Metaclasdunctions Generative C++

Document Number:P0707 R4

Date: 2019-06-16

Replyto: Herb Sutter fsutter@microsoft.com

Audience: SG7 EWG

Contents

I @Y= V1 PP EPTP PP 2
2 [Fy3dzr3SY daSalOfhads. Fdzy Q0A2.Y 8 e, 6
3 Library: EXample MBCIASSES..........coooiii it e e e e e e e e e e e e e e e e e aaaaaaaaaaeeeeeeeaseeaaaasaaaans 18
4  Applying metaclasses: Qt moc and CH+/WINRT..........ooiiiiiiii e 35
I @ - PRSPPSO 41
R4

1 Updated notes irg1.3to track the current prototype, which noalsohasconsteval support.
1 Added using metaclass funati in theclass body.

Abstract

Theonlyway tomakea languagemore powerfu] but also makets programssimpler, is by abstraction adding
well-chosenabstractiors that let programmers replace manuebdepatterns withsaying directly what they
mean There are two majocategories

Elevate coding patterns/idims intonew abstractions built into the language Forexample, m current C+;#
rangefor letsLINE2 I N YYSNE RA NB O f @ith EoB@liér supiddrt andfepfdtde@dntOK ¢  f 2 2 |

(major, this papej Providea new abstraction authoring mechanismo programmerscanwrite new kinds
of userdefined abstractiors that encapsulate behaviarln current C+;tthe function andthe class are the
two mechanisms that encapsulate usggfined behaviorln this papermetaclasfunction enabledefining
categoriesoflass S& G KI G0 KIF @S 02YY2y RSFldz G6a FyR 3ISYSNI GSH
abstraction vocabulary beyorass /struct /union /enum
Also,83 showsa set ofcommonmetaclasgunctions many of whichare common enough toonsider forstd::
This paper begins by demonstrating hosvimplementJava/C#nterface  as alO-line C++std:: metaclassunc-
tion ¢ with the sameusability,expressivenessliagnostic qualityandperformanceof the builtin featurein such
languags,where it is specified as ~20 pagesiol (i I Yy R text3p&Hication


mailto:hsutter@microsoft.com
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1 Overview

This papeassumes that C++ adds support for static reflection and coripile programming to C++, and fo-

cuses on theextlevel layer of abstraction we could build on toptioat. ¢ KA & LJ LISNJ K2 LJSa G2 L
glyld G2 o06S oftS (2 6NARGSE dzaS OFasSa F2NJ) dzaay3da FSIad
tation also implements most of those othergposals since they are necessary for metadiasstions
Metaclassfunctions(provisional namelgt programmers writea

new kind of efficient abstraction: a usdefined namedsubsetof 3E7ED ordinary

class es that share common characteristitgoically (but not code your code c.Ia.sz?
limited to): definition

i userdefinedrules
i defaults, and
9 generated functios

by writing a custom transformation from normal C++ source code to a normal C++ class definjimmantly,
there is no type system bifurcatiotiie generated clasis anormalclass .

Primary gpals:

f 9ELI YR / bbQ& I 04&id NaSsiskr 2 /ur@d2/Enbindvizth arétii tye SadegoyieR
hardwired into the language.

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

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

f  Enable writingr I y & sp&iglized typeseatures(e.g., as we did in C++11 withumclass ) asordinary
library codenstead ofpseudeEnglish standardeswith equal usability and effiency,so that they can be
unit-tested and debugged using normal tqalevelopeddistributed without updatingshipping a new com-
piler, and go through LEWG/LWG as code instead of EWG/CWG as stander@esensequence, enable
standardizing valuableextamA 2 y & (G KF i 6SQR fA{Sft& ySOSNI aidl yRINR
too narrow (e.g.interface ), but could readily standardize as a smallsetiftained library.

{ Eliminate the neetb inventnon/ bb G & A RS f I y3dzr 353 éasQt yid RCAVLNSIDA I £  O2
andC++/C)to express the informatiotheir systemsieed but cannobe expresedin (i 2 R IC&H8u&h as
specialized types for properties, event callbacks, amiasi abstractions)

Primary intended benefits:

f C2NJ dzASNBRY 52y Qi KI OB caiviite & ¥ RlAssTFRI NI dzNBifgsslibraiesy LA £ S 1
that canbe put in namespaces, shared as libraries and on Gitldnobt so onike any other code.
f For sandardization: More features dsstablelibrariesY easier evolutionhigher quality proposals.
Common metaclasses (like common classes) can be standardigied adibraries.
f  For C++ implementations: Fewer new language feat¥rdess new compiler worknd more capacity to
improve tooling and quality for existing features. Over titnkeppe wecan deprecate and eventually
remove many nonstandard extensions.

A Chngbasedprototypeis availablet gitlab.conlock3 clang(source)with anintroductory tutorial. Anumber of
examples in this papdink to live examplessing that compileon cppx.@dbolt.org.


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
https://gitlab.com/lock3/clang/
https://gitlab.com/lock3/clang/wikis/Metaprogramming-Introductory-Tutorial
https://cppx.godbolt.org/
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1.1 Revision history
R4

1 Updated notes irgl.3to track the current prototype, which noalsohasconsteval support.
1 Added using metaclass funati in theclass body.

R3 (pre-Jacksonville, 20182):

1 Switched to functiorstyle declaration syntax per SG7 direction in Albuquerque $oldss M- new:
consteval void M(meta::info  target , const meta:info source)).

1 Simplified some examples, includingfeleed ordered et al. to a later revision of this papéhat can
show integrating the newly adoptetberator<=> .

R2 (preAlbuquerque, 201-10):
f 9ELI YyRSR a4S00GA2Yy HOPpI G/ 2YLRaAAGAZYZEé (G2 RA&aOdza &
1 Added new sections 5, 6, and 7 in response toiitar feedbackand for discussion in Albuguerque

R1 (wst-Toronto, 201707):
9 Minor tweaks from Toronto.

RO (preToronto, 201706): Initial revision.

1.2 Design principles

Note These pinciples apply talldesign effortd Y R | NBYy Qi & LIPBds&sted) and euséi KA & L

The primary design goal is conceptual intedffisooks 197%, which means that the design is coherent aaliia-
byR2S& 6KIG GKS dzaSNJ SELISOGA AG (2 R2d /2y O0SLiidzt Ay

f Beconsistent5 2 y Q( milar thiBgs different, including in spelling, behavior, or capa@li® 5 2 y Qi
make different things appear similar when they have different behavior or capahikiyr example,
when performinggenerationwe use normal declaration syntax instead of inwegtnovel syntax

1 Be athogonal: Avoid arbitrary coupling. Let feates be used freely in combinatiogFor examplewe
define metaclass functions as generahste val functions rathe than inventing anew class declaration
syntax (this is an improvement over &Chis paper)

1 Begneral52y Qi NBad N® GEi2 ypKi GF NBAA (ANGKNEANESY NS & G NA O G |
cases and partial feates.¢ For examplethis paper prefers to avoid creating a spegalpose syntax to
definemetaclasses, and instedets programmersisenormalcompiletime functionsand generate code
using normableclarationsyntax Also, metaclasses are just code,tthan appear wherever code can ap
pear¢ written inside namespaces to avoid name collisions (including putting common ostes in,
and shared vi#include headers owvia modules.

(@

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

Additional design pnciples include: Make important things and differences visible. Madaportant things and
differences lessvisible. ¢ KA a4 LINRP LR alf SylofSa GKS OftlFaa || dziK2N G:
be clearly visibldy applyinga userdefined nameto class , while making the details of that categaayailable

but less visible in an owdf-line common specification.


https://en.wikipedia.org/wiki/The_Mythical_Man-Month
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1.3 Stawman syntax anducrent prototypenotes

The Clangpased prototype is tracking this proposklhas been updated to reflect SG&ftbackat previous
meetings and implemenhSG7 and EWG extginns such asonsteval that have been drive from this work.

1 Current pototype repository(GitLab
1 Metaprogramming introductory tutoal (GitLab)

Manyexample programs this paperstill use a previous syntaxybremainsstructurally the sameas in the cur-
rent prototype A future revision of this par will syncthe exampleswith the prototype.

A metaclasgunctionis a compileime function that takesameta:: info parameer:

conste val auto my_metaclass _function (meta:: info source) {/*..*/}
and is applied when defining a type by passing the metaclass duntéime toclass()

class (my metaclass_function)  X{ Yttt AT T OAT OO PAOGOAA A pOil OOAAR 1]
or in the body(placeholdersyntax)

class X{ class( my metaclass function ); Yttt Ai 1T OAT OO PAOGOAA A pOI OOAAL

Generating code into the current scopees- > to connote injectionClass member declarations can be gener-
ated by injecting a class fragment, e.gz,__ fragment struct { /*.. * }; . Inside a fragment, use the value of
a compiletime meta:: variablex by usingdexpr(x) where an identifier shold appear, otypename(x) where

a type name should appear.

In addition, this paper proposes compiiategrated diagnostics, whemmpiler_error 5 21 A OO Arg die
rects the compiler to emit the diagnostic messagéh m.source location () , which is intendedo be inte-
IANF SR ¢6AGK GKS 02 Y LdudingiNsial sfyle ankl €oStrolRptibidrnegaipieh O4 >~ A Y

for (autof: meta::range( source)) / [ for each member  fin  source
if (f.is_copy() || f.is_move()) YY | AORO Wahtlo dix Asallow copy/move
compiler_error  ("this type may not h ave a copy or move function” )
For conveniencegompiler_require  (cond, 21 A OO Aidkeetlocation) is equivagnt toif con-
stexpr(cond)  compiler_error 5 21 A OO Aduke location); . Sothe above i®quivalent to
for (autof: meta::r ange( source ))
compiler_ require (!'f.is_copy() && I'fis_move())
"this type may not have a copy or move functio n,f) ;

Note The current pototype implementation does not yet allowsource location , so that has been
GSYLRNI NAf& NBY2OSR TNRBY easkriaicudntpaifesdriplestiorn Y LI S &
here into the prototypecompiler. Thesource_location — will be added so that diagnostics can have
precisesource line and column information.


https://gitlab.com/lock3/clang
https://gitlab.com/lock3/clang/wikis/Metaprogramming-Introductory-Tutorial
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2 LanguagedMetaclass Fdzy OU A 2V &

éClasses can represertst all the concepts we ne¥d h y £ & A Foutd ikKgenuihelydo NI NEB
infeasible should theanguage extension route be followeéd. B. Stroustrup (D&E, p. 181)

This paper relies on C++ clads@léeadybeing general and unified. Stroustrup resistdthttempts to bifurcate

the type systemsuch ago havestruct andclass be different kinds oftypes.The result is that the C+elass

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

¢ 2 R HadgDagehas rules to interpresource code and applies defaults and genesatpecial member func-
tions (SMFs)Hee is a pseudocodexample to illustrate how the compiler interprettass andstruct

Compiler
class Point { for (m : members) class Point {
int x, y; if (!v.has_access()) private:
}; if(is_class()) int x, y;
v.make_private(); public:
else // is_struct() Point() =default;

VIR LS ~Point() noexcept =default;

Point(const Point&) =default;

or : functions
for (f : F ) Point& operator=(const Point&) =default;

if (f.is_virtual_in_base_class() Point(Point&&) =default;
&& If.is_virtual()) Point& operator=(const Point&) =default;
f.make_virtual(); }s
if (!f.is_virtual_in_base class()
struct MyClass : Base { && f.specified override()) class MyClass : public Base {
void () { /*...*/ } ERROR(“does not override”); public:
. irtual void f *oouF
}_// if (f.1is_destructor()) \;jr‘ Hat vor O/ /3
’ if (members_dtors_noexcept()) }; U
El

f.make_noexcept();

}

Today, thecontents of thed O2 YLIA f SNE 062 E Aké standa@i€sd ahd HarwiradyintoZompilerA & K
implementations.The generalization in this paper is &k one narrowly targetequestion

Compiler

class Point { class Point {
e Q: What ifyou | "0,
could write your
own code here,
and give a name
to a group of

5
defaults &
struct MyClass : Base { behaviors-p MyClass : Base {
void f() { /*...*/ }
/.. . . void () { /*...*/ }
}; (treat it as ordinary } 1o

code, share it as a
library, etc.)
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The intent is taviewstruct andclass asthe first two metaclasseg&, except that todaytheir semanticsare
baked into the language and written inside C++ compiler implementatinstead otbeingan extensibility
point that can bewritten as ordinary C++ code.

This hook helps to solve a number of existing problems causédb FI Ol (G KI (G edBAET ENBY §
supported by the laguage itself. For exampl@daywe rely on coding patterns such as abstract base classes

6al ./ a¢0 FyR aNB giday hambsiiténgddges dzIAWANIES R BSFlF GdzNBSa t A1 S
that would let usersasilynametheir designintent and get the right defaults, constrasitand generated func-
tionsforthatkind oftype! Yy R G KS FIF OG GKIFIG GKSNB Aa 2yfée 2yS 1AYyR
(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) andhgmated special member functions (SMFs) (e.g., generate move
assignment under these conditions) must be specified using a single heuristic for all conceivable types, which
guarantees that they will be wrorfgr many types, and so when the heuristic fails meed tools like-delete to

suppress an incorrectly generated SMF adefault to opt back in to a desired incorrectly suppressed SMF.

A metaclassallows programmers to write compime code that executewhile processing the definition of
classlin a rutshell, the goal is to:

I name a subsebf the universe ofC++classesvhose members shareommon characteristics

9 express that subseind its characteristicgsing compiletime code(which can be unitested, put in
namespaces, shared in libraries, etke lany other code)gnd

make classesasier to writeby letting class authorsse the name as asing@ 2 NR a ISy SNI f AT S
A i@ get that whole package of characteristics

The goal is to elevate idiomationventions into the type system as compilabheldestable codeand in partic-
ular to write all of the same diverse kinds of class types we already write today, but more cleanly and directly.

Metaclasses complement (and rely owhcepts and reflectiorwhich areaboutqueryingcapabilities; based on
GR2S4& G(KA& SELINBaarzy O2YLAESéE IyR aR2S& (KAde-YSYOS
fining typesc participating in interpretinghe meaning of source code to generate the classnitiin.

Querying a Generating an Changing an
definition original definition | existing definition
(i.e., read-only) (before it is used) (= violate ODR)
Use-pattern-based )
(e.g., “does x==
compile” — match concepts
member or
nonmember) is_detected ‘l

+enable_if |

Structurally-based

(e.g., query/define reflection
member function

X::operator==(/*...*/))

Figurel: How the pieces fit

L Andunion andenumas the next two, though the latter has slightly different syntax thafass .
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2.1 What and howsC2 vy & (I Ndohdeptsd S €

A metaclasss defined as consteval function that transforms a readnly sourcemeta:iinfo  to one or more
generated targetneta::info s, andcan express awstraints,defauts, and more For example:

namespace std :: experimental  {
consteval void interface (meta:info  source) {

I we will describe how to write code to

I - AbDi U 2DpOAl EAe AT A 20EOO0OCAI e OF 1 AITAAO &OT AGETT «
Il - require all member functions be public and virtual

Il - require no data members, copy functions, or move functions

Il - generate a pure virtual destructor (if not user - supplied)

}

A metaclas$unctionname can be written in pte ofclass to more specifically define a type in termséf K I (i
it is.€ The compiletime code is run wheit is usedo define an ordinary class:

class( interface ) Shape { /I let Shape be-an interface
int area() const;
void scale_by(double facto r);

%

Il result :

I class Shape {

Il public:

I virtual int area() const = 0;

Il virtual void scale_by(double factor) = 0;

/I virtual ~Shape() noexcept = default;

Il using prototype = /*impl - defined - & unique*/::Shape; // original sou rce

O ¥
In the codenterface  Shape{ /*...*/  };, the semantics are

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

9 Thecodethe user writesas the bog of Shapeis thesourceprototype class

1 The compiler (@)movesthe prototype classnto anunspecifiedand unique namespace that contains no
other functiors: (b) generates a new claskapein the original namespace that has the same name and
is empty ecept for aprototype aliasto the new location of the prototype; (c) invokeserface( re-
flexpr (Shape), reflexpr( Shape) ::prototype) ; and (d) invokes metaclass_finalization( re-
flexpr(  Shape)) . When this is complet&hapeis a normafully definedclass type

Note Unlike in Java/C#he type system is not bifurcated; there is still only one kindaxfs , and every
interface is still alass . A metaclass simply gives a name to a subtelasses that share common
characteristics and makes them easier to write correctly.

Ametaclag sRodeis fully general andgocan express anything computabl®ere are four commonises

1 Provide cefaults:L YLI A OA G YSIFyAy3aaz &dzOKpublicdandvitfl bydd-SNF I OS
FldA ¢ 6AGK2dzi GKS | dyfehaiNg ozgecify theldikfadli A Odzf | NJ Ay (i S NJ
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1 Generatemembers Default declarations and implementations fmembersthat all classes conforming
G2 GKS YSGl Of I aavaMedzaivdys Kab @3/ 3and @nde®, Kind mémbeérwise definitions
are generated by default if copy angbve are not explicitly written by hadele
f Enforcerules/ 2 y & G NI A y (i &t&facé deOriaing caly plublig/virtual functions and is not copy-
Fof Spé ' 4S8 02y O Dadédpattéras, aBdriseNalettion tozjuéngspecific entities; to-
getherthese enable a constraint to express #rigig computable about a type.
f Perform ransformations/ Kl y3Sa G2 RSOf | NBiRerf&e¢  mistthdva aHRE-dzOK | 3
SULTreturn type, and a nowoid return type must bechangedo an additional[out , retv al]] pa-
NI} Y S SNJ A yvarianS lyReréplacs dllofdhe data membersieclared in the protoclassith
an opaque buffeiin the fully defined class €

Notes OneresultA & GKI G YSiGl Of I a4 Sa& yENFEAMNRS Sy Hbigeht®iRic-A idA R (i
places thébuilt-in class special member functiogeneration rules because the metaclass is taking
over responsibility for all generation

C++ provides only a feégpeciat generatedfunctions for all classeand moreare desirablde.g.,
comparisony Theyare difficult to manage and extend becauseay C++ has onlggmonolithic uni-

verse of all classes, with no way to name subsets of claSegmach compileAd Sy SN § SR & & LJS
YSYo SNJ Thir/tébéderesateéd based on a genefauristic that mustwork well enougHor

all conceivablelas®sto 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 heuriic failed) which led to theneedforg | € & G2 G2LJi ol Ol 2dzié |
ated function when not desired-(elete 0 2 NJ G2 a2LJi ol O1 Ayé¢ |yR dzas
when the heuristic did not generate them (manual declaration followedd®sjault ). Any new gen-

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 unigrse of alclassey and

an extensible way to give that subset appropriate generated functidesause the generated func-
GA2y& I NB LINPOARSR o6& (KS YSilIOAy&aadz2diRSGYSAER
provides.In turn, becausgenemted functicmsare 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& 06S &adzlINB’aaSR o0SOldzasS 7
opted into the metaclasgthus 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 suchas a convenient 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 fdowing defaultsapply, 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 defdegitructor (if notdeclared).
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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 implementation)

consteval void _metaclass_fin  alization( meta:info t) {

for (autoo: meta::range( t)) {

if lo. has_default_access ()) o .make_private(); /I make data members private by default
-> 0;

}

bool _has_declared_dtor = false;

for (auto f : meta::range( t)) if (meta:is_function( f) {
if ('f.  has_default_access ()) f.make_public(); /I make functions public by default
__has_declared_dtor |=f.is_d estruc tor(); Il 'and find the destructor
> f’

}

if (__has_declared_dtor) II'if no dtor was declared, then
->  fragment structX {~ X){}} /' make it public nonvirtual by default

)
22 aSiul Of I-eyéovarvieNIs&ya and definition examples

To illustrate, lere is an overview of some equivalent code side by side. In each casediéen the rights just
a more convenient way to write exactly the code on the left antiasidenticalperformance but the code on
the right offersstronger abstractiorandso eliminates classes of errors andnisre robustunder maintenance

C++17tyle This paper (proposed)
Applyingareusable abstractiowith customdefaults and constraints= Mediumimprovement
class Shape { class (interface ) Shape{ //see§ 3.1
public: _ intarea()  const;

virtual - int area() const =0, void - scale_by(double factor);

virtual  void scale_by(double factor) =0; /| ... etc.

II'... etc. 8

virtual ~Shape( ) noexcept {} ;

Il be careful not to write nonpublic/nonvirtual function I see below in this table for t he
Y, Il orcopy/move  function or data member; no enforcement /I definition of interface

Applyinga reusable bstractionthat additionally hagustomgenerated functions= Largeimprovement

class Point { class (value) Point{ llsee§ 35
:2{;28 intx=0;

public: inty=0;
I » behavior functions ... ... behavior functions ...
Point() = default; b

friend  bool operator==(const Point& a, const Paint& b)
{retumax==bx&&ay==by;}

friend  bool operator< (const Point& a, const Point& b)
{retumax<b. x| (ax==bx&&ay<hy)}

frie nd bool operator!=(const Point& a, const Pointé& b) { return !(a == b); }

friend  bool operator> (const Point& a, const Point& b) { return b < a; }

friend  bool operator>=(const Point& a, const Pointé& b) { re turn (@ <b); }

friend  bool operator<= (const Point& a, const Point& b) { return (b < a); }
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Applyinga reusableabstractionwith defaults, generated functions, amdistom semantics XLimprovement

template <class T1, class T2>
struct pair {
using first_type =T1;
using second_type = T2;
T1 first;
T2 second;
template <class... ArgsL, class... Ar 052>
pair(piecewise_construct_t,
tuple<Argsl...> argsl,
tuple<Args2...> args2);
constexpr pair();
pair(const pair&) = default;
pair(pair&&) = default;
pair& operator=(const pair& p);
pair& operator=(pair&& p) noexce pt( see below );
void swap(pair& p) n - oexcept( 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);

template <class T1, ¢l ass 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 T1, class T2>
constexpr hool operator!=

(const pa ir<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>&
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.swap(y)));
template <class T1, class T2>
constexpr pair<v1, V2>
make_pair(T1&& X, T2&& y);

template<class T1, class T2>
class (aggregate ) pair {
T1 first;
T2 second;

3

II' note: section 3 shows code for
I all metaclasses mentioned in the
Il paper except  for aggregate

Writing asif a new Yanguagé&ieature usingcompiletime code+addingexpressive powet XXL improvement

Il C#1 anguage spec. ~20 pages of non testable

English

I (Proposed) C++ library: ~10 lines
I Live example

consteval void interface (info source) {

hool has_dtor = false;
for (auto mem :

of testable code
. https:/icppx.godbolt.org/z/OkMxJ4

range(source)) {
compiler_require(! is_data_member(mem),
"interfaces may not contain data");

compiler_require(! is_copy(mem) && ! is_move(mem),
"interfaces may not copy or move; consider !
"a virtual clone() instead");

if (has_default_access(mem))
make_public(mem);

make_pure_virtual(mem);

compiler_require( is_public(mem),
"interface functions must be public");

has_dtor |= is_destructor(mem);
->mem;

YY 50A0 AT AA Javdor AG¥UR O
interface  Shape {

int area();
void scale_b y(double factor);

}

if (*has_dtor) -> _fragment struct Z
{ virtual~  X() noexcept {} };

¥

/I User code (proposed C++

class (interface ) Shape {
int area() const ;
void scale_by(double factor);

vs. C# )

b



https://cppx.godbolt.org/z/OkMxJ4
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Notes Red A Y G SNFI OS¢é¢Y / bb Kl & |fgégl &a o68Sihocimanhedndi 2 S E LIN
even gave the idiomatic coention a name (ABCs, for abstract base clas3é®re should be a way
for class authors to express their intent more direetith a nane that is actual code

wS GHILISKBR F e Ay 3a (ddDaira dhdsVash enbarrassirgl$ compl&ar years, |
have beeraskingi KS ¢2 NXf RQa Y2aid SELSNASYOSR /bbb I y3dz
missing from C++ to enable expreggiti:: pair assimply as

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

but I never received aanswer. As far as | know, this is the first proposal that achieves that goal,
OKFy3aAay3a aaidNyzOGé¢ G2 | agieSaiel) dt tadthen PelrevidirectiyS NB A v
to just assimply defineother similartypes (e.g.st d::it uple , usea @wn literal value types)

2.3 Exampleinterface

The previous page shows the code for an exanmipierface ,that could bea candidate for thestandard li-
brary, and that has the same expressiveness, efficiency and usability as thdesaare hardwired into other
languages.

Note ¢KS O2yOSLIi 2F 'y @&AYy(dSNFLI onSdatur Bpecifiéddn akthosey | y & f
languages as pages of humamguage specification and implemented in a compiler. | believe that
the above speification and implementatioiis as goodand sometimesbetter) in every respect, in-
cluding in strength of abstractionxpressiveness, error diagnostic qualigstability,debuggability,
run-time performance, and (to be proven) comptime performance.

Theinterface  metaclasgunction:

1 Implicitly generatesa pure virtual destructorIn this case we can just implicitly declare the pure virtual
destructor without any adtional checks to see whether the user declarethé same wayexplicitly,
because iflte userdid declare it explicitlthen this declaration is just dundant. (In2 G K SNJ Ol 4S&a >
first check to see what the user declared, and then supply generateztibns only if the user did not.)

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

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

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

IIsee§ 3.1

interface drawable { /I this is an interface
int draw( canvas& c); /I draw now defau Its to public pure virtual
...

B

Anduser code gets highuality diagnostis when it violates constraints. For exampléhi$ classs modified
during maintenance by a programmer who forgets that it should consist of only public pure virtu@bmisnc
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today the code could silently compileut with interface  the compiler helps robustly maintain the class au-
G§K2NRa RSOfI NBR AydaSyday

class( interface ) drawable { /I attempted modification during maintenance...
int draw(canvas& c ); /I ok

private:
void scale (double factor ); YY %22/ 2k oRETARNOEENT0O | 000 AA
string data YY %22/ 2k @2EBmd AcDo@alnAata e

%

Of coursejf the maintainer really wants to add a nonpublic function or data membeeycan still do that
theyjustneed tochangeinterface  to a more suitable metaclass name, or juisiss , to document that this is

OAIT ¢

no longer arnterface . The change is simple, but notsilenth & ¢ 2 dz2f Ry QG 0SS &aAf Syd F2N
so that the maintainer cannot vialaS (G K'S 2 NA 3 & iyitént by &¢iderit. & | dzii K2 NI
2.4 Metaclasdunctiondefinition
A metaclas$unctionis written as a compiléime consteval function that takesneta::info  parameters, which
are passed with reference semantics (ldkared_future ):
consteval void my_metaclas s(meta:iinfo  source) {/*..* [}
To add a declaration tmrget , use- >to addan objectmof ameta:: type, or a class fragment
-> m;
-> _ fragmentclass X  {/*ordinary declaration syntax*/ } ;
In the latter form, it can be used tase the values or abstract state of objectsiafta:: type. For example
consteval void x(meta:info  source) {
Il for each source function
for (auto f : meta:: range( source)) if (meta:is_function(f)) {
/I first echo the function into target
-> f,
/I and then create a no -ip TOAOITAA xEOE Al A@GOOA 2ET Oe DPAOAI /

-> _ fragment struct {
typename(f.return_type()) idexpr(f)(__inject(f.parameters()) args, int) {
return this - >idexp r(fn)(args...);

3
Metaclass functions can invoke each othdereare twoexampes, one drawn frong3.5:

consteval void io_and_comparable( meta:info  source ) {

iostreamable (source); /1 this kind of type is both streamable
comparable (sour ce); /I and comparable
II'... with additio nal defaults/constraints/generation/etc. ...

}

consteval void value (meta:info  source) {
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basic_value (source); /I 'a value is -a basic_value
ordered (source); /I that is ordered
II'... with add itional defaults/constraints/generation/etc. ...

%
A metaclas$unction canrequire concepts. For example, given a concgpive can add it to the requirements
list viacompiler_require  and instantiating it with aneta::info

consteval void value (meta:in fo source) {

basic_value (source); Il 'a value is -a basic_value
ordered (source); /I that is ordered
compiler_require  ( Regular<source> , /I and Regular

2A OAI OA OUDA 1000 AA 2ACOI AOet
II'... with additional defa ults/constraints/ge neration/etc. ...

3
2.5 s and.as

2.5.1 .is to match

We canperform adhoc duck typing taest whether a clasenplicitly satisfies the requirements ofraetaclassvl
In thisproposal refle xpr( T).is (M evaluates tarue if and only if

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 metaclasgunctiondefined ing0:
static_assert ( re flexpr( shared_ptr<widget> ).is(co pyable pointer<widget>) );
For exampleconsiderShape written equivalently by hand vs. using theerface metaclass

class Shapel { Il written by hand as in C++17
public:

virtual void draw() = 0;

virtual ~Shapel() noexcept =0;

%

class( interface ) Shape2 { /I same written using a metaclass function
void draw();

%

Both typessatisfy. is (interface ):

static_assert ( reflexpr(  Shapel.i s(interface) ));
static_assert (reflexpr(  Shape2.i s(interface) ));

This loop prints the names of all interfaces in namespace

for (autot: reflexpr( N).typ es())
if (t.is(interface))
cout << t.name() << endl;
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2.5.2 .asto apply

Additionally, ve canuse a class @it had been declared with metaclassincluding to apply defaults and gen-
erated functionsreflexpr(  T).as(M generates dype that is identical td but is additionally defined using the
namedmetaclasgunction M Hereis an examplesing a metalassfunctionordered (see§3.4):

struct legacy_point { int x; inty; }; I this is not comparabl e
set<legacy_point> s; /I and so this is an error

using ordered_point=  reflexpr( legacy point ).as(ordered) ; II'... but this is ordered
set<ordered_point> s; /I 'and so this is ok

Interestingly, the above example illustrates how strong typedefddfall out naturally fromas X

2.5.3 Srongtypedefs viausing X as

To enalte general strong typedsfviausing X as, we first define an empty metaclass, which requires and adds
Y2UKAY3 (2 (KBwiRealS ol zZ88QaKDEINAE K26 LINRPINI YYSNB gAf

consteval void new_type(meta:info ,const meta:info ) {}; // no-op metaclass fn

TKSYy (GKS F2ft2Ay3 AadofffE LISttt AYyI FT2N aadNRy3a GeLISRS
using my_T = refle xpr( T).as(new_type) ;

There are two impediments to this generalization:

1 It will easily pick up member functions, but might require specetment for nosmember funcions
in the same namespace to ensure the ones that directly mention the type are recognized and copied.
1 Inthe case wheii is a fundamental type, whether reflection reflects the languggeerated operations
(e.g.,operator+ forint s).

Assuming both of thee are supported, this could coveymmonmotivatingcasedor strong typedefs, namely

newint andstring types that work the samas the originalbut are distinctypesfor overloadingand do not

implicitly convert to/from theoriginal typeby default.
using handle = refle xpr(int )t AOs T AxmOUDPAsK YY AARAOOAO OEAT 2A1 &1 Al £
using score = reflexpr(  unsigned ) .as(new_type);

using player = reflexpr(  string ).as(new_type);

2.6 Concepts + metaclasses

Concepts and etaclasses areomplementary Metadassesan be viewed ag O2 y & i NHzOG A @S 02y OS
they go beyond concepts to define new typ&detaclassunctions oftenuseboth concepts and reflectian

Metaclasses useonceptsto askd O y TOS | dzd SR { K Apatterd tolstrain®®.A || dza S
M Metaclasses useflectionto askddoesclass Thavethese contents lﬁsfpdaction.

Because bottconcepts and metaclasseave requirements and constraints, we should allow the complemen-
tary applicationswhich both involve replacing the keyworidss .

First concepts allow classsesto be constrainedy replacing:lass with a concept name

template < class T> /[ unconstrained Z any type will do


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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template < sequence S> // constrained Z requires sequence<S>
So ve propose that a metaclass also be alloweddplaceclass here with.is meaning:
template < interface 1> // constrained Z requires  reflexpr( 1) .is(interface)
Second, metaclasses allow cldssinitionsto be constrainedy extendingclass with a metaclass name
class 8 Dz Yl A ljYhcodkrained Z 2 E O Odine Gpe 2
class( interface ) ) Dz Y A If donstizkned 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

class( sequence) 3 Dz Y A If donstizkned Z requi res sequence<S>

Note Casey Carter has asked for this feature in the past, and reports that this capability would be used

widely in the Ranges TS irapientation.

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

template<typename T>
struct S {

...

static_assert(  regular <S>); [/l always fails, S is incomplete
It

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

Theabove proposaprovides a way to express an anntda in Sthat can be extracted and applied
after instantiation:

template<typename T>
class( regular ) S{
...

h

Alternatively, writing an expliciequires is useful in combination with conditional comptiene
programming. For example:

template<ty pename T>
struct vector {

...

consteval {
if (copyable<T>)
compiler_require  (copyable<vector> ,

CEAE 4ciEBUAAI At OEAT OAAOQOI O, 4, ;EO Al Ol

#1 DI
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However, note that thiss just a regirement check; idloes not makerector modelCopyable . This
is a minor extension of modern Concepts TS concepssniitimoving towards C++0x concepts,
Haskell typeclasses, Rust traits, dtg.injecting anythingnto the class
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3 Library: Example metadses

Therest of this documentsesan oldersyntaxvariation than the current
core proposal angrototype compilerThis does@ & OK Il y3S |G KS adn
or meaning of the exampleand heseexamples will all be updated as
the protaype compiler syntax stabilizes and then maintained in.sync

This section shows how to useetaclasse$o define powerful abstractions as libraries, often only in a few lines,
without loss of efficiency, expressiveness, usability, diagnostics, or debuggability compared to languages that
support them as languagfeaturesbaked into their compilers.

This papr proposes considering the following subset@s. standard libraries:

9 interface , anabstract baselass with all public virtual functions and no copy/move or data members;
9 base_class , aclass designed to kb inherited from with no copy/move or data merais;
9 ordered etal.,each aclass that supports a comparison category (e.g., total ordering, equality compari-
son);
f value, aclass G K I {i redulag type with default construction, destruction, copy/move, acompari-
son (memberwise by default), and notual functions or protected members;
 plainstruct 66 KIF G 6S dzadzZ- ffe& YSIy flagkeBuyi. 6S G NAGS & a il Nix

3.1 interface

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

Aninterface is aclass where all functions are public amlire virtual,both by requirement andby default,
and there is a virtual destructor and no data or copyiflge definition is as we saw earlier.

consteval void interface (meta:iinfo target, const meta::iinfo  source) {

compiler_require  ('source .variables().empty(), "interfaces may not contain data");
for (autof: source .functions()) {
compiler_require  (!f.is_copy() && !f.is_move(),
"interfaces may not copy or move; consider a virtual clon e() instead");
if ((f.has_  default_ access()) f.make_public();
compiler_require  (f.is_public(), "interface functions must be public");
f.make_pure_virtual();
- >(target) f;
}
- >(target) { virtual ~ (source.name()$) () noex cept{}}

}

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

cla ss( interface ) Shape {
int area() const;
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void scale_by(double factor);

Il int x; /I would be error, no data allowed
Il private: vo id g(); /I would be error, no pri vate functions allowed
/I Shape(const  Shapeg); /I would be error, no copying allowed

b
In this interfacearea andscale_by areimplicitly public and pure virtual because nothing else is allowed. Trying
to make afundion explicitlypublic or virtual would be fine but redundant. Trying to make a function explicitly
nonpublic or nonvirtual would be an error, as would adding copy/move functoisita members.

3.2 Dbase_class

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

consteval void base_class (meta:info  target, const meta:iinfo  source) {

for (autof:  source .functions()) {
if (f.is_destructor () &&
I( (f.is_public() && f.is_virtual())
|| (f. is_protected () &&!f. is_virtual () )))
compiler_error  ("base cl ass destructors must be public and"
" virtual, or protected and nonvirtual");
compiler_require (! fis_copy () &&!fis_move () ),
"base classes may not copy or move; consider a virtual clone() instead");
i f('f. has_default_access ()) f.make_public();
- >(target) f;
}

for (autob: source .base s() ) {
if ( !b.has_default_access () )b . make public () ;
- >(target) b;
}
compiler_require  (source .variables().empty() , "pure base class  es may not contain data");

}

These can be used to write types that match thagtaclass

class( base class ) Rectangle : Shape {
int area() const override { /*..* }
void scale_by(double factor) override { 1*..* }

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

consteval void final (meta:info  target, const meta::iinfo  source) {
for (auto  m:source. members_and_basey))
- >(target) m;
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target .can_derive = false; Yy AAT RO AAOEOA &O0i i OEEO
}
For example:
class( final ) Qrcle : Shape{
[*..*
%
3.4 ordered

Notes Up to this point, we have only used metaclasses (apfdy defaults to declared functions and vari-
ot Sa>x FYyR 600 G2 SyT2NDS NBljdZANSBSYSyilyasbgb2s 65
them to implement custom defauljenerated functions. C++17 already does this for the special
member functions;t8 RAFTFSNBEY OS KSNB Aa (KFId y2 FdzyOilaAizy
we want to both require to existand generate asui f S RS Tl dzf G AYLIX SYSydl GA
hardwired into the language.
Ly GKAa &aSO0GA2y | yrostiaitr géri@fatédlundidisdéffult corat@&ion] (i K S
copy construction, copy assignment, move construction, and move assignraadtcomparisons
GKAOK Aad 6KSNB 6SQff 0S3IAYyOD
Forsimpler exposition, this section assumes that all comparisons are doneGsi#®f<=>. A pro-

duction implementation would also look for types that have uaitten two-way comparisons, ei-
ther instead of or iraddition to<=>.

Atotally ordered type is aclass that requires operatof=>that returnsstd::strong_ordering . If the furction
is notuserwritten, alexicographical memberwise implementaticggenerated by defaultn this example, we
detect the functio using a concepts requires clause.

consteva | void ordered (meta:info  target, const meta:info  source) {

if (! require s(ordered a) {a<=>a; } )
- >(target) { std::strong_ordering operator <=>(const ordered&)  const = default; }

}

Note We could cH this metaclass functiosirong_ordered , but | prefer to give the nicegrefix-free
name to the common cas@he same applies to (strongjual below.

The author of a totally ordered type can just appigered to get all comparisons with memberwise santics:

lusing ordered s AOO DOAaEA Ot 2 0RBL -nj thisis for illustration)

ordered Point { int x; inty; /*copying etc. */ }; /I no user - written comparison
Point p1{0,0}, p2{1,1};

assert ( pl =pl), 1 ok, == works

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

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

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

Similarly, we provide the other four:

consteval void weakly ordered (meta:info  target, const meta:iinfo  source) {
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if (! requires( source$ a){a <=>a;} )
- >(target) { std:: weak ordering operator<=>(const ordered&) const = default; }
}
consteval void partially_o rdered (meta:info  target, const meta:info  source) {
if (! requires( source$ a){a<=>a;} )
- >(target) { std:: partial _ordering o perator<=>(const ordered&) const = default; }
}
consteval void equal (meta:info  target, const meta:info  source) {
if (! requires( source$ a){a<=>a;} )
- >(target) { std:: strong_equality ~ operator<=>(const ordered&) const = default; }
}
consteval void weakly equal (meta:iinfo  target, const meta::iinfo  source) {
if (! requires( source$ a){a<=>a;} )
- >(target) { std:: weak_equality — operator<=>(const ordered&) const = default; }

}

However, most code will ugaetaclass functios likeordered indirectly becaus¢hey are useful reusable pieces
of stronger metaclass concepi/hich bringsustealue > 'y AYLIR2 NI yid 62 NJ] K2 NESX

3.5 value types(regular types)

Avalue is aclass that is a regular typdt musthave all public default cobsiction, copy/move construc-
tion/assignmentanddestruction, all ofvhich are generated by default if not useritten; andit must not have
anyprotected or virtual functions (including the desctor).

basic_value carries the common defaults and constris that apply to regular value types:

consteval  void basic_v alue (meta:info  target, const  metazinfo  source) {

for (auto m : source.members_and_bases())
- >(target) m;

if (find_if( source .functions(), [J(auto x){ return x.is_default_ctor() :)'= source .functions().end())
->(target)  { source.name()$ () = default; }

if (find_if(  source .functions(), [J(auto x){ return x.is_copy_ctor(); }) = source .functions().end())
->(target)  { source.name()$ (const source.name()$ &that)=  default; }

if (find_if( ~ source .functions(), [J(auto x){ return x.is_move_ctor(); }) = source .functions .end())
->(target)  { source.name()$ (source.name()$ && that) = default; }

if (find_if(t ~ source .functions(), [J(auto x){ return x.is_copy_ass ignment(); }) = source .functions.end())
->(target)  { source.name()$ & operator=(const  source.name() $& that) = default; }

if (find_if(t ~ source .functions(), [J(auto x){ return x.is_move_assignment(); }) = source .functions.end())
->(target)  { source.name()$ & operator=(  source.name()$ && that) = default; }

for (autof:  source .functions()){
compiler_require  (!f.is_protected() && 'f.is_virtual(),
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"a value type must not have a protected or virtual function”) ;
compiler_require  ('f.is_  destructor ()| 'f.is_public()) , "avalue type must have a public destructor");

}

Avalue is a totally orderedasic_value :

consteval void value (meta:info  target, const meta:info  source) {
ordered(target, source );
basic_value(target, source);

}

Now we can usealue to have this meaning strictly. To write a type that s#tuments this intent, we can
write for example:

class( value ) Point {

intx,y; Il implicitly private

void translate(int dx, int dy); /I implicitly public

/1 virtual void f(); /fwouldb e an error

/I private: Point(const Point&); /I would be an error
%
Point p1; /I ok, default construction works
Point p2 = p1,; Il ok, copy construction works
assert ( pl =pl), II'o k, ==works
assert ( pl>=p2); Il ok, >= works
set<Poin t> s; Il ok, less<> works

s.insert  ({1,2));

And similarly we can provide the other four convenience names:

consteval void weakly ordered v alue (meta:info  target, const meta::iinfo  source) {
weakly _ordered(target, source);
basic_value(target, source);

}

consteval void partially_ordered v alue (meta::info  target, const meta:info  source) {
partially_ordered(target, source);
basic_value(target, source);

}

consteval void equal_v alue (meta: :info  target, const meta:info  source) {
equal(target, source);
basic_value(target, source);

}

consteval void weakly equal value (meta:iinfo  target, const meta:info  source) {
weakly _equal(target, source);
basic_value(target, source);
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Note Again, | like to give the nice nameil(ie ) to the default that should be encouraged. If someone is
trying to author a partially_ordered_value type, the metaclass still makes that simptady only
need to write that one word) but the uglier name is algsible and harder to write by accident.

3.6 plain_struct

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

O0OOAO O Dgsimplyshorthand for class O Dz POAIT EAk A
X 2KAOK ateftsS e2dz dzasS tastlisyaRpreferyo udtudioizy a G y OS a
classes that have all data publict B. Stroustrup (C++PL3e, p. 234)

Aplain_struct  is abasic_v alue with only publichasespbjects and functions, no virtual functionandno
userdefined constructors (i.e., nimvariants) or assignment or destructors.

consteval void plain_struct (meta:info  target, const meta:;info  source) {
basic_ value( target , source); Il a plain_struct is -a basic_ value

for (autof:  src.functions () ){
compiler_require  (f. is_ public () &&!f. is_virtual (),
"a plain_struct function must be public and nonvirtual");

compiler_require (! (fis_c onstruct or() || fis_d estruc tor ()
[|fis_copy () ||lfis_move ()
|| f. is_default ed()
"constructor, destructor, or copy/move");
- >(target) f;
}

for( autoo: src.variables()) {
if ( !0.has_default_access () ) o. make public () ;
compiler_require  (0.is_ public (), "plain_struct members must be public");
->(target)  o;

}

for (auto b : src.bases()){
if ( !'b.has_default_access () ) b. make public () ;
compiler_require  (b.is_ public (), "plain_struct base classes must be public");
->(target)  b;

}
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 sellocuments this intent, we cannite for example:

class( plain_s truct ) mydata {
inti; Il implicitly public
string s;

/1 virtual void f(); /I would be an error
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/I mydata(const mydata&); /I would be an error
%
mydata a, b, c; /I ok, because values are default - constructibl e
if(a==b&&c>a){} Il ok,  ordered because all members are ordered

3.7 copyable pointer

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

template<class T>
consteval void copyable pointer (meta:info  tar get, const meta:info  source) {

value(target, source); /I a copyable_pointer is -avalue
- >(target) {
T.name() $& operator* () const ; Il require * and - > operators

T.name() $* operator ->() const ;

}
Now we can useopyable_pointer  both to tell if a type is a smart pointer, and to write new smart pointers.
static_assert ($  shared _ptr<widget>.type. i s( copyable_pointer <widget> ));

copyable_pointer <gadget> my_ptr {
Il ... AAT RO A& OCA O capying an Cbb@itfindirection operators
b

3.8 enumclass andflag_enum

GC enumerations constitute a curiously Hadked conceptX ( KS Of Sy Sad gl & 2 dzi
RSSY SI OK SydzYSNJI i fSoystrup, DEBSZIL.MI G S (& LIS dé

G!'§YdzYSNI GA2Y A& F RA&GAYOG [8GA8SstaddardlpdH 0 6 A ( K

Anenum class is atotally orderedvalue type that stores a value of inumeratora @fe, and otherwise has
only publicmember variables of itsnumeratog ®/@e, all of whch are naturally scoped because they are mem-
bers of a type.

consteval void basic_enum(meta:info  target, const meta:iinfo  source) {

value( target , source ); /I abasic_enumis  -avalue
compiler_require (' source .variables().size() > 0, "an enum cannot  be empty");
if ( src .variables().front().type().is_auto())

->(target)  {using U =int; } /I'underlying type
else ->(target) {usingU = (src .variables().front().type() )%}

for (autoo: source.variables () ){
if lo. has_defaul t access ()) o.make_public();
if (lo.has_storage()) o.make_ consteval ();
if (0.has_auto_type()) o.set_type(U);
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compiler_require (0. is_public(), "enumerators must be public");
compiler_require  (o.is_ consteval (), "enumerator s mustbe consteval ");
compiler_require  (o.type() == U, "enumerators must use same type");

- >(target) o;

}
->(target) {
U value; I the instance value
}
compiler_require  ( source .functions().empty(), "enumerations must not have functions");
compiler_require  ('source . bases() .empty(), "enumerations must not have base classes ");

}

Note A common request is to be able to get string names of enums GarkOverflow examp)elt is
tempting to provide that as a function drasic_enum that is always available, which would be easy
to provide. But wemust not@ A 2 t | (i S -ovethea® grincipl®WNm@posng overhead (here in the
20280GkSESOdzil 60tfS AYIF3S0 06& RSTFlLdzZA G 2y @INRIANF Y
by default, such aautomaticallygenerating string names for threembers ofabasic_enum, would
be a step down the slippery slope towardvalyson/default-on rurttime metadata.

However, making it opin would be fine. One way would be have a specificavlesss that adds the
desired information. A better way would be to write a genarahstrained function template:

template<basic_enum E> /| constrained to enum types
std::  string to_string(E e) {
switch (value) {
consteval  {
for (const auto o : $E.variables())
if (lo.default_value.empty())
-> {case o.default value()  $:return  std:s tring( o.name() $);}

}

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

There are two common uses of enumerations. Finstimexpresse an enumeration that stores exactly one of
the enumerators. The enumerators can have any distinct values; if the first enumerator doggowioe a
value, its value defaults t0; any subsequent enumerator that does not provide a value, its value defauihe
LINB @A 2 dza Sy dzY SINMultigle\NsRumergidrst cazave dhedzime value.

consteval void enum_class(meta:info  target, cons t meta:info  source) {

meta::info  src;
basic_enum(src, source); /l'an enumis -a basic_enum

src.type("U")  $ next_val ue =0;
for (autoo: src .variables()) {


http://stackoverflow.com/questions/5093460/how-to-convert-an-enum-type-variable-to-a-string
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if ( o.s_ consteval () && 'o.has_default value())
o.set_default_  value( next_val ue);

next value =o.get default value()++;

- >(target) o;

}

Here is astate enumeration that starts at valueand counts up:

class( enumclass ) state {
auto started = 1, waiting, stopped; Il type is int
3
state s=state:: started;
while (s != state::waiting) {
...
}

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

class( enum class ) skat_games {
char diamonds = 9, hearts /*10%*/, sp ades /*11*/, clubs /*12*/ ,grand =24 ;

%
Secondfl ag_enumexpresses 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, with an explicit conversiorbtml I & | 02y @Sy ASy O0S G(Sad F2N a
and&are provided to combine and extract values.

consteval void flag_enum (meta::info  target, const ~ meta:info  source) {

meta::info  src;

hasic_enum(src, source); /lanenumis -abasic_enum
src.type("U”)  $ next_value = 1, Il generate powers - of - two values
compiler_require  (src. objects.size() <= 8*sizeof( next_value ),
“there are " + src. objects.size() +"en umerators but only room for " +
to_string(8*sizeof( next_value ))+ " hitsin the underlying  type";

compiler_require  ('numeric_limits<U>.is_signed,
"a flag_enum value type must be unsigned");

for (auto 0 : src variables()) {
compiler_require  (0.is_constexpr() && 'o.has_default_value(),
"flag_enum enumerator values are generated and cannot be specified explicitly");
o.set_default_value(next_value);
next_value *=2;
->(t arget) o;

}

- >(target) {
source.name()$  operator& (const  source.name()$ & that) { return value & that.value; }
source.name()$ & operator&= (const  source.name()$ & that) { value &= that.value; return *this; }
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source.name()$  operator| (const source.name
source.name()$ & operator|= (const source.name
$

() $ & that) { return value | that.value; }
0

source.name() operator® (const source.name
0
)

$ & that) { value |= that.value; return *this; }
$ &that) { return value " th at.value; }
$ & that) { value "= that.value; return *this; }

PLG L L Ly
[ R R

source.name()$ & operator"= (const  source.name

source.name()$ () {value =none;} /I default initialization
explicit operator bool() { value != none; } /ltestaga instno -flags -set
U none = 0;

}

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

class( flag_ enun) openmode {
auto in, out, binary, ate, app, trunc; /lvalues 12 4 8 16 32
%
openmode mode = openmode::in|  openmode::out;
assert (mode != openmode::none);
assert (mode & openmode::out); Il exercise explicit conversion to bool

Note There is a recurring need for & T £ | tdpe, uyfldwi¥tidg it in C++17 is awkward. After | wrote
this implementation Overload 13{April 2016) came out with Anthony Willigm@ &NJi A Of S 2y |
9ydzy [/ f I &a S #hatls & highqualitf G+$1ffitRatydriplementation,andillustrates the
limitations of aithoring notthe-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 harder to use because it re-
quires flagenum type authors to opt into a common trait to enable bitmaglerations; 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, there is therefore a compelling argument to add this type
because of its repeated rediscovery amkfulness but 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 including to account for feature interactions and craferencing; in a future C++ that hadeth
capabilities in this proposal, it could be added as a small library with no interactions and no language
wording.

3.9 hitfield

Abitfield  is avaluethat allows treating a sequence of contiguous bits as a sequence of values of trivially copy-
able types. Eactalue can be get or set by copy, which the implementation reads from or writes teatbe
bits. To signify padding bits, set the typevtid or leave the name empty. It supports equality comparison.

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

¢2 3JFdzZARS (KS RSaA3Iy:s (A relatldddunctioncoutd paseathy SE $ & Naé S
size as an attributée.g.,int member[3]]; ), but since we already have the bitfiefghecific C gammar availa-
0ft Sy tSiQa dzasS Al

class( bitfield ) game_stats {


http://accu.org/var/uploads/journals/Overload132.pdf
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int  score_difference : 3;
void : 2 /I padding
unsigned counter . 6;
} example;
Note ! LJ 12 GKAA LRAYyOGZ 6SQ@OS &SsS yirements, (c)cadibhidgingtd RS T I
classes, (d) reflecting on members and computing charadtesistich as selectively combining met-
I Of FaasSax FyR 6S0 3ISYSNIGAYy3I [ RRAGAZ2YIEE REGE Y
new data members, but actuallym®ve the existing declared data members and replace them.

Here is the code:

consteval voi d bitfield (meta:info  target, const meta::info  source) {

final(target, source); /I no derivation

value(target, source); I copyable, ordered

auto ob jects=  source .variables() YY OAEA A AT DPU 1T £ OEA Al AOOFK
size_tsize = 0; Il first, calculate the required size

for (autoo: objects ){
size += (0.bit_length == default ? o.type.size*CHAR_BITS : o.bit_length ;

if ( 'o.has_storage() )o. make_member();
compiler_require  (0.is_member(),  "bitfield memb  ers must not be static");
compiler_require  (is_trivially_copyable_v<o.T>,

"bitfield members must be trivially copyable");

compiler_require (! (0. namd) =="_") || o0.T== $void,
"anonymous _ bitfield members must have ty pe void");
compiler_require  (o.type != $void || o.name()=="_" ,
"void hitfield members must have anonymous name _");
if (0.type = $void) ->(t arget) { // generate accessors for non - empty members

0.T$ o0.name$ () { return /*bits of this member cast to T*/; }
set_(o.name)$(const 0.T$& val) { /*bits of this value*/ = val; }

}
->(target)  {
byte data]  (size/CHAR_BITS)+1]; } // allocate that much storage

bitfield() { /I de fault ctor inits non - pad members

consteval {

for (autoo: objects )
if (0.type != $void)
->{ [*setb its of each value to its default value*/ h

}
}
~bitfield() { /I cleanup goes here

consteval {

for (autoo: objects )
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if (0.type != $void)

->{ o0.name$.~ (0.type.name$)(); }
}
}
bitfield(const bitfi eld& that) : bitfield() { Il copy constructor
*this = that; Il'just delegate to default ctor + copy =
}I'you could also directly init each member by generating ameminit -list
bitfield& operator=(const bitfield& that) { Il copy assignment operator
consteval {
for (autoo: objects ) /I copy each non  -pad member
if (0.type != $void) Il via its accessor
->{ set_(o.name$)( that.(0.name)$() )}
}
}
auto operator <=>(const bitfield& that) const = default;

}
For example, this bitfid fits in two bytes, and holds two integers separated by two bits of pedd

class( bitfield ) game_stats {

int score_difference 13

void _ :2 ; [/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 metaclass defaults to the natural size if the number of bits is not explicitly
specified. Foexample, the following two are the same on systems whiereis 32 bits:

class( bitfield ) sample{charc:7; inti:32;}
class( bitfield ) sample {charc:7; inti;};

And here is a-bit character as an anonymousfield  type:
class( bitfield ) {charvalue : 7}char_7;
char_7.set_value('a’);

Of course, if we can transform the declared members to lay them out succlgssiecould also transform the
declared members to overlap them in suitably aligned storage, which bringsuotog A G K aA YA f I NJ O2

Note Unlike C ad C++17, special language support is not necessary, packing is guaranteed, and because a
@ t dzSdpeinot@xpased there is no need to specially ban attempting to take its address.

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

Jdz 3S NHzA S GKIFIG aF asSid 2F O2ydA3dmseiofthehmaF A St Ra
OKAYS YSY2NE Y2RSt® ¢KI G R2S zlgliesasebnsd dbjeénatd-A y I K
ralyd CdzNI KSNE Ay /bbmm ¢S Ki Ra&iy20 HERRI 21 KBS Yol NI (€
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series of bitfields to denote that thisag the location to start a new byte and break a series of suc-
cessive bitfields intgroups each so that each group could be treated as its own object in the

YSY2NEB Y2RStod ! JLAYyZ

soif you want two groups of them to be two objects, just tthat: Usetwo bitfield

3.10 safe_union

Asafe_union isaclass s KSNB | d Yz2ai

2y8 REGE

0 K I ditfieR 2 Sarigbe is algad\Bar objeet,e A y 3
objects.

YSYOSNI Aa I OGA@S

son is supported. The metaclass demonstrditew to replace the declared data members withative discri-
minant and adata buffer of sufficient size and alignment ttose any of the types. There is no restriction on the
number or types of members, except that the type must be copy constructitlecapy assignable.

For simpler exposition onlynot as a statement on how a variant type should behave), this sasafdeun ion
follows the model of having a default empty state and the semantics that if setting the union to a different type

throws then he state is empty. Aafe_union with exactly the C++14td:: variant

mentable.

consteval void safe_u nion (meta:info  target, const

final(target, source);
value(target, source);

size_tsize =1,
size_talign =1,
for (autoo: source .variables() ){

size = max(size, sizeof (0.type));
align =max(ali  gn, alignof(o.type));

if (0.storage
(0.is_member(),

compiler_require "safe_union

compiler_require

}

->(targ et) { alignas(align) byte data[size];
}
- >(target) {

int active;

safe _union () {active=0;}

void clear() {
switch (active) {
consteval  {

for (autoo: source.variables()

(is_ copy_constructible_v<o.type$>
"safe_union members must be copy constructible and copy

semantics is equally imple-
meta:iinfo  source) {

/I no derivation
/I copyable, ordered

Il first, calculate the required size
/I and alignme  nt for the data buffer

has_d efault () ) o. make_member()

members must not be static");
&& is_copy_assignable_v<o.type$>,
assignable");

} Il inject buffer instead of vars

/I and a discriminant
/I default constructor

Il cleanup goes here

) I/ destroy the active object

->{ case 0.num$: o.name$.~(0.type.name$)(); }

}

active = 0;
}

~safe_union () {clear();}

Il destructor just invokes cleanup
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safe_union (const safe_union & that) /I copy  construction
.acti  ve{that.active}
{
switch (that.active) {
consteval  {
for (auto o: objects) Il just copy the active member
->{ case 0.num$: 0.name$() = that.(0.name)$(); }
} Il via its accessor, defined next below
}
}
safe_union & operator=(const  safe_union & that) { I/l copy  assignment
clear(); Il 'to keep the code simple for now,
active = that.active; /I destroy  -and- construct even if the
switch (that.active) { /I same member is active
consteval {
for (auto o: objects) II'just copy the active member
->{ case 0.num$: 0.name$() = that.(0.name)$(); }
} /I via its accessor, defined next below
}
}
}
for (autoo: source.variables() ) ->(target) { /I for each original member
auto o.name$() { Il generate an accessor function
assert ( active==0.num); /I assert that the member is active
return (o.type  $&)data;
} /I and cast data to the appropriate type&
void operator=  (0.type$ value) { Il generate a value - set function
if (active==0.num)
o.name$() = value; II'if the member is active, just set it
else {
clear(); Il otherwise, clean up the active member
active = o.num; /I and construct a new one
try { new (&data[0] ) o.type.name$( value); }
catch { active = 0; } /I fai  lure to construct implies empty
}
}
boolis_ (0.name)$ () { Il generate anis - active query function
return (active== 0.num);
}
}
- >(target) {

auto operator <=>(const safe_union &that) const  {
YY sxARI1 CAO n" &OTi pAiiDAOAAIA
if (active != that.active) /I different active members => not equal
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}

return std: not_equal ;
if (act ive ==0) /I both empty => equal
return std:equal ;
switch (that.active) {
consteval  {
for (auto o: objects) I else just compare the active member
->{ case 0.num$: return o.name$()  <=> that.(0.name)$(); }

}

boolis_empty()  {return active == 0; }

Here is code that defines and uses a sample_union . The usage syntax is identical to C and C++17.

class( safe_union ) U{

inti;

string s;

map<string, vector<document> > document_map;

3

Notes |would be interested in expressingriant Ay G KA&a adaé&yidlEZ 6S0Fdzas L

U u;
0

”

variant<int,  string, map<string, vector<document>>> for several reasondncluding:
AGQa St aASNI (2syN&hshandaionsy 3 G KS al YS

we can giveJa type that is distinct from the type of other unions even if their members are of
the same type;

we get to give nice names to the members, including to access (mstead ofget<0 >).

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

0SNE A& 2yfte LlraarotS oSOl dza S e:2hen beligsigiedC, heh (G OK A

wisely used the same syntax for writitige members of atruct and aunion . He could instead
have gratuitously used a different syntax just because they were (then) different things, but he
RARYQUX FyR ¢S Oz2ahftildsigndednsisiedcy.dagks dgain) Dr.IRKdRie,

AL K /I constructs a string

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

Note L f 2 @Sstd:ivaRidRtl 85Q a6 dzi L ¢2dZ Ry Qi YAaa ggdouAy 3 GKS |

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

use(u.document_map()); I ok

u.clear(); /I destroys the map

assert (u.is_empty()):
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3.11 namespace class
din this respect, namespaces behave exactlyclkssest [Stroustrup, D&E8§17.4.2]

Git has been suggested that a namespac& 2 dz2f R 6S | 1Ay R 2 fgobdidedibe-d® L R2Yy
cause many class facilities exist exclusively to support the notiodadgsabeing a usatefined type.
For examplefacilities for defining the creation amdanipulation of objects of thaty/pe hadittle to do
with scope issued.he opposite, that a class is a kind of namespace, seems almost obviously true. A
class is a namespace in the sense that all operationsosigapfor namespaces can beplied with the
same meaning to a class unléle operation is explicitly prohibitddr classes. This implies simplicity
and generality, while minimizing implementatieffort.€t [Stroustrup, D&E§17.5]

oFunctions not intendefbr use by applications are in boost::math::detail[Boost.Math]
Anamespace_class is aclass with only static membersandstatic public members by defalt.

CANRGE fS0GQa RSrEoheyalle metakl&sklanyiiypd that does dmi @&fhdzfonstatic data mem-
bers can be treated as incomplete armbpenable so that a subsequetheclaration can add new members:

consteval void reopenable( meta:info  target, const meta:iinfo  source) {
compiler_require  ('source. member_vari ables().empty(),
"a reopenable type cannot have member variables ");
target . make reopenable() ;
%

Anamespace_class isreopenable :

consteval void namespace_class( meta::iinfo  target, const meta::iinfo  source) {
reopenable(target, source);

for (auto m: $reopenable. memberg)) {
if ( !'m. has_default_access ()) m . make public () ;
if ( 'm. has_storage()) m . make_static() ;

compiler_require  (mis_static(), "namespace_class members must be static  ");
}
3
These cae used to write types that match that metaclass. UsingBoass 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 b oost::math Il implementation details of boost:: math
Il'go here;  function call chains go infout /lgohere  and can be called normally
Il qf thi§ Qegtgd namespace apd caII§ to ) h
I AAOAEI kk 1000 AA @éET CRA };
}
}


http://www.boost.org/doc/libs/1_58_0/libs/math/doc/html/math_toolkit/namespaces.html
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Notes In C++11, we wanted to add a more chiks enuminto the language, and calledeébumclass . This
has been a success, and we encourage people to usevitwe have an opportunity to give a simi-
lar upgrade to namespaces, but this time without havingaodwire a newenumclass -like type
into the core language and plumb it through the core standardese.

This implementation of theamespaceconceptapplies @nerality to enable greater expressiveness
without loss of functionality or usability. Note that thintentionally allows aamespace class to
naturally haveprivate memberg€ ¢ KA OK Ol y NXEchdedndd&paie@eRil &iom Kl y R
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4 Applying metaclasseQt 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++ cannogéxpress everything they neeB8ome prominenturrentexamples are:

f  Qt moc (metaobject compiler)(see Figure 1)One ofQtQ& Y23 O2¥¥XK¥E RBRv & 2HA K| |
meta-object compilerinstead ofjustusing/ b B?KThis issue is contentious and divisive; it has caused
spawnngforks likeCopperSpicandcreatingprojects 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 nost common FAQ about C++/CX
gl a asKe Ittt (K S8sinStead df jsBusthgISH3KBHAIN tBe/issue & contentious and
divisive: C++/WIinRT exists because its desidistikedC++/CR & NI ldngugigd Extensions and
set out to show it cald be done as just @++ libraryhe created an approach thatagks for consuming
WinRT types, but still has to resort to extensions to be able to express (author) the ayhethe ex-
tensions are in a separate .IDL file instead of inline in the C#¢esou

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

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

Note The C++ static reflection propo$sl itselfhelps the ruatime metadata issue, but not the others. For
example,seé / 'y viQa Y20 0S NBinh2Z20t4byheQt mac mairtainer. NS Ff SO0 A

There are two aspects, illusted in Figures -B:

9 Side/extended languageTheextra informationhas to go into source code somewhefighe two main
choicesare: (1) Nonportable extensions in the C++ source catiés is what Qt an€++/CX dausing
macros anccompilerextensions respedately. (2) A sde language andource file which requires a more
complex build model with a second compiler and requires usensaimtain parallesource files consist-
ently (by writing in the extende language as the primarily language and generatingcGete, or by
hand synchronization}his is whatlassic COM and C++/Win&l

1 Side/extended compilerThe extrgprocessindias togo into a compiler somewhere. The same choices
are: (1) Put it in nonprtable extensions in each C++ compiler; this is what C++/CX(@pPsit it in a
side compileand usea more complex build model; this is what Qt aridssic COM and++/WinRT do.

2The Qt site devotes multiple pages to this. For example, see:
T daz20 YeiliKa RSO0dzy{ SR Sk X /&2bdz  NE y20 gNRGAY3I NI
f G2Keé 52S8Sa vi !'aS az20 F2N) {A3dylfta IyR {f20a¢
f akKeé 52SayQi vi 'asS ¢SyLwilidsSa F2N {A3dylfa IyR {f20aKé
T a/Fy viQa Y20 0SS NBLIXIIOSR 06& /bb NBFtESOGA2YyKE
3 C++/CX ended up largely fodling the design of ++/CLInot by intention (in fact, we consciously tried not to folldgvbut
because both had very similar design constraints and forces in their bindings to COM and .N&ivedgpehich led to
AAYAT NI RSaA3y az2tdziazyad 2SS g2dd R KIS t20SR y2ikAy3d oS
Adzt 3S SEGSyarzyaéd AaadzsS 6AGK /[ bbkhk]L5GERA P2 Wi 8 yikpasdzs $¢ 2l
to document the rationale, which is about the C++/CLI binding I4.RET) but applies essentially pefat-point to the
C++/CX binding to COM and WIinRT.


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

PO707 R4Metaclasdunctions: Generative CHarSutter

36

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++WVinRTsidelanguage +sidecompilerg build modelvs. this proposal
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This sectiorsketches an approach ftwow Qt moc could beamplemented in terms ofmetaclasgunctions

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

Feature Qt moc style

Qtclass : public QObject
Q _OBJECinacro

Signals and slots signals: access specifier
slots: access specifier

Both are grammar extensions

Properties Q_PROPERTYacro

Metadata Generated by moc compiler

/| 2y&ARSNI GKAA SEFYLX SZ

Proposed

QClass metaclass

gt:signal  type
gt: slot type
No grammar extensions

property<> metaclass
(note: not necessarily specific to Qt)

Generated iM)Class metaclass code, or
separately by reflection

g KA OK dzprévie d defauk (¥sLdbd G# ahdhdRdr)S NIi &

languages), and a simple signal (outbound event notification) and slot (inbound event notification):

Qt mocstyle
class MyClass : public QObject {
Q_OBJECT

public:
MyClass( QObject* parent=0);

Q_PROPERTY(int value READ get_value WRITE set_value)

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 metaclasgunction

This paper (proposed)

class( QClass) MyClass {
property< int > value {} ;
signal  mySignal();
slot  mySilot();

——

QClass is a metaclastnctionthat implements the following requirements and defaults:

1 Implicitly inherits publicly fron@Object.

Generates a constructor that tak€bject* with a default value ofhullptr

1
1 Performs all the processing currently performed by @@BJECmacro.
f  For each nestd type declaregroperty<T> 6 & S S

member(s) and function(s) into the scope of this class.

08t2603 GAYEAYSE (KS y

w
Q)¢
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1 For eacHunction 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 & the 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 G(SOKYyAldzS& Ftt26 I RRAYMethefChyymomha S SEG Sy a

(1) Using avell-knownmarker class type as a contextual keydioBy using a weknown type such
assignal orslot as a marker type (for a variable, or a function parameter or return type), a meta-
class like)Class can assign speciaémantics and processing to that type when it encounters it in
the specially recognézl position, essentially turning the type into a contextual keyword but without
disturbing the C++ grammar. (The same can be done with vaaabfinction names.)

(2) Wsing a welknown marker metaclass as a contextual keyword and abstradtimrprope rty

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

nents. Because the C++ grammar already allows nested abstractionsgilassl we are now add-

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

Of raa GKIFIG NBLNBaSyida GKS o0aldNIOGA2yd o6t N2OSa
metaclass (e.gproperty ) is usefutan be done inside that metaclass, and the combining or-post
processing to integraté into the enclosing)Class can be done if)Class.)

4.2.1 signal andslot types

The typegjt::signal  andgqt::slot  are ordinary empty types that do nothing on their own, but ased as
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 supporidoivoid signal and slot return types. A nanid return
type @n be specified by the template parameter:

signal<int> mySignalThatReturnsint();

slot<Priority> mySlotThatReturnsPriority();

Otherwise, a C++17 deduction guide offers nice default syntax withebracketg & Ay (KA & &SSO
signal mySignal() Il signal<void>
slot mySlot(); Il signal<void>

Note Qt itself rarely makes use of nenid return typesin signalslot calls However, slots can also be
called like normaF dzy Oli A2y a> a2 (KS& OFy NBGdz2NYy @singalzSa d (
template for the return type intact for both signals and slots as it helps to underscore the flexibility
that is available with metaclasses; if the generalityisnofh&eR F2 NJ aA Iyl f &4 A G Q&

4.2.2 property metaclasgunction
Av (i & LN misielddasa nested class defl using the metaclass templafe:property
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template<class T>
consteval void property (meta:info target, const meta::info  source) {
...

%
This metaclass implementise following requirements and detits (note: strawman that follows theublished
Qtrules:

1 28 NBO23yATS +a | codSandraunyTorTedzgkOGA2y G(KEG A&
1T 28 NBO23yAT S +Fa I &adnbtéandtakeexattypyieparangetéof typell, @6, ok & y 2 )
T consté& .

T 2SS NBO23yAl S | & Idechargtidnthat Ba&signall fynetiorfFirdtye Gaimk ags
f  Apply any other Qt progrty rules.

Note 2S O2dzZ R RSaA3Iy | Y2NBE 3ISYSNI f & LbDoEhbéeNnidine G KI G
the followingC++/WinRT sectiofror now this just illustrating how to create a binding to Qt.

For convenience,raemptyproperty that has no usedeclared data member or functions:

property<T>  xxx {};

generates the following T is default-constructible

1 adata member namedxx of typeT,;
f ad3ISG¢  Foryx&() X eyfin value ; }; and
f ifTisnotconst I funétiGhiiod set xxx(const T&value) { xxx =value ; };.

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

property<string> blob {

DBQuery q;
OOOET C CAOmMAIT T Ass AiTT 00 Dz OAOOOT Nt 001 523 %, %
Ol EA OROMAT T AsAT 100 OOOET CY Ot Dz Ntwidyl ©2b08B1) ¥8s K1 T A

%
After theproperty YSGF Of 44 Kl & oS
QClassYS G Of Faa GKSYy aGAyftAy
normally by other class membeand users.

Sy Ndzy (uhctith$as A yeSed Gl&S the INB LIS N
Sa¢ GUKS ySadSR Oflaa Ayid2z2
Note The above shows how to support the baSic®ROPER Dptions of MEMBEREADandWRITE Tofully

supportQ_PROPERBeémanticsqt::property  should also suppoithe other options¢ RESETNO-
TIFY, DESIGNABLEetc.

4.2.3 Generating metadata

Finally, generating ratadata is largely enabled by just the reflection proposal oowas, but aded in accuracy
by metaclasseBecause we are going to automate Qt conventions using metaclasses spésas the source
code directly identifies exactly whidjpes are Qt types.

1 As each such type is defined by applying the metaclas®/thal I Of a3 Q& O2RS Ol y dza:
time eachQClass is processed to generate compiiene data structures for metadata.


http://doc.qt.io/qt-5/properties.html
http://doc.qt.io/qt-5/properties.html
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1 Alternatively, agjenerate_metadata functioncould reflect over the whole program to identify and in-
spect Qt types andenerate metadata only for thos¢hat function can be built and 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 amd@piter.
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5 FAQs

5.1 Q: Will metaclasses create a major tooling need? A: No

The foundatioml features ofreflection, generation, and compildime codedo createa mgjor tooling need

However,once those are availablejetaclassunctionsbuild upon thosdeatures They ared 2 daimvayéto
package up a group of reflections, comgilae codes, and injectiorsnd given that group eommon namehat
can be reusedThereforethey can

reuse the tooling we creattor

those features

Every abstraction that C and C++
haveever added works without
tooling, and also benefits from tool-
ing (see right)In each case:

9 The feature is usable before
tooling. For example, absent
other tool support, C++ pro-
grammers us@rintf  -style
debugging to see variable
values, we figure out over-
2+ R OFYyRARIGSa o0& AyalLlSOirazy G2 RSodAa sgKe ¢S Ol
spect and imagine specialization instantiations to figure out the outcome of a template metaprogram

f The feature, no matter how basic, benefits frapols tod f 2 2 | théasirdctv& For example, C++
debuggers now routinely offer watch windows to see variable values, and compilers routinely show
2P0SNI 2FR OF YRARI G4S& 4 K Suyictioh.3TMP reyiding had kofwfite, teatl, aBdd S NI :
tool; so ve should replace indirect TMP with direct comgil@e constexor O2 RS G KIF (1 Qa Y dzOK
GNAGST NBIFIRZ YR G22tX YR GKSyYy | LILX & -tinkcsdefi 2 2t A )

Metaclasses build on injection,

. . —_ Proposed compile-time features Desirable tooling
which bUI|qS on complle.e code (largely build on / use each other) (introduced by each)
blocks, which uses reflection. The
bottom three of those layers will Metaclass

benefit from tooling(see right)Im- “constructive concept” using the below
portantly, note that metaclasses
themselves do not add a major new
tooling requiremen. The three lay-

ers they depend on, and which we _

Show generated code, and
“Step Into” / “Go To Definition”

Compile-time variable “watch/visualize”
Compile-time function “Step Next/Into”

. .. Compile-time code block
should ad@t into C++ anyway in Iso- e.g., constexpr{ /*compile-time code*/ }

lation, doc¢ and once we have them,
there is no primary new kind of tool-
ing required by metaclasses.

Compile-time value “visualize”

As an example of tooling for meta-
classes, when the user writes this soeiclass:



