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Reflection in C++26

Formatting

Serialization

Struct-of-Arrays

Command-Line Argument Parsing
Foreign Language Bindings
Hashing

Enum-to-String




We want to

that




struct Config {
std::string name;
int amount;

};

template <>
struct std::formatter<Config> {
constexpr auto parse(auto& ctx) {
return ctx.begin();
}

auto format(Config const& c, auto§& ctx) const {
return std::format_to(
ctx.out(),
"Config{{.name={}, .amount={}}}",
c.name,
c.amount

);




struct [[=default _fmt]] Config { /%
std::string name;
int amount;

s
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C Preprocessor Macros

X Don’t respect scoping
X Don’t understand language semantics

X Don’t have any control flow
Xif
X for /while
X pattern matching
X recursion




C Preprocessor Macros

struct Config {
DEFINE_STRUCT(Config,

(std::string)(name),

(int)(amount)(0)

)

b




C Preprocessor Macros

struct Config {
DEFINE_STRUCT(Config,

(std::string)(name),

(int)(amount)(0)

);

b

struct Config {
std::string name;
int amount = 0;

s




C Preprocessor Macros

struct Config {
DEFINE_STRUCT(Config,

(std::string)(name),

(int)(amount)(0)

)

b

struct Config {
std::string name;
int amount = 0;

auto for each(auto f) -> void {
f(name);
f(amount);

}
s




C Preprocessor Macros

struct Config { struct Config {
DEFINE_STRUCT(Config, crdiistring name;
(std::string)(name), ’
(int)(amount)(0) auto for_each(auto f) -> void {
). f(name);
1. ' f(amount);
’ }

friend auto format_into(auto out, Config const& c) {

out = std::format_to(out, "Config{");
out = std::format _to(out, ".name={}", c.name);
out = std::format_to(out, ", .amount={}", c.amount);
*out++ = '}';
return out;
}
/...




By comparison, the C preprocessor is completely anemic;
the macro language consists entirely of substitution and
token concatenation. [...]

Lisp users find this laughable. [...] Why settle for anything
less than the full programming language itself?

Guy Steele and Richard Gabriel

“The Evolution of Lisp”
HOPL II, 1993
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C++ Class Templates

/* (#) vector.h 1.3 1/27/86 17:47:26 */
/*xident "@(#)cfront:incl/vector.h 1.3"x/
#ifndef GENERICH

#include <generic.h>

#tendif

#define vector(type) name2(type,vector)
#define vectordeclare(type)
class vector(type) {
typex v;
int sz;
public:
vector(type)(int s)
{ if (s<=0) callerror(vector,type,1,"bad vector size");
v = new type[sz=s];
t
~vector(type)() { delete v; }
vector(type)(vector(type)&);
vector(type)& operator=(vector(type)s);
int size() { return sz; }
void set size(int);
type& elem(int i) { return v[i]; }
type& operator[](int i)
{ if (i<0 || sz<=1)
callerror(vector,type,2,"vector index out of range");
return v[i];
t
b
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C++ Class Templates

template <class T> :

struct Cls : Base { X if

\ auto fun() -> void; ~ pattern matching
' ~ recursion

X functions




C++ Class Templates

template <bool B, class T=void>
struct enable if { };

template <class T>

struct enable if<true, T> {
using type = T;

b



C++ Class Templates

template <typename... Ts>
struct tuple {

s




C++ Class Templates

template <typename... Ts>
struct tuple {

Ts... elems; ¥
b




C++ Class Templates

template <typename... Ts>
struct tuple : Ts... { ¥

s




C++ Class Templates

template <class I, class T>
struct tuple_element_base {
[[no_unique_address]] T elem = T();

s

template <class... Ts>
struct inherit_helper : Ts... { };

template <class... Ts>
struct tuple
: mp_apply<inherit_helper,

p_transform<tuple_element_base,
mp_iota c<sizeof...(Ts)>,
mp_list<Ts...>>

{};




C++ Reflection

Document Number: P0194R6, ISO/IEC JTCI SC22 WG21

Audience: CWG, LWG
Date: 2018-03-16
Authors: Matus Chochlik (chochlik(@gmail .com)

Axel Naumann (axel@cern.ch)
David Sankel (dsankel@bloomberg.net)

Static reflection

0. Introduction

This paper proposes to add support for compile-time reflection as a Technical Specification for C++. We propose that the compiler shall generate meta-object types — representations of
certain program declarations, which can be reasoned about at compile time. These meta-object types can then be used, through a set of operations to obtain various pieces of metadata, like
declaration names, lists of scope members, information about specifiers, and so on. The meta-object types are implemented as unique, unnamed types conforming to defined concepts, and
the operations are implemented as class templates.

This paper is accompanied by two more papers — P0385, which discusses the use cases, rationale, design decisions, future evolution of the proposed reflection facility and contains
multiple examples of use and replies to frequently asked questions; and P0578 which gives a concise introduction to the feature set presented here.

Reflection proposed here behaves as follows:

enum E { first, second };

using E_m = reflexpr(E);

using namespace std::experimental::reflect;

using first_m = get_element_t<@, get_enumerators_t<E_m>>;
std::cout << get_name_v<first_m> << std::endl; // prints "first"

The publication as a Technical Specification is intended to collect implementation and usage experience on several aspects of this proposal. One of these aspects is the unspecified nature
of the meta-object type's uniqueness for subsequent invocations of the reflexpr operator on the same operand.



C++ Reflection

Document Number: P0194R6, ISO/IEC JTC1 SC22 WG21
Audience: CWG, LWG
Date: 2018-03-16
Authors: Matus Chochlik (chochlik(@gmail.com)
Axel Naumann (axel@cern.ch)
David Sankel (dsankel@bloomberg.net)

Static reflection

0. Introduction

auto main() -> int {
enum E { first, second };
using E.m = reflexpr(E);
using namespace std::experimental::reflect;
using first m = get _element_t<0, get _enumerators_t<E_m>>;
std::cout << get_name_v<first_m> << std::endl; // prints "first"




C++ Reflection

Document
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Authors:
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P0598

To: SG7 (Reflection) & EWG

From: Daveed Vandevoorde ( daveed@edg.com )
Date: 2017-02-02

Reflect Through Values Instead of Types

P0194R2 proposes adding compile-time reflection facilities to the language. I'm looking forward to the
capabilities themselves, but I'm concerned about using types to perform computations when we’ve come
such a long way in providing efficient compile-time computation facilities through constexpr . Let’s
design with modern C++ in mind and leave the template metaprogramming shackles of the past behind.

The Cost of “Types as Values”

The main downside of using types as values is that types and template instances are persistent: Every
intermediate type and template instance we use in a meta-computation persists until the end of the
compilation process, even though these things are only briefly needed to produce the final “value”. That is
almost the definition of “not scalable”.

FAQ 10.3 in PO385R1 argues that the meta types can be very “lightweight” and need not be “regular”
types. That doesn’t address the issue of persistence (which is not just a about the meta-information types,
but all the templates instantiated from them), and it potentially introduces new problems: We now get a
new kind of beast in our type system, which may be “heavyweight” when it comes to specification and
implementation.
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' ility and contains

| the unspecified nature
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Metaprogramming by design, not by accident

Document #: P0O425R0

Date: 2017-06-18

Project: Programming Language C++
Audience: SGT

Reply-to: Louis Dionne <ldionne.2@gmail.com>

1 Introduction

In [P0633], we introduced a clear distinction between three aspects of compile-time programming
that are mostly orthogonal: reflection, control flow and code synthesis. We then explored the design
space of compile-time programming by presenting several different designs for each aspect. This
paper picks one particular design for reflection and control flow, namely constexpr programming
and homogeneous value-based reflection, and presents a path towards that. This paper punts on
the issue of code synthesis for the moment; while it is clearly an important feature, we feel like it is
a bigger chunk which can be addressed separately. It is also the case that solving reflection and
control flow on their own will yield tremendous benefits, regardless of whether or exactly how code
synthesis is solved, so we want to start making progress on that front.

It should be noted that this paper is a reorganization of various SG 7 papers into a coherent vision
more than a novel idea. However, the author thinks this may help focus the discussion in 5G 7.
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C++ Reflection

12 A structural type is one of the following:

(1.1}

(12.2)

(12.3)

(12.3.1)

(12.3.2)

— a scalar type, or
— an lvalue reference type, or
— aE’tera] class type with the following properties:

— all base classes and non-static data members are public and non-mutable and

— the types of all base classes and non-static data members are structural types or (possibly multidimensional)
arrays thereof.



C++ Reflection

12 A structural type is one of the following:

(1.1}

(12.2)

(12.3)

(12.3.1)

(12.3.2)

— a scalar type, or

— an lvalue reference type, or

— d

class type with the following properties:

— all base classes and non-static data members are public and non-mutable and

— the types of all base classes and non-static data members are structural types or (possibly multidimensional)
arrays thereof.



C++ Reflection

12 A structural type is one of the following:

(12.1) — |a scalar type, or
(122} — an lvalue reference type, or
1z3) __ g class type with the following properties:
(12.3.1) — all base classes and non-static data members are public and non-mutable and
(12.3.2) — the types of all base classes and non-static data members are structural types or (possibly multidimensional)

arrays thereof.

consteval auto is_structural(std::meta::info type) -> bool {
auto ctx—=—std::meta::access context::unchecked();
return|is_scalar_type(type)
or “Ts—tvatue—Teferemce—type(type)
or (is_class_type(type) or is_union_type(type))
and std::ranges::all_of(subobjects_of(type, ctx),
[1(std::meta::info o0){
return is_public(o)
and not is_mutable_member(o)
and is_structural(remove_all_extents(type_of(0)));

});




C++ Reflection

12 A structural type is one of the following:

(12.1) — a scalar type, or
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C++ Reflection

12 A structural type is one of the following:

(12.1) — a scalar type, or
(122} — an lvalue reference type, or
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C++ Reflection

12 A structural type is one of the following:

(121 — ascalar type, or
(122} — an lvalue reference type, or
nzm  —a Flass type with the following properties:

(12.3.1) — Iﬁhase classes and non-static data members|are public and non-mutable and
(12.3.2) — the types of|all base classes and non-static data members are structural types or (possibly multidimensional)

arrays thereof.

consteval auto is_structural(std::meta::info type) -> bool {
auto ctx = std::meta::access_context::unchecked();
return is_scalar_type(type)

or is_lvalue_reference_type(type)

or (is_c
and

});

td:?ranges::all_of(sabobjezts_of(typé: ctx),

)

T - 0 0)%

return is_public(o)
and not is_mutable_member(o)
and is_structural(remove_all_extents(type_of(0)));



C++ Reflection

12 A structural type is one of the following:

(12.1) — a scalar type, or
(122} — an lvalue reference type, or
1z3) __ g class type with the following properties:
(12.3.1) — all base classes and non-static data members are public and non-mutable and
(12.3.2) — the types of all base classes and non-static data members are structural types or (possibly multidimensional)

arrays thereof.

consteval auto is_structural(std::meta::info type) -> bool {
auto ctx = std::meta::access _context::unchecked();
return is_scalar_type(type)
or is_lvalue_reference_type(type)
or (is_class_type(type) or is_union_type(type))
and std::ranges::all_of(subobjects_of(type, ctx),
[IJ(std:: ceinfo o){
retyrn is_public(o)
and not is_mutable_member(o)

—extents(type_of(0)));




C++ Reflection

12 A structural type is one of the following:

(12.1) — a scalar type, or
(122} — an lvalue reference type, or
1z3) __ g class type with the following properties:
(12.3.1) — all base classes and non-static data members are public and non-mutable and
(1232) — the types of all base classes and non-static data members arel structural types or (possibly multidimensional)

arrays thereof.

consteval auto is_structural(std::meta::info type) -> bool {
auto ctx = std::meta::access_context::unchecked();
return is_scalar_type(type)
or is_lvalue_reference_type(type)
or (is_class_type(type) or is_union_type(type))
and std::ranges::all_of(subobjects_of(type, ctx),
[](std::meta::info 0){
return is_public(o)
and not is mutable member(o)
and 1s_structural(remove_all_extents(type_of(0)));

});




consteval auto is structural(std::meta::info type) -> bool {
if (is_scalar_type(type)) { return true; }
if (is_1lvalue_reference_type(type)) { return true; }
if (not is _class_type(type) and not is_union_type(type)) { return false; }

auto ctx = std::meta::access_context::unchecked();
for (std::meta::info b : bases _of(type, ctx)) {
if (not is_public(b) or not is_structural(type_of(b))) {
return false;
}
}

for (std::meta::info m : nonstatic_data_members of(type, ctx)) {
if (not is_public(m)
or is_mutable_member(m)
or not is_structural(remove_all_extents(type_of(m)))) {
return false;

}
}

return true;




C++ Reflection (Type-Based)

template <class T> struct is structural : std::false type { };

template <class T> requires std::is_scalar_v<T>
struct is structural<T> : std::true type { };

template <class T> struct is structural<T&> : std::true_type { };

template <class 0>
using 1s_structural_subobject =
mp_and<
1s_public<0>,
mp_not<is_mutable_member<0>>,
1s_structural<std::remove_all_extents_t<get_type_t<0>>>
>;

template <class T> requires (std::is_class_v<T> or std::is_union_v<T>)
struct 1s structural<T>

: mp_all_of<get _subobjects _t<reflexpr(T)>,| is_structural_subobject>
{ };




C++ Reflection (Type-Based)

template <class T>
consteval auto is structural() -> bool {
if constexpr (std::is_scalar_v<T>) {
return true;
} else if constexpr (std::is_1lvalue_reference v<T>) {
return true;
} else if constexpr (std::is_class_v<T> or std::is_union_v<T>) {
bool result = true;
mp_for_ each<get subobjects t<reflexpr(T)>>([&]<class 0>(0){
1T (not 1s_public_v<O0>
or not i1s mutable_member_ v<O0>
or not is_structural<std::remove_all_extents_t<get type t<0>>>()) {
result = false;

}
});

return result;
} else {
return false;
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A good composer does
not iImitate; he steals.

|gor Stravinsky




Plagiarize

Let no one else’s work evade your eyes
Remember why the good Lord made your eyes
So don’t shade your eyes

But plagiarize, plagiarize, plagiarize

Only be sure always to call it please, “research”!

“Lobachevsky” by Tom Lehrer
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#t[derive(Debug)]

STruct contig { —

name: String,
amount: 132,

}
fn med =>—) {
println!(
“tonf = {:?}",
Config {

name: "hi".to string(),
amount: 10




‘aDebug\
Config {

var name: String
var amount: Int

}

@main
struct demo {
static func main() {
let config = Config(name: "hi", amount: #line)
print("config is \(config)")
}
}




#t[derive(Debug)]

struct Config {
name: String,
amount: 132,




derive fn_for Debug(

quote!{
struct Config {

slderive(Debug)] D name: Striog.
struct Config { amount: 132,

name: String, }

amount: 132, }
} )
quote! {

impl std::fmt::Debug for Config f{
fn fmt(&self, f: &mut std::fmt::Formatter<' >) -> std::fmt::Result {
f.debug_struct("Config")
.field("name", &self.name)
.field("amount", &self.amount)
.finish()




derive fn_for Debug(

quote!{
struct Config<T> {

slderive(Debug)] D name: Striog,
struct Config<T> { amount: T,

name: String, }

amount: T, }
} )
quote! {

impl<T : std::fmt::Debug> std::fmt::Debug for Config<T> {
fn fmt(&self, f: &mut std::fmt::Formatter<' >) -> std::fmt::Result {
f.debug_struct("Config")
.field("name", &self.name)
.field("amount", &self.amount)
.finish()




#[proc_macro_derive(MyDebug)]
pub fn my_debug derive(input: TokenStream) -> TokenStream f{
let input = parse_macro_input!(input as DerivelInput);




#[proc_macro_derive(MyDebug)]
pub fn my_debug derive(input: TokenStream) -> TokenStream f{
let input = parse_macro_input!(input as DerivelInput);

let fields = match input.data {

Data::Struct(data_struct) => match data_struct.fields f{
Fields::Named(fields) => fields.named,
Fields::Unnamed(_) => unimplemented!("!"),
Fields::Unit => unimplemented!("!'"),

b,

Data::Enum(_) => unimplemented!("!"),

Data::Union(_) => unimplemented!("!"),




#[proc_macro_derive(MyDebug)]
pub fn my_debug derive(input: TokenStream) -> TokenStream f{
let input = parse_macro_input!(input as DerivelInput);

let fields = match input.data { /* ... %/ };

let field calls = fields.iter().map(|f]|{

1);

let ident: &syn::Ident = f.ident.as_ref().unwrap();
let field name: String = ident.to string();
quote!{ .field(#field _name, &self.#ident) }

/

.field("amount", &self.amount)




#[proc_macro_derive(MyDebug)]
pub fn my_debug derive(input: TokenStream) -> TokenStream f{
let input = parse_macro_input!(input as Derivelnput);

let fields = match input.data { /* ... */ };

let field calls = fields.iter().map(|f]{
let ident: &syn::Ident = f.ident.as_ref().unwrap();
let field _name: String = ident.to _string();
quote!{ .field(#field_name, &self.#ident) }

1)

Config

let name = input.ident;
quote! {

impl std::fmt::Debug for #name { "Config”
fn fmt(&self, f: &mut std::fmt::Formatter<s” >) -> std::fmt::Result {
f.debug _struct(stringify!(#name))

#(#field _calls)=*
.finish() \ repeating interpolation

} no delimiter

}
}.into()




#[proc_macro_derive(MyDebug)]
pub fn my_debug derive(input: TokenStream) -> TokenStream f{
let input = parse_macro_input!(input as Derivelnput);

let fields = match input.data { /* ... */ };

let field calls = fields.iter().map(|f]{
let ident: &syn::Ident = f.ident.as_ref().unwrap();
let field _name: String = ident.to _string();
quote!{ .field(#field_name, &self.#ident) }

1)

Config

let name = input.ident;
quote! {

impl std::fmt::Debug for #name { "Config”
fn fmt(&self, f: &mut std::fmt::Formatter<s” >) -> std::fmt::Result {
f.debug _struct(stringify!(#name))

#(#field _calls)=*
.finish() \ .field("name", §self.name)

} .field("amount", &self.amount)

}
}.into()




struct [[=derive(Debug)]] Config {
std::string name;
int amount;

s

Reflection

Formatter specialization
the annotation

#[derive(Debug)]

struct Config {
name: String,
amount: 132,

}

Token Parsing

Derive Attribute
the impl



aDebug

struct Config {
var name: String
var amount: Int




aDebug

struct Config { ‘ Debug(FT @)
var name: String

var amount: Int

[

ExtensionDeclSyntax(

extension Config: CustomStringConvertible {
var description: String {
"Config(name=\(name), amount=\(amount))"

}
}
)
]




@attached(
extension,
conformances: CustomStringConvertible,
names: named(description)
)
public macro Debug() =
#externalMacro(module: "CppNowMacros", type: "DebugMacro")




public struct DebugMacro: ExtensionMacro {

}




public struct DebugMacro: ExtensionMacro {
public static func expansion(
of node: AttributeSyntax,
attachedTo declaration: some DechroupSintax,
providingExtensionsOf : taxProtocol,
conformingTo protocols: [TypeSyntax],

in context: some MacroExpansionContext
) throws -> [ExtensionDeclSyntax] {

}




public struct DebugMacro: ExtensionMacro {
public static func expansion(/*...*/) throws -> [ExtensionDecl|Syntax] {

}
}




public struct DebugMacro: ExtensionMacro {
public static func expansion(/*...*/) throws -> [ExtensionDecl|Syntax] {
let structDecl = declaration.as(StructDeclSyntax.self)!

let storedProperties: [String] = structDecl.memberBlock.members
.compactMap {

}




public struct DebugMacro: ExtensionMacro {
public static func expansion(/*...*/) throws -> [ExtensionDeclSyntax] {
let structDecl = declaration.as(StructDeclSyntax.self)!

let storedProperties: [String] = structDecl.memberBlock.members
.compactMap { member in
guard let variable = member.decl.as(VariableDeclSyntax.self)
else {
return nil

}

guard variable.bindings.count == 1,
let binding = variable.bindings.first,
binding.accessorBlock == nil,
let pattern = binding.pattern.as(

IdentifierPatternSyntax.self
)

else {

return nil

}

return pattern.identifier.text

varx=1,y=2;

var computed: Int {
3

var (a, b) = (4, 5)




public struct DebugMacro: ExtensionMacro {

public static func expansion(/*...*/) throws -> [ExtensionDecl|Syntax] {
let structDecl = declaration.as(StructDeclSyntax.self)!

let storedProperties: [String] = structDecl.memberBlock.members

.compactMap {/*...*/ }

['name

n n
7

amount"]




public struct DebugMacro: ExtensionMacro {
public static func expansion(/*...*/) throws -> [ExtensionDecl|Syntax] {
let structDecl = declaration.as(StructDeclSyntax.self)!

let storedProperties: [String] = structDecl.memberBlock.members
.compactMap {/*...*/ }

let pieces = storedProperties.map { name in "\(name)=\\(\(name))" }
.joined(separator: ", ")

"amount=\(amount)"




public struct DebugMacro: ExtensionMacro {
public static func expansion(/*...*/) throws -> [ExtensionDeclSyntax] {
let structDecl = declaration.as(StructDeclSyntax.self)!

let storedProperties: [String] = structDecl.memberBlock.members.compactMap {/*...*/ }
let pieces = storedProperties.map { name in "\(name)=\\(\(name))" }
.joined(separator: ", ")

let descriptionLiteral = "\(structDecl.name.text)(\(pieces))"
return [
try ExtensionDeclSyntax(

extension \(type): CustomStringConvertible {
var description: String {
"\(raw: descriptionLiteral)"
}
}




@attached proc_macro_derive

AST = AST Tokens - Tokens




@attached proc_macro_derive

AST - String Tokens > Tokens




@attached
AST - String
Purely Additive
Pre-Declare Names

Late Checking Only

proc_macro_derive

Tokens = AST - Tokens
Purely Additive
Inject Anything

Late Checking Only
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Implementing std: :tuple cat()

template<tuple-Iike... Tuples>
constexpr tuple<CTypes...> tuple_cat(Tuples&&... tpls);

7 Let nbe sizeof...(Tuples). For every integer 0 <i< n:
(7.1) — Let T; be the ™ type in Tuples.
(7.2) — Let U; be remove_cvref_t<T;>.
(7.3) — Let tp;be the i element in the function parameter pack tpls.
(7.4) — Let S;be tuple_size_v<Up>.
(7.5) — Let @)e tuple_element_t<k, Up>:

(7.6) — Let @)e get<k>(std::forward<T;>(tp;)).
7.7 — Let Elems; be a pack of the types E?, ..., Ef"'l.
(7.8) Si-1

— Let elems; be a pack of the expressions e?, s €

The types in CTypes are equal to the ordered sequengeof the expanded packs of types Elems,. . ., Elems; . . .,

..., Elemsp-1. ... Let celems be the ordered segdence of the expanded packs of expressions elems. . ., ...,
elems,q . . ..
8 Mandates: (is_constructible ypes, decltype(celems)> && ...)is true.

9 Returns; tuple<CTypes. . .>|( celems. .. )<




Implementing std: :tuple cat()

tuple _cat(tuple<A>(a), pair<B, C&>(b, c), array<D, 3>{d1, d2, d3})
return std::tuple<

>(
);




Implementing std: :tuple cat()

tuple _cat(tuple<A>(a), pair<B, C&>(b, c), array<D, 3>{d1, d2, d3})




Implementing std: :tuple cat()

tuple _cat(tuple<A>(a), pair<B, C&>(b, c), array<D, 3>{d1, d2, d3})

return stdé<tuple

A, B, cs)
>( —=
b, c
);

a,

?




Implementing std: :tuple cat()

tuple _cat(tuple<A>(a), pair<B, C&>(b, c), array<D, 3>{d1, d2, d3})
return std::tuple<
A, B, cs, b, b, D |

>(
);

a, b, ¢, d1, d2, d3 |




Implementing std: :tuple cat()

tuple _cat(tuple<A>(a), pair<B, C&>(b, c), array<D, 3>{d1, d2, d3})
0 1 2

return std::tuple<
A, B, C&, D, D, D
>(

);

a, b, c, di, d2, d3




Implementing std: :tuple cat()

tuple _cat(tuple<A>(a), pair<B, C&>(b, c), array<D, 3>{d1, d2, d3})
0 1 2
[0] [0,1] [0,1,2]

return std::tuple<

A, B, C&, D, D, D
>(

a, b, c, di, d2, d3
);




Implementing std: :tuple cat()

tuple _cat(tuple<A>(a), pair<B, C&>(b, c), array<D, 3>{d1, d2, d3})
[0] [1,1] [2,2,2]
[0] [0,1] [0,1,2]

return std::tuple<
A, B, C&, D, D, D
>(

);

a, b, c, di, d2, d3




Implementing std: :tuple cat()

tuple _cat(tuple<A>(a), pair<B, C&>(b, c), array<D, 3>{d1, d2, d3})
[0] [1,1] [2,2,2]
[0] [0,1] [0,1,2]

Tuple# = [0, 1, 1, 2, 2, 2]
Elem# = [0, 0, 1, 0, 1, 2]

return std::tuple<
A, B, C&, D, D, D
>(

);

a, b, ¢, di, d2, d3




Implementing std: :tuple cat()

template <typename... Tuples>
constexpr auto tuple_cat(Tuples... tuples) {
using R = mp_append<tuple<>, from_tuple_like<Tuples>...>;

}




Implementing std: :tuple cat()

template <typename T, typename I>
using tuple_element2 = tuple_element_t<I::value, T>;

template <typename T>

using from_tuple_like = mp_product<
tuple_element2,
mp_list<T>,
mp_1iota_c<tuple_size v<T>>>;

template <typename... Tuples>
constexpr auto tuple cat(Tuples... tuples) {
using R = mp_append<tuple<>, from_tuple_like<Tuples>...>;

}




Implementing std: :tuple cat()

template <typename T, typename I>
using tuple_element2 = tuple_element_t<I::value, T>;

template <typename T>
using from_tuple_like = mp_product<tuple_element2, mp_list<T>, mp_1iota_c<tuple_size_v<T>>>;

template <typename... Tuples>
constexpr auto tuple_cat(Tuples... tuples) {
using R = mp_append<tuple<>, from_tuple_like<Tuples>...>;

// Tuplett

using L1 = mp_list<from_tuple_like<Tuples>...>; // [[A], [B, C&], [D, D, D]]
using L2 = mp_iota_c<sizeof...(Tuples)>; // [0, 1, 2]

using L3 = mp_transform<mp_fill, L1, L2>; // [[e], [1, 11, [2, 2, 2]1]
using Inner = mp_apply<mp_append, L3>; // [e, 1, 1, 2, 2, 2]




Implementing std: :tuple cat()

template <typename T, typename I> using tuple_element2 = tuple_element_t<I::value, T>;
template <typename T> using from_tuple_like = mp_product</*...%x/>;
template <typename L> using ilota_from_size = mp_iota<mp_size<L>>;

template <typename... Tuples>
constexpr auto tuple_cat(Tuples... tuples) {
using R = mp_append<tuple<>, from_tuple_like<Tuples>...>;

// Tuplett

using L1 = mp_list<from_tuple_like<Tuples>...>; // [[A]l, [B, C&], [D, D, DJ]]
using L2 = mp_iota_c<sizeof...(Tuples)>; // [0, 1, 2]

using L3 = mp_transform<mp_fill, L1, L2>; // [[e], [1, 11, [2, 2, 2]1]

using Inner = mp_apply<mp_append, L3>; // [o, 1, 1, 2, 2, 2]

// Elem#

using L4 = mp_transform<iota_from_size, L1>; // [[e], [eo, 11, [0, 1, 2]]

using Outer = mp_apply<mp_append, L&>; // [0, 0, 1, 0, 1, 2]




Implementing std: :tuple cat()

template <typename T, typename I> using tuple_element2 = tuple_element_t<I::value, T>;
template <typename T> using from_tuple_like = mp_product</*...%x/>;
template <typename L> using ilota_from_size = mp_iota<mp_size<L>>;

template <typename... Tuples>
constexpr auto tuple_cat(Tuples... tuples) {
using R = mp_append<tuple<>, from_tuple_like<Tuples>...>;

// Tuplett

using L1 = mp_list<from_tuple_like<Tuples>...>; // [[A], [B, C&], [D, D, D]]
using L2 = mp_iota_c<sizeof...(Tuples)>; // [0, 1, 2]

using L3 = mp_transform<mp_fill, L1, L2>; // [[e], [1, 11, [2, 2, 2]]
constexpr auto [...Inner] = mp_apply<mp_append, L3>{}; // [0, 1, 1, 2, 2, 2]

// Elem#

using L4 = mp_transform<iota_from_size, L1>; // [[e], [o, 11, [0, 1, 2]]

constexpr auto [...Outer] = mp_apply<mp_append, L&>{}; // [0, 0, 1, 0, 1, 2]




Implementing std

:tuple_cat()

template <typename T, typename I> using tuple_element2 = tuple_element_t<I::value, T>;
template <typename T> using from_tuple_like = mp_product</*...x/>;
template <typename L> using lota_from_size = mp_iota<mp_size<L>>;
template <typename... Tuples>
constexpr auto tuple cat(Tuples . tuples) {
using R = mp_append<tuple<>, from_tuple_like<Tuples>...>;
// Tuplett
using L1 = mp_list<from_tuple_like<Tuples>...>; // [[A], [B, C&], [D, D, D]]
using L2 = mp_iota_c<sizeof...(Tuples)>; // [0, 1, 2]
using L3 = mp_transform<mp_fill, L1, L2>; // [[e], [1, 11, [2, 2, 2]]
constexpr auto [...Inner] = mp_apply<mp_append, L3>{}; // [0, 1, 1, 2, 2, 2]
// Elem#
using L4 = mp_transform<iota_from_size, L1>; // [[o], [e, 1], [0, 1, 2]]
constexpr auto [...Outer] = mp_apply<mp_append, L&4>{}; // [0, 0, 1, 0, 1, 2]

return R(std::get<Outer>(tuples...[Inner])..

)



Implementing std: :tuple cat()

template <class... Tuples>
constexpr auto tuple cat(Tuples... ts) {

}




Implementing std: :tuple cat()

template <class... Tuples>
constexpr auto tuple cat(Tuples... ts) {
consteval {
auto arg types = array{""Tuples...};
auto ctypes = vector<meta::info>();
auto celems vector<meta::token_sequence>();




Implementing std: :tuple cat()

template <class... Tuples>
constexpr auto tuple cat(Tuples... ts) {
consteval {
auto arg types = array{""Tuples...};
auto ctypes = vector<meta::info>();
auto celems vector<meta::token_sequence>();

for (size_t i = 0; i != sizeof...(Tuples); ++i) {
for (size_t k = 0; k != tuple size(arg types[i]); ++k) {
}

}




Implementing std: :tuple cat()

template <class... Tuples>
constexpr auto tuple cat(Tuples... ts) {
consteval {
auto arg types = array{""Tuples...};
auto ctypes = vector<meta::info>();
auto celems vector<meta::token_sequence>();

for (size_t i = 0; i != sizeof...(Tuples); ++i) {
for (size_t k = 0; k != tuple size(arg types[i]); ++k) {
ctypes.push _back(tuple element(k, arg types[i]));
}




Implementing std: :tuple cat()

template <class... Tuples>
constexpr auto tuple cat(Tuples... ts) {
consteval {
auto arg types = array{""Tuples...};
auto ctypes vector<meta::info>();
auto celems vector<meta::token_sequence>();

for (size_t i = 0; i != sizeof...(Tuples); ++i) {
for (size_t k = 0; k != tuple size(arg types[i]); ++k) {
ctypes.push_back(tuple_element(k, arg_types[il));
celems.push _back(”™{ std::get<\(k)>(ts...[\(1)]) });

} std::get<1>(ts...[2])




Implementing std: :tuple cat()

template <class... Tuples>
constexpr auto tuple cat(Tuples... ts) {
consteval {
auto arg types = array{""Tuples...};
auto ctypes = vector<meta::info>();
auto celems vector<meta::token_sequence>();

for (size_t i = 0; i != sizeof...(Tuples); ++i) {
for (size_t k = 0; k != tuple size(arg types[i]); ++k) {
ctypes.push_back(tuple_element(k, arg_types[il));
celems.push_back(”"{ std::get<\(k)>(ts...[\(i)]) });

}

meta::info R = substitute(""tuple, ctypes);
meta::token_seq exprs = joined(celems, *“*{ , });




Implementing std: :tuple cat()

template <class... Tuples>
constexpr auto tuple cat(Tuples... ts) {
consteval {
auto arg types = array{""Tuples...};
auto ctypes = vector<meta::info>();
auto celems vector<meta::token_sequence>();

for (size_t i = 0; i != sizeof...(Tuples); ++i) {
for (size_t k = 0; k != tuple size(arg types[i]); ++k) {
ctypes.push_back(tuple_element(k, arg_types[il));
celems.push_back(”"{ std::get<\(k)>(ts...[\(i)]) });

}

meta::info R = substitute(""tuple, ctypes);
meta::token_seq exprs = joined(celems, *“*{ , });
queue_injection("™{ return \(R)(\(exprs)); });



Push-based formatting

struct [[=derive(Debug)]] Config {
std::string name;
int amount;

b




Push-based formatting

template <class F>
struct derive {
F f;

consteval auto on_complete(meta::info r) const -> void {

f(r);
}
b

inline constexpr auto Debug = [](std::meta::info ty){

/] ??
};

struct [[=derive(Debug)]] Config {
std::string name;
int amount;

b




Push-based formatting

inline constexpr auto Debug = [](std::meta::info ty){
if (not is_complete type(ty)) {
throw meta::exception("must be a complete type");
}
I




Push-ba

out = std::format to(out, ".name={}", object.name);

inline conste :°“E++ =
if (not is_d™out++ = 3 |
throw metd Out = std::format_to(out, ".amount={}", object.amount);

} //
auto fields = std::meta::list builder(""{

*out++
*out++ ;

});

for (auto nsdm : nonstatic _data members of(ty, unchecked)) {
fields += ""™{
out = std::format _to(out,
\(std::meta::str 1it(".", identifier of(nsdm), "={}")),
object.\(nsdm));

s
}
b




Push-based formatting

inline constexpr auto Debug = [](std::meta::info ty){
if (not is_complete_type(ty)) { throw /x ... %/ }
auto fields = /* ... */;

queue_injection(""std, ""{
template <> struct formatter<\(ty)> {
constexpr auto parse(auto§& ctx) { return ctx.begin(); }

auto format(\(ty) const& object, auto& ctx) const {

auto out = std::format _to(ctx.out(),
\(std::meta::str_lit(display_string of(ty), "{{")));

\(fields);

*out++ = '}';

return out;

}

})3; auto out = std::format to(ctx.out(), "Config{{");




but good?




// Macros work by expanding code

func printAdd(_ a: Int, _ b: Int) {
let (result, str) = #stringify(a + b)
#stringify
(a+b, "a+ b")

print("\(str) = \(result)")
}

printAdd(1, 2)

The Swift compiler then adds

that expansion to your program

WWDC23: Expand on Swift macros | Apple

P Apple Developer @
267K subscribers

Y 54 (e £ Share 4 Ask [] save e




@freestanding(expression)

public ma

cro stringify<T>(_ value: T) -> (T, String) =
#externalMacro(module: "CppNowMacros", type: "StringifyMacro")

public fun

C string

/] ...
}

ify<T>(_ value: T) -> (T, String) {




@freestanding(expression)
public macro stringify<T>(_ value: T) -> (T, String) =
#externalMacro(module: "CppNowMacros", type: "StringifyMacro")

public struct StringifyMacro: ExpressionMacro {
public static func expansion(
of node: some FreestandingMacroExpansionSyntax,
in context: some MacroExpansionContext
) -> ExprSyntax {
let argument = node.arguments.first!
return "(\(argument), \(literal: argument.description))"

}
}




func f(_ arg: Int) -> Int {
print("Called f(\(arg))")

return arg

}

@main
struct demo {

static func main() {
#log(.debug, "f=\(f(1))") // no log, doesn't call f

#log(.info, "f=\(f(2))") // Called f(2)

// logs: [info] f=2

public enum Loglevel {
case debug, info, warning, error

}




@freestanding(expression)
public macro log(_level: LoglLevel, message: String) =
#externalMacro(module: "MyMacroMacros", type: "LogMacro")




@freestanding(expression)
public macro log(_level: LoglLevel, message: String) =
#externalMacro(module: "MyMacroMacros", type: "LogMacro")

public struct LogMacro: ExpressionMacro {
public static func expansion(
of node: some FreestandingMacroExpansionSyntax,
in context: some MacroExpansionContext
) throws -> ExprSyntax {
let args = Array(node.arguments)
let (level, msg) = (args[0].expression, args[1].expression)

return
Logger.log(\(level)) { \(msg) }




@freestanding(expression)
public macro log(_level: LoglLevel, message: String) =
#externalMacro(module: "MyMacroMacros", type: "LogMacro")

public struct LogMacro: ExpressionMacro {
public static func expansion(
of node: some FreestandingMacroExpansionSyntax,
in context: some MacroExpansionContext
) throws -> ExprSyntax {
let args = Array(node.arguments)
let (level, msg) = (args[0].expression, args[1].expression)
return """
Logger.log(\(level), file: #fileID, line: #line) { \(msg) }




func f(_ arg: Int) -> Int {
print("Called f(\(arg))")
return arg

}

@main
struct demo {
static func main() {
#log(.debug, "f=\(f(1))") // no log, doesn't call
#log(.info, "f=\(f(2))") // Called f(2)
// logs: demo/demo.swift:47 [info] f=2




let cond = #implies(a => b)




infix operator => : LogicalConjunctionPrecedence

func => (lhs: Bool, rhs: Bool) -> Bool {
fatalError("only for macro!")

}

let cond = #implies(a => b)




let cond = #implies("a =>b")




public #gyb(
struct IntS{0} { ... }
struct UIntS{0}{ ... }
[8, ’16, 32, 64]

)




public #gyb(
struct IntS{0}{ ... }
struct UIntS{0}{... }

[8, 16, 32, 64]

public struct Int8{ ... }
public struct UInt8{ ... }

public struct Int16{ ... }
public struct UIntl16{ ... }

public struct Int32{ ... }
public struct UInt32{ ... }

public struct Int64 { ... }
public struct UInt64 { ... }




let p = #Predicate<Trade>{tin
t.price > 250 && t.symbol == "NVDA"

}
let matches = try! p.evaluate(Trade(symbol: "NVDA", price: 420))




let p = Predicate<Trade>({ tin
build_Conjunction(
lhs: build_Comparison(
Ihs: build_KeyPath(
root: build_Arg(t),
keyPath: \.price

),
rhs: build_Arg(250),

op: .greaterThan
),
rhs: build_Equal(
lhs: build_KeyPath(
root: build_Arg(t),
keyPath: \.symbol
),
rhs: build_Arg("NVDA")
)
)

})
let matches = try! p.evaluate(Trade(symbol: "NVDA", price: 420))




macro_rules! sw_stringify {
($e:expr) => {
($e, stringify!($e))
|

}




macro_rules! sw_stringify {
($e:expr) => {
($e, stringify!($e))
b

macro_rules! implies {
($a:expr => $b:expr) => {
} ('$a [ $b)

let result = implies!((a > 10) => panic!("hi"));




/// Implement the multiplication operator for $lhs * $rhs giving $output, which

/// is internally represented as $inner. The operation is statically checked

/// to ensure the product won't overflow $inner, nor exceed <$output>::MAX.

macrofrotes T Impt—mot ¥

(1($lhs:ty , $rhs:ty) => ($output:ty, $inner:ty) ) => {

Tmpt-stdrropsTMTtSTiTS s for—$tits™
type Output = $output;

fn mul(self, rhs: $rhs) -> Self::0Output {
///
}

}
};

| AN

impl _mul!((U8, std::num::NonZeroU8) => (U16, ul6));
impl_mul!((U32, std::num::NonZeroU8) => (U32MulU8, ub64));
impl_mul!((U32, U16) => (U32MulU16, u64));




/// Implement the multiplication operator for $lhs * $rhs giving $output, which
/// is internally represented as $inner. The operation is statically checked
/// to ensure the product won't overflow $inner, nor exceed <$output>::MAX.
macro_rules! impl_mul {
( $lhs:ty , $rhs:ty , $output:ty, $inner:ty ) => {
impl std::ops::Mul<$rhs> for $lhs {
type Output = $output;

fn mul(self, rhs: $rhs) -> Self::0Output {
/// ...
}

| / i \
impl _mul!(U8, std::num::NonZeroU8, U1l6, ul6);

impl_mul!(U32, std::num::NonZeroU8, U32MulU8, ub4);
impl_mul!(U32, U16, U32MulU16, ub4);




/// Implement the multiplication operator for $lhs * $rhs giving $output, which
/// is internally represented as $inner. The operation is statically checked
/// to ensure the product won't overflow $inner, nor exceed <$output>::MAX.
macro_rules! impl_mul {
( ($lhs:ty , $rhs:ty) => ($output:ty, $inner:ty) ) => {
impl std::ops::Mul<$rhs> for $lhs {
type Output = $output;

fn mul(self, rhs: $rhs) -> Self::0Output {
/// ...
}

}
};

| AN

impl _mul!((U8, std::num::NonZeroU8) => (U16, ul6));
impl_mul!((U32, std::num::NonZeroU8) => (U32MulU8, ub64));
impl_mul!((U32, U16) => (U32MulU16, u64));




macro_rules! vec {
// Case 1: list of elements: vec![1, 2, 3]

( $C $xzexpr ),* ) => {{

let mut v = Vec::new();

$(C v.push($x); )=
1} ! ‘sL\\\\\\“-\\_ Repeat for each

expression

// Case 2: repetition: vec![x; n]
( $x:expr ; $n:expr ) => {{
let mut v = Vec::new();
for _ in 0..%n {
v.push($x.clone());

}
Vv
Hh;
}
let v1 = vec![1, 2, 31; // [1, 2, 3]
let v2 = vec![10; 3]; // [10, 10, 10]




macro_rules! dict {

( $C $k:expr => $viexpr ),* $(,)? ) => {{

let mut m = std::collections::HashMap: :new();

$(
m.insert($k, $v);
) *
m
1

}
let d1 = dict! {1 => 2, 3 => 4};
let d2 = dict! {1 => 2, 3 => 4,};




macro_rules! dict {
( $C $k:expr : $v:expr ),* $(,)? ) => {{

let mut m = std::collections::HashMap::new();

$(

error: $k:expr”  is followed by “:°, which is not allowed for “expr  fragments
--> src/main.rs:67:18

I
67 | ( $C $k:expr : $v:expr ),* $(,)? ) => {{

| " not allowed after “expr fragments

I
= note: allowed there are: =>", ~, or ;

7

let d2 = dict! {1: 2, 3: 4,};



use tokio_stream::{self as stream, StreamExt};

stream::iter(vec![1, 2, 3]);
stream::iter(vec![4, 5, 6]);

let mut streaml
let mut stream?2

let mut values = vec![];

loop {
tokio::select! {
Some(v) = streaml.next() => values.push(v),
Some(v) = stream2.next() => values.push(v),
else => break,

}

values.sort();
assert _eq!(&[1, 2, 3, 4, 5, 6], &values[..]);




Declarative Procedural

macro_rules! implies { struct ImpliesInput {
($a:expr => $b:expr) => { lhs: Expr,
('$a || $b) _arrow: Token![=>],
b rhs: Expr,

} }




Declarative Procedural

macro_rules! implies { St{lﬁct EmplieSI“pUt {
. _ . _ s: Expr,
($a.expr =2 $b.expr) => 1 _arrow: Token![=>],
\ (1$a || $b) rhs: Expr,
. }
?
}

impl Parse for ImpliesInput {
fn parse(input: ParseStream) -> Result<Self> {
Ok(ImpliesInput {
lhs: input.parse()?,
_arrow: input.parse()?,
rhs: input.parse()?,
1)
}
}




Declarative Procedural
macro_rules! implies { struct InpliesTnput {
($a:expr =2 $b:expr) =2 { _arl.row:pTc'JI<en![:>],
(1$a || $b) rhs: Expr,

b /
’
impl Parse for ImpliesInput {
fn parse(input: ParseStream) -> Result<Self> {
Ok(ImpliesInput {
lhs: input.parse()?,
_arrow: input.parse()?,
rhs: input.parse()?,
P
}
}

#[proc_macro]
pub fn implies(input: TokenStream) -> TokenStream {
let ImpliesInput { lhs, rhs, .. } =
parse_macro_input!(input as ImpliesInput);
quote! {
(! (#lhs) || (#rhs))
}.into()
}




Declarative Procedural
macro_rules! implies { struct ImpliesInput {
(§lhs:expr => §rhs:expr) => { e O i[oo1,
(!$lhs || $rhs) rhs: Expr,

b }
impl Parse for ImpliesInput {
fn parse(input: ParseStream) -> Result<Self> {
Ok(ImpliesInput {
lhs: input.parse()?,
_arrow: input.parse()?,
rhs: input.parse()?,
P

}
}

#[proc_macro]
pub fn implies(input: TokenStream) -> TokenStream {
let ImpliesInput { lhs, rhs, .. } =
parse_macro_input!(input as ImpliesInput);
quote! {
(! (#lhs) || (#rhs))
}.into()
}




Vec<Record>

let rows = sqlx::query!("SELECT id, name, email FROM users")
.fetch_all(&pool)

.awalt?;

println!("Users in database:");
for row in rows {

println!(" {}: {} <{}>", row.id, row.name, row.email);

| SN/

164 String




let

pri
for

rows = sqlx::query!("SELECT id2, name, email FROM users")

.fetch_all(&pool)

error: error returned from database: (code: 1) no such column: id2
-->src/main.rs:15:16

|
15 | let rows = sqlx::query!("SELECT id2, name, email FROM users")

| ANNANNNANNNANNNANNNANNNANNNANNANNANNNANNNNNANNNNNNNNNNNNNNNNNNNNNNNNNN




@freestanding
Parsed Exprs
String / AST
Late Checked
All of Swift

macro_rules!
Pattern
Tokens
Late Checked

Substitution and
Repetition Only

#[proc_macro]
Tokens
Tokens

Late Checked
All of Rust



What
Macros in

C++

?

look like




#tdefine FWD(e) static_cast<decltype(e)&&>(e)




template <class T>
macro fwd(T&&§ t) -> T&§& =
static _cast<T&5>(t);




template <class T>
macro fwd(T&& t) -> T&& {
return *"{
static_cast<\(T&&)>(\(t))
b




macro fwd(token_seq in) {
return ~"{
static_cast<decltype(\(in))&&>(\(in))
b




assert _eq!(el, e2)




Counting
expressions is
hard for C++




call(the<guardian, stands>(resolute))




template <class T, class U>
macro assert eq(T t, U u) -> void

=do { /* ... x/ };




template <class T, class U>

macro assert eq(T t, U u) -> void {
return **{ /x ... */ };

}




macro assert_eq(token_seq in) {
auto lhs = parse_expr(in);
parse_tokens(in, **{ , });
auto rhs = parse_expr(in);
require_empty(in);

return ~™{

/* ... x/;
s




macro assert_eq(token_seq in) {
auto [lhs, rhs] = parse(
in, expr >> “*{ , } >> expr);

return "4

[* ... */;
b




macro assert_eq(expr lhs, expr rhs) {
return ""{

[* ... */;
b




#define BOOST_LAMBDA2 BINARY_ FN(op, fn)
struct fn {
template<class T1, class T2>
decltype(auto) operator()(T16& t1, T286 t2) const {
return std::forward<T1>(t1l) op std::forward<T2>(t2);
}
b

BOOST LAMBDA2 BINARY FN(<<, left shift)

BOOST LAMBDA2 BINARY FN(>>, right_shift)
BOOST_ LAMBDA2 BINARY FN(+=, plus_equal)

// ...

7



#define BOOST_LAMBDA2 UNARY_FN(op, fn)
struct fn {
template<class T>
decltype(auto) operator()(T&6& t) const {
return op std::forward<T>(t);

}
s

BOOST_LAMBDA2 UNARY_FN(+, unary_plus)

BOOST LAMBDA2 UNARY_FN(*, dereference)
BOOST LAMBDA2 UNARY_FN(++, increment)

/] ...

7



// like this?
define_binary!(left_shift, <<);
define_prefix!(dereference, *);

// or like this?
define_op!(left_shift, x << y);
define_op!(dereference, *x);




macro define op(char const* name, char constx op) f{

[/ ...
}

define op!("left_shift", "x << y");
define op!("dereference", "*x");




macro define_op(token_seq in) {
if (auto r = try parse(in, ident << comma << ident << tok << ident)) {
// binary
} else if (auto r = try parse(in, ident << comma << tok << ident)) {
// prefix
} else {
auto r = parse(in, ident << comma << ident << tok);
// postfix
}
}

define_op!(left_shift, x << vy);
define_op!(dereference, *x);




macro define_op(ident name, expr op) {
if (size(op) == 3) {
// binary
} else {
assert(size(op) == 2);
if (is_identifier(opl[1])) {
// prefix
} else {
// postfix
}

define_op!(left_shift, x << vy);
define_op!(dereference, *x);




macro_rules! define_op {
($id:ident, $lhs:ident $op:tt $rhs:ident) => (
// binary

)i
($id:ident, $op:tt $arg:ident) => (
// prefix

)

($id:ident, $arg:ident $op:tt) => (
// postfix

)

}

define_op!(left_shift, x << y);
define_op!(dereference, *x);




assert _eq!(el, e2)




assert _eq!(el, e2, "Some context: {}", info);




ranges::all _of(numbers, A!'($1 > 0))
ranges::sort(points, A!'($1.x > $2.x))




macro A(token_seq in) {
// largest id named $v
int const arity = arity of(in);
// e.g. "™{ auto&& $1, auto&& $2 }
token_seq params = auto_params(arity);

return "™{

[6](\(params)) -> decltype(\(in)) {
return \(in);
}

s
}

ranges::all_of(numbers, A!'($1 > 0))
ranges::sort(points, A!'($1.x > $2.x))




Which way
should we go?




h way

IC
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No Raw Code










Source code generation
must allow all of C++
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