@Class metaclass.

template<class Ret = void> class signal { };
template<class Ret = void> class slot { };

These are templates because Qt has some support fowvnwin signal and slot return types. A nanid return
type can le specified by the template parameter:

signal<int> mySignalThatReturnsint();

slot<Priority> mySlotThatReturnsPriority();

Otherwise, a C++17 deduction guide offers nice default syntax withetracketg & Ay (KA & &SSO
signal mySignal(); / | signal<void>
slot mySilot(); /I signal<void>

Note Qt itself rarely makes use of nenid return typesin signalslot calls However, slots can also be
OFfftSR tA1S y2NXIt TFdzyOiA2yasx a2 (GKSe Obyg NBiGd
template for the return type intact for both signals and slots as it helps to underscore the flexibility
GKFG Aa I @FrAtrotS gAGK YSOlIOflaasSaT AT GKS 3ASy

4.2.2 property metaclass
Av (i @& LINR misielddagaénested class defil using the metaclass templafe:property
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template<class T>
$class p roperty<T> {
...

¥
This metaclass implementise following requirements and defdts:
T 91 OK FdzyOliA2yQa yIYS Ydzald o06S3IAYy 6AGK a3ISGE 2N a2
1 T must be copable
1 Apply any other Qt property rules.

Note 2S O2dAZ R RS&A3IYy | Y2NB 3ISYSNIf AGLINRPLISNI&é¢ GKI G
the followingC++/WIinRT sectiofror now this just illustrating how to create a binding to Qt.

For convenience,reempty property that has no usedeclared data member or functions:
property<T> xxx {};
generates the followingf T is default-constructible

1 adata member namedxx of typeT;
f ad3ISG¢ Fory&( X gyfin value ; }; and
 ifTisnotconstE I ¢ & ol lsét 2xyk(const T&value) { xxx =value ; };.

A property can have customizable contents, for example hadifexent internal type (if Qt allows this):

property<string> blob {

DBQuery g;
string get_blob() const { return g.run 523%, %#4 Al T AmMEEAT A &2/ - Yl
O1T EA OAOMAT T AsAT 100 OOOET CY O% Dz Nitudidyi @250 85 I ¥ 8eb R #zA

3
After theproperty YSGIF Of a4 KFa 060SSy NHzy (2 RSFAYS GKS LINE LISN
QClassmetaclassi KSy aAyfAySaé¢ GKS ySaidsSR tlraa Ayaz2 GKS YI ;
normally by other class members and users.

Note The above shows how to support the baSid®ROPERDptions of MEMBEREADandWRITE Tofully
supportQ_ PROPHR semanticsgt::property  should also suppotthe other options¢ RESETNO-
TIFY, DESIGNABLEetc.

4.2.3 Generating metadata

Finally, generating gtadata is largely enabled by just the reflection proposal on its own, ketan accuracy
by metaclasse8ecausave are going to automate Qt conventions using metaclasses sugfisas , the source
code directly identifies exactly which types are Qt types.

T 1a SIOK adzOK (el A& RSTFAYSR o6& |LWIXeAay3da GKS YSI
time ead QClass is processed to generate compiiene data structures for metadata.
91 Alternatively, ayenerate_metadata functioncould reflect over the whole program to identify and in-

spect Qt types and generate metadata only for thabet function can be builhind invoked as a sepa-
rate executableThis keeps the metadata generator code outside the metaclass code, if that is desirable.

In both cases, all processing is done inside the C++ program and C++ compiler.



