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C++11/14/17/20/23/26

»  Syntax
> auto, structured bindings, type deduction
> jnitialization, attributes, modules

» Types
> type compatibility, type erasure
> any, variant, optional, expected
- char & string types, userdef literals

» Libraries
- ranges, format, chrono, ...

» Future
o C++4+23/26
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Range-based for
mepcetringsinty m |

» C++03

for ( map<string,int>::const_iterator i = m.begin(); i !'= m.end(); ++i)
if( i->first == "Me")
cout << i->second;

cyklus rizeny rozsahem
Krulis 2014:

what is more readable?
» C++11

for( auto&& i : m) // a lot of space for my own valuable comments :-

» C++17 -
> structured bindings




Structured return values

» functions returning multiple values - C++03

void read( handle h, string& rs, bool& wvalid) ; not a function-like
syntax

non-intuitive in/out par

bool read( handle h, stringé& rs);

non-intuitive separation

unnecessary type

air<strin bool> d( handle h);
pai ing, read( handle h) verbose

non-descriptive fields

const string& read( handle h);

|| querying state

additional fnc call
static internal state !!! .




Structured return values

» C++11

more convenient

already defined
variables




0 wedil” by m /'{,c/va//i/&/ /wmz'me/
Structured return values

lllll....)

» tuple, tie auto read ( handle h)

tuple<string,bool> read( handle h)

oY
must be visible of
for type deduction

unpacking

result forwarding

auto read ( handle h); J
element access J

structured bindings

no declaration needed




Structured bindings 17

» structured binding declaration
> like tie () without having to have variables already defined
- applicable to tuple, pair, array, user defined &

» declared variables bound to initialized subobjects
> uniquely-named variable
referencable

tuple size<>

auto [ identifier-1ist ] = expression ;

> copy elision ' i ] ' > '
RVO / NRVO
» array, vector, ..., pair, tuple, struct
int al[] {1,2};

auto aue = f(); . . auto £() -> int (&) [2]
e initialized variable cue { return a; }
using y = ao[l]; X = awl[0],y = aw[1]

xr = a[0]
yr = a[1]

i |

alias
no indirection

for( autoss [key value] :mynap)
W OS%PWW/ /%//m/ﬂ Jadnrt Fobo éw;é/’mw:




Structured bindings
/ﬂ Fnly < 5{41,17// W7 m s W//y;/ %,/Wzg

/ auto [x,y] = auto& [x,y] = | auto&&[x,y] =

auto () { direct constructor X direct constructor

return

tuple {1,2}; C++17: RVO
} mandatory
auto g() { local constructor X local constructor

tuple a {1,2}; move constructor move constructor

return a; local destructor local destructor
;[]{] o) = > NRVO non-
o a’ };’ H mandatory
all{1,2; Z Z
auto h() —.> int(&)[2] do not copy
{ returna;}

redundantly

for( € [x,y] : mmap) %) %) /




Range-based for
meRsstzing int

» C++03

for (map<string,int>::const_iterator i = m.begin(); i !'= m.end(); ++i)
if( i->first == "Me")

what is more readable?
» C++11

C++17 what is more readable?




Range-based for

S .
[ O 1> auto&& i : x applicable everywhere

r-value, |-value, const, proxy, ... }

auto i : x ‘copy of each object!

Il e.g. proxy auto& i : x read/write
vector<bool>
temporal object

const auto& i : x read-only

explicittype i : x  cast really needed, copy

> (bwé 2 o char /i) P 2 J'oc(w, Trbe db Uz

» supported data structures 9/‘!'5/”5; <> Yy p cd el

> X[], std:: containers

- user-defined containers
to be implemented:
begin(), end(), iterator: * 1= ++




Range-based for

| vector<bool> v; /( cannot bind non-const
proxy for ( auto& b : vb) r-value ref to I-value
temporal object N\

\ b = true;

class bitfield {
class proxy {

operator bool () const { return (base >> 1) & 1; }
proxy& operator=(bool b) const { base = ...; }
private:

vector<bool> v;
for( auto&& b : vb)

uint least64 t & base ;
size t 1 ;

}i
class iterator ({

—— proxy operator* () { return proxy( base , 1 );
}i

}
r-value ref

proxy operator[] (size t i) { return proxy{ base , i }; } ok
iterator begin() { return iterator(base , 0); }
iterator end() { return iterator(base , size ); }

private:

uint least64 t base = 0;




Generalized range-based for

» C++11/14
> same type for begin_expr and end_expr

» C++17 - generalized range-based for
- different types of begin_expr / end_expr
- end_expr does not have to be an iterator
- begin_expr / end_expr must be comparable
- e.g.predicate as arange delimiter

o support for ranges [C++20] )
pport for rang sar K0 pibe 4

auto && range = range expr; | C++17
auto begin = begin_expr(;)

[ C++11,14 |
auto begin = begin_expr@ :

end = end expr; /

predicate J

—

f"" IMMS:/ ivnp’mm%vnl o@mlbv =
~ Wiz < ’Jo %ﬂﬂﬁl»{c,ﬂa Valfobis—



Generalized range-based for

class sentence { / , »
public:  1fenfor prs| it ot o /F/év@/m/ 7 /p/o“«,
struct const iterator ({
char operator¥* return sentence

sentence x{ "Sunny afternoon. I ¥ C++", '.

for (auto&& c : Xx)
cout << c;




Range-based for

® when not to use 7 Jm]gp }7&4 ol wys s
° iteration otherthanw Q ly

- simultaneous iteration om

Z N -h/ﬂﬂ’w) y).@-,]wlﬂoq
© when to use

o common cases - 95%
o jdiomatic
> structured bindings

gj(m m @w e temton m(')edwov.




auto - be careful!

» exact type

- C++03
std: :deque<int> v = { .. };
for( int i1 = v.size()-1; 1i>0; 1i-=2) {

£( vii], v[i-1]);

}

o C++11 [ any problem? }

std: :deque<int> v = { ..

{ ... why?? Where??J




auto - be careful!
C/&Wﬂ wi ohod? & Syprm.
» exactitype ( size_t : unsigned }

o C++403 /
std: :deque<int> v =

for( int 1 = wv. 81ze() 1, 1>O, i-=2)

o S \\L inti- 1-2 = -1 ]
}

o C++11

std: :deque<int> v = { .. };
for( auto i = v.size()-1; i>0; i-=2) {

» use carefully when:

> the interface depends on an exact type
- inference from a complex expression
> computation/correctness is based on an exact type

unsigned int i:
1-2 = 4294967295

s 1 c,/mé/ /zom wsam...




auto - be careful!
> ﬁéé é//& M/M//é/¢ 54/5/% (ﬁ”/é@ /n% % éa/ﬂzéf viz

» exact type, size, ...,)(7}000% fé%W‘& e D = ) o i o % e s o

K zzm/
e e St [ any problem? J
{ [ wide type narrow typeJ J;.é’
72 7414 ﬂ%/us /aééz‘(/

comparison arithmetics

Cloh&éamw-;ﬂ/
VW?lmZ ko int bude VZJ/
size_t ’”’W:M{ o See-t ki
64-bit architectures: ‘/QL 22 -4}
unsigned long long

Z LZz(g




Type deductlon

[ype [nterence




d e Cltype —> Ja fo soiish’ J”"&l’”, mubiwoid MKL/hz/ ne, ol ffore 4% U bowoy,’/ﬂ

> decltype '{/ "/J lCJ)BI/ “WO éﬂ&om/ﬂm/ WW%WMW/V)/
- type deduced from any expression
> limited use for non-template programming
- very useful when used in templates and metaprogramming

| int 1; J compile time J

» usage — MM fidim Woloha, Wb T 2 7%0 [(D/g/»é/ b sldehn

0%//»/( template <typename T> class Srt {

preg

no code generated }

v .
[ T::value_type Vlﬁvwi% 3 //M///m; _
v s o expression not evaluated J
template ... m 1),

A/a/ghowllm/ Sy l 40/@///9 lololyee Eﬁlsi M‘”/;/%WA”’. Volbe.- 7}//0‘



Return value syntax

» return type specification to the end of declaration

uhmm .. what's it good for 7?2 © J

» inside class scope

class Srt { class Srt {
enum Type { TA, TB };
Type getType () ;

}:

rd

v Uz V/W' ze /S&M SOyensh Sy 7[ /74/'%;7(%

redundant scope duplication } 7/

template <typename Builder>

» templates

type deduced from parameters




Return value syntax

» templates - combinations of parameters

T = signed char
U = unsigned char

— int add

5 what do you prefer? l

R




Function return type

» automatic deduction of a return type from return expression
> C++11 - limited: only simple lambdas
- C++14/17 - extensive: all lambdas, all functions

P

: ifferen
> auto - use template type deduction rule dlrufesl ¢ J
- decltype(auto) - use decltype deduction rules '

) .
auto f () { decltype (auto) g() { '>oé Jdﬂ}m? Mua424p§m¢ﬁ

vector<int> v;
decltype (auto) ( size t 1) {

o ...wtf ... why 77?
~ type deductionrules!

.



Type deduction

expected knowledge:

) C++98/03 forwarding references
Klaus Iglberger:
’ FTAD! used Only for templates Back to Basics: Move Semantics (part 2)
o just works www.youtube.com/watch?v=plzaZbKUw2s

- detailed understanding rarely needed
» C++11 - scope expands
- autovariables, universal references, lambdas, decltype
> no more just works, different sets of rules!
C++14/17/20 - scope expands further
- CTAD, function return types, lambda init captures
- same rulesets, more usage contexts

v

auto return type
A auto parameter

type deduction rules Template :

v

- template- T, T&/T*, T&& ; T&& C++11 A capture
auto o b_] ects / //
Type ‘ T&/T* f
- CTAD Deduction auto object
- decltype Nplicit return | A init capture
| T 5
decltype

decltype(auto)




Template type deduction

function template
template< typename T> C+ 198 - FTAD
void f( PT p);

p/ IM by# T S cu{o}’lm

(coust, & .. )

Scott Meyers:
C++ Type Deduction

and Why You Care
» function template vimeo.com /97344493

- PT is often different from T (e.g., const T&)
» implicitinstantiation

- ET - type of expr

- deduction of PTand T from ET

[ C++17: CTAD -

» cases of PT:

o T&/T* - reference or pointer ipair p{2, 4.5}; ‘
o T&& - universal reference

o T - by-value

o




Reference/pointer deduction

7L anni §ﬂ\5)00’ O?%""I?M.t X
» rules: /}W / /
o if ET is a reference => discard reference
o match ET to PT and deduce T /

int x = 1;

keep constness of f( T&)
constpartof T

Z 7'}Dh/b )-o, |/zﬂh7/2 Otz/»im'e& /%,

> behavior of pointers as PT is similar pldiy = ET.




Reference/pointer deduction

» rules:

o if ET is a reference => discard reference
- match ET to PT and deduce T

int x = 1;

no const deduced

( no surprise so far ‘




Universal (forwarding) references

template< typename T>

_,J able to capture lvalue or rvalue J

idea:
- lvalue -> param is Ivalue ref

- rvalue —-> param is rvalue ref
» rules:

- the same behavior as references, except:
- if expris Ivalue with type ET, T deduced as ET/&( =—_| the only case where
2 pak s gidd e fourbtho T is deduced to be &

—

int x = 1;
const int ¢ = x;
const 1int& r = x;

~

& && = &
perfect forwarding
reference collapsing

PT declared &&
deduced &

rvalue - no special handling J




By-value deduction T

int x = 1;
template< typename T const Z!.I’lt c = x;:

' const int& r = x;
void £( T p);

no const
X%’&{/; — deduced

Cos Wnd) /’ mép}z-/ Lwng
P / Son
» rules: oct' 4,7/‘"””’

nove” Jor e
- if type of expr is a reference = discard reference new object
- if expr is const or volatile = discard const/volatile created

o T is (stripped) ET

» template type « reference-ness of arguments is ignored
deduction « universal reference parameters:

- general rules lvalue arguments get special treatment
* by-value parameters:

const / volatile is dropped



auto type deduction

» auto behaves as T
- except braced initializers ~ /later

» full declaration behaves as PT
» @ autodeclaration never deducedto be a reference

- & or && have to be added VEJ@M«M 40 ,.V‘l f ﬂmbzz,wsﬂ class C {
T U

C very hea

int x = 1;

const int c = x;. ﬁb/ﬂ ‘/[/ Ck/;ﬁt/ '! )&Jf \/(/me
7

const int& r = x

by-value
drop &, const

const auto& =~ PT
auto =~ T

1. discard &
2. lvalue = add &
3. && & > &



value categories

l/nacun/v | mjm; WM » prvalue
\ Q“Wlﬂ - f+2" > pure rvalue
o pre-C++11 "rvalue”
% > no identity
E lvalue » Ivalue
'g - assignable
U O e aas maa
v » xvalue
3 o - has identity ("address"
E g xvalue prvalue - expiring value, movable
S > std::move(x), anonymous obj, ...
» rvalue (C++11)
glvalue

> prvalue + xvalue
» glvalue

> generalized Ivalue
> lvalue + xvalue

Has identity No identity




decltype deduction

» rules:
o decltype( nameofypet) > T

- doesnotdiscard const/volatile/& 2 pure rvalue T
[ 1\ rvalue

[e]

decltype( prvalue)=> T e
decltype( xvalue_expr oftype 1) = T&&
decltype( Ivalue_expr of ype 7) = T& < assignable

(¢]

[e]

int x = 1;

const int& r = x; 0{50/7%0’0 V)@dhj/ /’?/WWCV U

int a[l];

@(5/0M0V5Z-7 /W jVLl«/u?t/q;' /

- autoalways discards an outermost reference Q
- decltype either preserves it or even adds one




Function return type deduction [ -asain

» different rules
> auto — use template type deduction rule
- decltype(auto) - use decltype deduction rules

auto f () { decltype (auto) g() {

vector<int> v;

» lvalue int expression
° auto = int

- decltype(auto) = int& Q\

» Beware of the dog!
> name vs. lvalue expr

d % W?%/D /’%eka'
Y Zéé%é;/muMammw oo

decltype (auto) h() {

netude S Vs

{ 9‘7?/76 %%/ }Zc,

decltype (auto) h ()

~ int&

lvalue expr J




Class template argument deduction

, CTAD [C++17]

pair<int,double> p( 2, 4.5);
2

- obsoletes many “make” helpers auto p = make pair( 2, 4.5);
- more efficient compilation
- more efficient generated code
[ deduces int, double
C++17

[ deduces array< string, 3>

list<pair<int, string>> x={{0,"z"}, {1,"o"} };

arg: list<pair<int,string>>::iterator
CTAD: vector<pair<int,string>>

{ why ? ]

StephanT. Lavavej: Class Template Argument Deduction for Everyone
www.youtube.com/watch?v=-H-ut6j1BYU

Timur Doumler: Class Template Argument Deductionin C++17

www.youtube.com/watch?v=UDs90b0yjjQ




Deduction guides

» user defined deduction guides
- useful for library implementators

> how to translate
a set of parameter types
into template arguments

arg: list<pair<int,string>>::iterator
CTAD: vector<pair<int,string>>

template<typename T>

template <typename T> struct MyVec {

deduction
guide

71/ 9'}7”4}"/[”% I,tf/é/u; e c—ngVi»a
proede na b ng‘«a,
a Yoo

CTAD - What Is This New Acronym All About?

Overload Journal #143 deduces MyVec< > ]
accu.org/index.php/journals/2465




Why CTAD

» much less boilerplate
» much better signal-to-noise
» code much more like 'normal’ programming

template< class Cl, class C2>
f(Cl& cl, C2& c2) {

flat map< template< class Cl, class C2>
—+typename—Cl:—value—type f(Cl& cl, C2& c2) {

~ improved maintainability




Deducing this 23

[C++20|
l invoked on const object - const this J

_—

&& - invoked J

' class X

on temporary *this

|C++23|

class X { class X {

class X

» code du- (quadri-) plication
» simplifying CRTP-like idioms

> curiously recurring template pattern
» recursive lambdas




CRTP
Yy s séwz»a'l? W}w%/w/%, "

» Curiously Recurring Template Pattern — 1, ity %ﬂ o Ao % nehd
/ s ~

> compile-time polymorphism y
2@/&/«,
[Vpubllc interface | ugly, old-fasioned = . 5;,/361 /

template <class Drvd> —

_ _ no virtual
implementation methods
l template self deduced as Dx }
N\
class Base { void name( this autoé&é& self) { self.impl(); } 1},




Initializers




initializer_list

» nhot to be confused with member initializer list

jwiu'u/mea WJMD]- WA Wu;#évnfn class db {
db( int id; string nm) : id (id), nm (nm) {};

/%A Ab%%mlAw4
» initialization of structures and containers

vector<string> v "xyz", "oplgh", "abraca"

» template initializer_list user-defined
> initialization of user-defined classes class template

- ad-hoc variables or loops
for( auto&& x : { 6, 7, 8}) template <class T> class S { 49”///,

vector<T> v;

behives like an

std:initializer_list<int> ordinary container




initializer_list
» initializer_list is expanded to a local unnamed array

class X { 7)@, LOM/M///HJLE

X( initializer list<int> v); (

const int _ [] { 1, 2, 3};
X x( initializer list<int>( , +3));

» © lightweight object 7),; Uie e ph@é%/}//%m AT @ Youee

> no need to pass const & / WO;M}Q?
- passing by value doesn’t copy the referenced elements

/ 7
o Jutn_— > | ints £0
» @ initializer_list as a return value chiav / int x;

- references a local array! .
' \ v/ }
- extremely dangerous £ S ; .
initia er 1ygt<int> f£() {

00!9‘/?/ %\73(1’]/141)' ClOl/VH.H/ hll/io“n/ Vém. return 42, 3 };

Il references
local variable




Aggregate initialization

» initialization without explicit constructors

class Person { long id; string name; int age; };

» functionality s’ % gugthout W’fwc{/ Wu’ woﬂ@iwﬁ“
- copy-initialization in order of declaration
> array size deduction
> linitializes| < [members| = default inicialization of the remaining members
- static data are ignored
] . - élm Lféwl/ ’el,, m '@005547/% O[;/«:/Z
» applicability — J /”
o array, struct, class
no private or protected non-static data members
no virtual member functions
no virtual, private, or protected base classes
no user-provided constructors
explicitly defaulted or deleted constructors are allowed




Designated initilizers Lr20

» struct / class

{ Oops &S August or March ??

enum color{ red, green, blue };

struct ScreenCfg {

> rUIES bool autoScale;
bool fullscr;

- only for aggregate initialization
> only non-staticdata members

- designators must have the same order
of data membersin a class declaration

- not all data members must be specified

> no mix of regular initialization
with designaters

- onlyone designator for a data member

Sereeyy o <l - [

https://www.cppstories.com/2021/
designated-init-cpp20/




Uniform initialization

» uniform initialization - concept
v {} (braced) initializer - syntactic construction

» initialization syntax

~

ttt x( init); direct initialization
ttt z{ init}; <

~

copy initialization

J

- equivalent in many contexts
> ... but not everywhere!

» {}initializer = implementation of uniform initialization
o "use {}in all possible contexts”




Uniform initialization

» initial values of non-static data members class T {
int x{ 0};
[() - explicit
. constructor
» uncopyable objects UCO x{ 0};

[ zestihlujici © ]

» prohibits implicit narrowing conversions

> init expression is not expressible
by the type of the initialized object

double a, b, c;

[ nejotravnéjsi J

» immunity to most vexing parse

> anything that can be parsed as a declaration
must be interpreted as one

- Prefer braced initialization syntax

but ...



Constructors and initializer_list

» {}initialization vs. initializer_list vs. constructor overloading
- {}init stricly prefers initializer_list
- if exists any way to use initializer_list, it will be used

—0

class T { class T {
. . b

T( (float) 10,
(float) true);

defowee lompree Ao // o
(o)

class T {

[ T - float ~ {double}




Constructors and initializer_list

» {}initialization vs. initializer_list vs. constructor overloading
- {} init stricly prefers initializer_list

claS§ T { SV Z—ﬂ%&éy S %/&/Mq/g /h/}z/,;/ﬂy_ s ///
//// %{Z%% /é ¢4:4%740¢%%j:/ﬂvﬁ;%9 h%hﬂmjﬁr

1. initializer_list preferred J

2. narrowing conversion prohibited! }

class T {
T(int 1,

bool Db);

_ é% sl nom” @n/’ﬂam)z«/? ) 4owgne/
OK - no applicable ] Phie ﬁ/h/‘é

conversion

—




Empty initializer_list

» no initialization parameters = default constructor

- empty list = initializer_list

class T {

{} means 'no arguments’

~N

most wexing parse

{} means 'empty list’




Consequences

» vector constructors
o vector( size_t size, T init_value)
- vector( initializer_list<T> ) String s( 33, '*'); /) "kkkkkk___ kkn

now considered as a
bad interface design

LN RO

vector<int> x( 3, 1); // 1, 1, 1

cppcon | 2018

. Initializing a Vector
» assertions
. . std: :vector<std: :string> v00 = "1"; /I ERROR: need {}
> lexical analysis _ ‘
std: :vector<std: :string> v01 = {}; I/ OK since C++14
std: :vector<std::string> v02 = {"1"}; 11 0K
as Sert ( c==comp leX (O ’ O ) ) 5 / / OK std: :vector<std::string> v03 = {"1", "2"}; Il 0K
assert ( c==complex{ } ) - // error std: :vector<std: :string> v04 = {{{"1"},{"2"}}};  [/OK
std: :vector<std: :string> v05 = {{"1","2","3"}; 11 0K
std: :vector<std::string> v06 = {{{"1","2"}}}; /I ERROR
std: :vector<std::string> v07 = {{"1","2"}}; Il fatal runtime ERROR
std: :vector<std::string> v09 = {}; Il OK since C++14 NICOLAI JOSUT!-IS
. . std: :vector<std: :string> v10 = {5}; I ERROR: explicit
» the thin g can be even more com P licated swivectomsustring v = 5, aer; IIERROR, G+420 0K 2 '
std: :vector<std::string> v12 = {5, "6", alloc}; Il 0K The nghtmare
. g L std: :vector<std::string> v13 = 5; Il ERROR: explicit of Initialization in C++
© m|Xed eXpIICIt / non_eXpIICIt ConStrUCtorS std: :vector<std::string> v14 = alloc; Il ERROR: explicit
std: :vector<std::string> v15 = {alloc}; Il ERROR: explicit

o default constructor vs. initializer_list
- initialization of aggregates (struct, array), atomics, ...

Nicolai Jossutis:
The Nightmare of Initializationin C++
www.youtube.com/watch?v=7DTIWPgX6zs




Guidances

» "uniform" is not always uniform

- still cases of ambiguity or confusion template< typename T> class C ({
for a human reader, not for compilers C( AnyType x, T y);
» syntax not always intuitive v
template< typename T> class C {

> ...

o

o

(¢]

[e]

for class authors ~ C( AnyType x, Tag z, T y);

design your constructors carefully %

* the overload called should not be affected by using () or {} initializers

design additional overloads carefully P d’é/a“%”,é,é/wz/ /444
initializer_list overshadows other overloads > e 2% s, W///j/é ;‘%,/%4%
nonintuitive behavior in many contexts

a new constructor overload can alter or even invalidate existing code !

for class clients
prefer {} initialization (without =)
some (many) professionals prefer copy-initialization for primitive types

use the other kind only if necessary int 0 = 0:




Ways of initialization

default init &
> - int il;
copy init F:=Ptint i2 = 3;
int i3(3) ;

direct init

'="changes
the type!

value init

direct list init

copy list init




Timur Doumler:

I n itial izatio n Initialization in Modern C++

www.youtube.com/watch?v=ZfP4VAK21 zc

Default init Copy init Direct init Value init Empty braces  Direct list init ~ Copy list init
Type var ; = value; (args); (); i =k dargsk = {args};
Built-in types Uninitialised. Initialised with 1 arg: Init with arg Zero-initialised  Zero-initialised 1 arg: Init with arg 1 arg: Init with arg
Variables w/ static value (via conver- >1 arg: >1 arg: >1 arg:
storage duration:  sion sequence) Doesn’t compile Doesn’t compile Doesn’t compile
Zero-initialised
auto Doesn’t compile  Initialised with  Initialised with ~ Doesn’t compile ~ Doesn’t compile 1 arg: Init with arg Object of type
value value >1 arg: std::imitializer list
Doesn’t compile
Aggregates Uninitialised. Doesn’t compile  Doesn’t compile  Zero-initialised*** Aggregate imit** 1 arg: implicit 1 arg: implicit copy/
Variables w/ static (but will in C++20) copy/move ctor if move ctor if
storage duration: possible. Otherwise possible. Otherwise
Zero-1nitialised*** aggregate init**  aggregate init**
Types with Default ctor Matching ctor (via Matching ctor Default ctor Default ctor if there std::initializer list std::imitializer list
std::initializer_list conversion 1s one, otherwise  ctor if possible, ctor 1f possible,
ctor sequence), explicit std::initializer list otherwise matching otherwise matching
ctors not considered ctor ctor ctor¥****
Other types with Members are Matching ctor (via Matching ctor Zero-nitialised*** Zero-initialised*** Matching ctor Matching ctor*##*
no user-provided* default-initialised conversion
default ctor sequence), explicit
ctors not considered
Other types Default ctor Matching ctor (via Matching ctor Default ctor Default ctor Matching ctor Matching ctor*##*
conversion

sequence), explicit *not user-provided = not user-declared, or user-declared as =default inside the class definition

ctors not considered **Aggregate init copy-inits all elements with given initialiser, or value-inits them if no initialiser given
*¥k¥kZero 1nitialisation zero-initialises all elements and initialises all padding to zero bits
*kk*Copy-list-initialisation considers explicit ctors, too, but doesn’t compile if such a ctor is selected




const ® constexpr ® consteval ® -init

» const
- object that cannot be changed - logical immutability
- cah be evaluated at compile-time
> integral values can be used as array size, NTTA, ...
- cannot be applied to functions

const this

const int SIZE = 99; class C {

» constexpr €+ 11]
- compile-time constant value
> can be used in constant expressions

- cah be applied to functions
they can be called to produce constant expressions

- they canalso be called at runtime
c-t body
constexpr int SIZE = 99; '

constexpr int n = 42;

p is evaluated at c-t

*D = ... 1S prohibited]




const ® constexpr ® consteval ® -init

» consteval (€20
- immediate function
- applied only to functions
- everycall must produce a compile-time constant

constexpr int fact( int n) { return n < 2 ? 1 : n*fact(n-1); }

» constinit [©++20]
- mutable
- forces constant initialization of static or thread-local variables
> it can help to limit static order initialization nondeterminism
precompiled values and well-defined order
rather than dynamic initialization and linking order

int £() { .... }




Modules




Headers & include

» separate compilation
- 50 years old
> #include
- textual processing of the source code
- multiple/redundant compilations

- lack of isolation
- headers can change your code
- your code can change headers
- headers can change each other

- separation of declaration and definition
- one definition rule
- dependencies

<vector>

#include "component.h"

int main ()

<queue>

"other_comp.h" "mylib.h"

<algorithm>
<iostream>
<string>
"“component.h”

main.cpp

<algorithm>
<iostream>
<string>
"component.h”

component.cpp



Modules & import

» C++20 |
- long awaited import component;
- coexistenceinclude / import int main ()
> ©VS16.8

- Gabriel dos Reis
> 0 gcc / clang incomplete

» Binary Module Interface
- compiler/platform specific component.ixx
> compiler options

» export/import [compile] [ import ] main.cop
: : . b
» build system integration -7
ooty -
icomponent.bmi .
I BN
C++ Modules: A Brief Tour S W
Overload 2020/10 |\|/3|| $ da rly
accu.org/journals/overload/28/159/sidwell odule
Interface

Boris Kolpackov: Modules
CppCon 2019
www.youtube.com/watch?v=szHV6RdQdg8

.



Simple export / import

contﬁzt—s:rndsmve J sUffix ixx
yw required by msvc
s L build system
module - export module mylib; mylib.ixx
. declaration
import

. std libraries

exported
L symbol consumer.cpp
module ; mylib.ixx global w
module
finclude <. ...~ fragment | #directives
L only
module )
reamble
. [ import
only

exported
symbols




Templates

BMI
compiled code

redundant
compilation
not needed




Partitions

» modules can be split into separate files module : partition
» partitions

» internal partitions
> no export

export module mylib:classes; mlc.ixx

export module mylib:fnc; mif.ixx
whatever.cpp

mylib.ixx

import module \

p

import partition
reexport




Private partitions

» modules can contain private fragments

declaration only }
export module imp;

struct Impl;

exported
class / methods

definition
not exported

import imp;

method - OK

)

pointer - OK

o
Error: undefined type




Modules - syntax summary

» export,,, module module-name module-partitionp attryp ;
o module declaration - declares that the current translation unit is a module unit

» export declaration

» export{ declaration-seqpy }
- export declaration - export all namespace-scope declarations

» export,,,import module-name attrpy, ;
»export,,,import module-partition attrypy, ;

» export,,,import ~eader-name attrpy ;
> import declaration - import a module unit/module partition/header unit

» module;
- starts a global module fragment

» module : private ;
- starts a private module fragment




Modularization of std libraries

THE #1 PROGRAMMER EXCUSE

» std:: libraries FOR LEGITIMATELY SLACKING OFF:
© C++20 not standardized @ “MY CODE'S COMPILING.
e olatf fic cod
- C++23

HEY! GET BACK
10 \JORK'

“'i

- one big module
- gcc/clang NYI

import std;
- extension

- std.compat OH CARRY ON.
- global namespace
+ contain std
modules
finally . - -
useful hello world <iostream> 0.87 s 0.08 s 10.9
—

mix 9 headers 2.2 s 0.44 s 5

real-world projects 5-20



Attributes




Attributes

» language extensions, compiler properties & hints
o C/C++403: #pragma, __extkeyword
» C++11: attributes
> [[attr]] [[ns::attr(args)]] applicable in many contexts
> unknown attributes ignored
defined by compiler/extensions

user-defined attributes not allowed (no C#)
- should not affect semantics

» common use (of compiler extensions)
- optimization, statistics, parallelism support
- external interface (serialization, database, network, ...)

int [[atl]] i [[at2, at3]];

class [[db::object, db::table("people"))]] person
{

int x [[omp::shared]];




Standard attributes

» [[maybe unused]]
> suppressed warnings

» [[noreturn]]

o function never returns

- _Exit, abort, exit, quick_exit, unexpected, terminate, rethrow_exception,
throw_with_nested, nested_exception::rethrow_nested

- optimalization, warnings - dead code

[ [noreturn]] void the end()

{ ....whatever /D

» [[carries_dependency]] exit ();

> atomic, memory_order - /ater

» [[deprecated]]

» [[deprecated("reason") ]]
> correct but deprecated use

}
, [[likely]], [[unlikely]] (Af( cond) [[likelyl] { ...

o optimization




Standard attributes —

» [[fallthrough]] case 1:
- switch fallthrough
- otherwise warning if break omitted

» [[nodiscard]]
> warning when return value is not used
- aplicable to type/function declaration

struct [[nodiscard]] mt {};

» [[no_unique address]]
> unique address not required struct S {

» syntax: [[ - always attribute beginning
> lambdal!

[ syntax error




