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 Syntax
◦ auto, structured bindings, type deduction
◦ initialization, attributes, modules

 Types
◦ type compatibility, type erasure
◦ any, variant, optional, expected
◦ char & string types, userdef literals

 Libraries
◦ ranges, format, chrono, ...

 Future
◦ C++23/26

cppreference.com
cppcon.org
herbsutter.com
stroustrup.com
cppstories.com
www.youtube.com/user/CppCon/





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

 C++03

 C++11

 C++17
◦ structured bindings

for( auto&& i : m) // a lot of space for my own valuable comments :-)))
 if( i.first == "Me")
        cout << i.second;

map<string,int> m;

what is more readable?

cyklus řízený rozsahem
Kruliš 2014:

 ?



 functions returning multiple values - C++03
void read( handle h, string& rs, bool& valid);

read( db, s, valid);
if( valid)
  doit( s);

bool read( handle h, string& rs);

if( read( db, s))
  doit( s);

pair<string, bool> read( handle h);

pair<string, bool> rs = read( db);
if( rs.second)
  doit( rs.first);

not a function-like 
syntax

non-intuitive in/out par

non-intuitive separation

unnecessary type
verbose

non-descriptive fields

const string& read( handle h);

const string& rs = read( db);
if( result_ok( db))
  doit( rs);

querying state

additional fnc call
static internal state !!!



 C++11

ᴂᴂ read( handle h);

ᴂᴂ(s,valid) = read( db);
if( valid)
  doit( s);

pair<string, bool> read( handle h);

auto rs = read( db);
if( rs.second)
  doit( rs.first);

more convenient

? ? ?

already defined 
variables

 ?

big



 tuple, tie
tuple<string,bool> read( handle h)
{
  return make_tuple(s,b);
}

string s; bool valid;
tie(s,valid) = read( db);
if( valid)
  doit( s); unpacking

auto read( handle h);

auto rs = read( db);
f( rs);
if( get<1>(rs)) .... element access

result forwarding

auto read( handle h)
{
  return make_tuple(s,b);
}

C++14

must be visible
for type deduction

auto f(....) { .... return {a,b,c}; } 
auto [x,y,z] = f();
auto [a,b,c] = { 1, 2, 3};

structured bindings

no declaration needed C++17

automatiebypodk

typa



 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
◦ copy elision

 RVO / NRVO

 array, vector, ..., pair, tuple, struct
int a[] {1,2};
auto f() -> int(&)[2]
   { return a; }

auto [x,y] = f(); 
auto& [xr, yr] = f();

initialized variable ഢ
x ≡ ഢ[0], y ≡ ഢ[1]

auto    [ identifier-list ]
auto &  [ identifier-list ]
auto && [ identifier-list ]

= expression ;
{ expression } ;
( expression ) ;

xr ≡ a[0]
yr ≡ a[1]

C++17

for( auto&& [key,value]:mymap)

auto ഢ = f();
using x = ഢ[0];
using y = ഢ[1];

alias
no indirection

tuple_size<>
get<N>()
tuple_element

postputnabininhodnotFtejnem



auto [x,y] = auto& [x,y] = auto&& [x,y] =
auto f() {
  return
 tuple {1,2};
}

direct constructor  direct constructor

auto g() {
  tuple a {1,2};
  return a;
}

local constructor
move constructor
local destructor

 local constructor
move constructor
local destructor

a[]{1,2};
� { a };

copy-constructor ∅ ∅

a[] {1,2};
auto h() -> int(&)[2]
{ return a; }

copy-constructor ∅ ∅

for( � [x,y] : mmap) copy-constructor ∅ ∅

NRVO  non-
mandatory

C++17:  RVO 
mandatory

do not copy 
redundantly

the se aavolinenamistiwhinifunhee f



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

 C++03

 C++11

 C++17

for (auto&& i : m) // a lot of space for my own valuable comments :-)))
 if( i.first == "Me")
        cout << i.second;

map<string,int> m;

co je přehlednější?what is more readable?

for (auto&& [key, value] : m)            // Structured Binding
    if( key == "Me")
        cout << value;

co je přehlednější?what is more readable?

x.second
x.get<3>



auto i : x copy of each object!
auto& i : x read/write
const auto& i : x read-only
explicittype i : x cast really needed, copy

auto&& i : x applicable everywhereIdiom - use it!

!! e.g. proxy 
vector<bool>

temporal object

r-value, l-value, const, proxy, ...

 supported data structures
◦ x[], std:: containers
◦ user-defined containers

  to be implemented:
begin(), end(), iterator: * != ++

poundjetocharint tainjetojednoTrebaaleat
Stdstring as bytoeele apomalil



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

cannot bind non-const
r-value ref to l-value

class bitfield {
    class proxy {
 operator bool() const { return (base_ >> i_) & 1; }
 proxy& operator=(bool b) const { base_ = ...; }
    private:
        uint_least64_t & base_;
        size_t i_;
    };

    class iterator {
 proxy operator*() { return proxy( base_, i_); }
    };

    proxy operator[](size_t i) { return proxy{ base_, i }; }
    iterator begin() { return iterator(base_, 0); }
    iterator end() { return iterator(base_, size_); }
private:
    uint_least64_t base_ = 0;
};

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

proxy
temporal object

r-value ref
ok



 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 a range delimiter
◦ support for ranges [C++20]

for( range_decl : range_expr) {..}

auto && range = range_expr;
auto begin = begin_expr ;
auto end = end_expr ;
for( ; begin!=end; ++begin) {..}

predicate

C++17
auto begin = begin_expr ,
     end = end_expr; 

C++11,14

Mizonbutjinch typu

jenmusiimplementountoperator

mainsitospecificbyunbit



class sentence {
public:
    struct const_iterator {
 char operator*() const { return sentence_[index_]; }
 void operator++() { ++index_; }
    private:
 const sentence& sentence_;
 size_t index_;
    };
    struct end_iterator {
 char sep_;
    };

    sentence( const string& s, char sep) : s_(s), sep_( sep) {}
    char operator[](size_t i) const { return s_[i]; }
    const_iterator begin() { return const_iterator{ *this}; }
    end_iterator end() { return end_iterator( sep_); }
private:
    string s_;
    char sep_;
};

bool operator!=(const const_iterator& lhs, const end_iterator& rhs) 
{ return *lhs != rhs.sep_; }

sentence x{ "Sunny afternoon. I  C++", '.' };
for (auto&& c : x)
    cout << c;

iteratormust umetiteromtapristupomtunpoloz.hn

Toble je tojedinico potiebujiunvic



 when not to use
◦ iteration other than begin⇝end

◦ access to more elements

◦ simultaneous iteration of multiple containers

☺ when to use
◦ common cases - 95%
◦ idiomatic
◦ structured bindings

for( auto it = k.begin(); it != k.end(); it += 2) ;

for( auto it = k.begin() + 1; it != k.end(); ++it)
    diff = *it - *(it - 1);

auto it1 = k1.begin();
auto it2 = k2.begin();
for( ; it1 != k1.end() && it2 != k2.end(); ++it1, ++it2)
    sum = *it1 + *it2;

ybychmobmyshotit

nerytuorimneiahoustmhtum.pro viceitemtonnajduon



 exact type
◦ C++03

◦ C++11

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

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

... why?? where??

any problem?



 exact type
◦ C++03

◦ C++11

 use carefully when:
◦ the interface depends on an exact type
◦ inference from a complex expression
◦ computation/correctness is based on an exact type

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

size_t : unsigned

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

int i: 1-2 = -1

unsigned int i: 
1-2 = 4294967295



p
deane

umichoditdoaoiporna.tadysihnunndmhyhonee.ve

smim



 exact type, size, ..., ...

for( auto i = 0; i < v.size(); ++i) ....

int i

size_t
64-bit architectures: 
unsigned long long

narrow type 
arithmetics

wide type 
comparison

any problem?

tablealeumibit 6hbit mainmrtu holekavie

g
podledefiniteje 0 int indexinetcosevejdejeu.gg

taketenaghluspobiti
donehoneina

photoietenintbudevedy
mustledgejesizet vetsi
jah32 bit





 decltype
◦ type deduced from any expression
◦ limited use for non-template programming
◦ very useful when used in templates and metaprogramming

 usage

int i;
decltype(i) j = 5;
int f( decltype(i) x) { .. }

template <typename T> class Srt {
  using V = decltype(*&T()[0]);
bool lt( V& a, V& b ) {}

expression not evaluated

decltype( dhl.list()) list;
tav::dh_list::bob_hell_type<tav::dh_list::bob_hell_list_trait>

compile time

no code generated

T::value_type

template ...

jetosocialistjanghrmutimore nodininieumcipou

etypzahompilneeNejlep.si
pro
Jablonovani

pwymmovini

c poundtridimholelici tin T jetyp
holehoe trebustdvector

manymany
asatinsi
anhey

Neyhonnin se actuallyholeheeintomayfunkivaluetype



 return type specification to the end of declaration

 inside class scope

 templates

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

auto add( int x, int y) -> int;

template <typename Builder>
auto doit( const Builder& b) -> decltype( b.create())
{ auto val = b.create();
  return val;
}

uhmm .. what's it good for ?? 

class Srt {
  enum Type { TA, TB };
  Type getType();
};
auto Srt::getType() -> Type {}

redundant scope duplication

type deduced from parameters

tav::dh_list::bob_hell_type<tav::dh_list::bob_hell_list_trait>::Type 
tav::dh_list::bob_hell_type<tav::dh_list::bob_hell_list_trait>::getType(){}

tadyusvim iejsemth.isiSrtnamespaen



 templates - combinations of parameters

template <typename T, typename U>
auto add( T t, U u) -> decltype(t+u);

template <typename T, typename U>
?? add( T t, U u);

template <typename T, typename U>
decltype((*(T*)0)+(*(U*)0)) add( T t, U u);

what do you prefer?

T = signed char
U = unsigned char
→ int add

i



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

◦ auto - use template type deduction rule
◦ decltype(auto) - use decltype deduction rules

◦ ... wtf ... why ???
 ⇝ type deduction rules!

auto add( int x, int y);
decltype(auto) add( int x, int y);

different 
rules!

auto f() {
  vector<int> v;
  return v[i];
}

decltype(auto) g() {
  vector<int> v;
  return v[i];
}

int

int&

vector<int> v;
decltype(auto) g( size_t i) {
  return v[i];
}

f(0) = 1;

I doto



 C++98/03
◦ FTAD, used only for templates
◦ just works
◦ detailed understanding rarely needed

 C++11 - scope expands
◦ auto variables, 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

 type deduction rules
◦ template - T, T&/T*, T&&

 auto objects
 CTAD

◦ decltype

expected knowledge:
forwarding references

Klaus Iglberger:
Back to Basics: Move Semantics (part 2)

www.youtube.com/watch?v=pIzaZbKUw2s



 function template
◦ PT is often different from T (e.g., const T&)

 implicit instantiation
◦ ET - type of expr
◦ deduction of PT and T from ET

 cases of PT:
◦ T&/T* - reference or pointer
◦ T&& - universal reference
◦ T  - by-value

template< typename T>
void f( PT p);

f( expr);  // type: ET

function template
C++98 - FTAD

pair p{2, 4.5};
tuple t{4, 3, 2.5};

C++17:  CTAD ↬

auto p = make_pair(2, 4.5);
auto t = make_tuple(4, 3, 2.5);

Scott Meyers:
C++ Type Deduction

and Why You Care
vimeo.com/97344493

PTmazeby't T sdehoma
const



 rules:
◦ if ET is a reference ⇒ discard reference
◦ match ET to PT and deduce T

◦ behavior of pointers as PT is similar

template< typename T>
void f( T& p);

f( expr);  // type: ET

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

f(x);  // ET: int        ⇝ T: int,       PT: int&
f(c);  // ET: const int  ⇝ T: const int, PT: const int&
f(r);  // ET: const int& ⇝ T: const int, PT: const int&

..... void f( T* p);
const int* p = &x;
f(&x);  // int*            ⇝ T: int,       PT: int*
f(p);   // const int* ⇝ T: const int, PT: const int*

keep constness of f( T&)
const part of T

no &

PT

C tohleiay.EE deffieef



 rules:
◦ if ET is a reference ⇒ discard reference
◦ match ET to PT and deduce T

template< typename T>
void f( const T& p);

f( expr);  // type: ET

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

f(x);  // ET: int        ⇝ T: int, PT: const int&
f(c);  // ET: const int  ⇝ T: int, PT: const int&
f(r);  // ET: const int& ⇝ T: int, PT: const int&

no const deduced

no surprise so far



 rules:
◦ the same behavior as references, except:
◦ if expr is lvalue with type ET, T deduced as ET&

template< typename T>
void f( T&& p);

f( expr);  // type: ET

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

f(x); // lv - T: int&,       PT: int&
f(c); // lv - T: const int&, PT: const int&
f(r); // lv - T: const int&, PT: const int&
f(1); // rvalue - T: int,    PT: int&&

able to capture lvalue or rvalue

rvalue - no special handling

& && ⇒ &
perfect forwarding

reference collapsing

idea: 
- lvalue -> param is lvalue ref
- rvalue -> param is rvalue ref

the only case where
T is deduced to be &
the only case where
T is deduced to be &

PT declared &&
deduced &

palesopridireferentitho



 rules:
◦ if type of expr is a reference ⇒ discard reference
◦ if expr is const or volatile ⇒ discard const/volatile
◦ T is (stripped) ET

 template type
deduction
◦ general rules

template< typename T>
void f( T p);

f( expr);  // type: ET

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

f(x); // T,PT: int
f(c); // T,PT: int
f(r); // T,PT: int

new object 
created

no const 
deduced

• reference-ness of arguments is ignored
• universal reference parameters:

    lvalue arguments get special treatment
• by-value parameters:

    const / volatile is dropped

cotneundiputrees 2441
trimdockwaiherythichi
hoverpromenné



 auto behaves as T
◦ except braced initializers ⇝ later

 full declaration behaves as PT
  auto declaration never deduced to be a reference

◦ & or && have to be added

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

auto y = 0;        // int
auto y = x;   // int
auto y = c;   // int
auto y = r;   // int

auto& y = 0;   // error - nelze zapisovat
auto& y = x;   // int&
auto& y = c;   // const int& (auto: const int)
auto& y = r;   // const int&

const auto& y = 0; // const int& - konstanta
const auto& y = x; // const int& (auto: int)
const auto& y = c; // const int& (auto: const int)
const auto& y = r; // const int&

auto&& y = 0;   // int&& - rvalue
auto&& y = r;   // const int& - lvalue

1. discard &
2. lvalue ⇒ add &
3. && & ⇒ &

const auto& ≈ PT
auto ≈ T

by-value
drop &, const

class C {
  C() { very heavy }
};

C& f() {
  C c; ....
  return c;
}

auto c = f();

vetsinontoiljefunhee.vesp.y.tk
ejedilezitifejeji

return

Pasadena

c



 prvalue
◦ pure rvalue
◦ pre-C++11 "rvalue"
◦ no identity

 lvalue
◦ assignable
◦ ... ... ...

 xvalue
◦ has identity ("address")
◦ expiring value, movable
◦ std::move(x), anonymous obj, ...

 rvalue (C++11)
◦ prvalue + xvalue

 glvalue
◦ generalized lvalue
◦ lvalue + xvalue

1 finiti 1 I



 rules:
◦ decltype( name of type T) ⇒ T

 does not discard const/volatile/&
◦ decltype( prvalue) ⇒ T
◦ decltype( xvalue_expr of type T) ⇒ T&&
◦ decltype( lvalue_expr of type T) ⇒ T&
◦ ...

◦ auto always discards an outermost reference
◦ decltype either preserves it or even adds one

int x = 1;
const int& r = x;
int a[1];

decltype(1+2);     // int - prv
decltype(move(x)); // int&& - xv
decltype(x);   // int - name
decltype((x));   // !! int& - lv
decltype(r);   // const int&
decltype(a[0]);   // int& - lv

pure rvalue

eXpiring value

assignable

rvalue

decltypewhodugblania
Jablonoveloprogmmovaini



 different rules
◦ auto - use template type deduction rule
◦ decltype(auto) - use decltype deduction rules

 lvalue int expression
◦ auto ⇒ int
◦ decltype(auto) ⇒ int&

 Beware of the dog!
◦ name vs. lvalue expr

auto f() {
  vector<int> v;
  return v[i];
}

decltype(auto) g() {
  vector<int> v;
  return v[i];
}

vector<int> v;
decltype(auto) g( size_t i) {
  return v[i];
}

f(0) = 1;

decltype(auto) h() {
  int x;
  return x;
} decltype(auto) h() {

  int x;
  return (x);
}

lvalue expr
⇝ int&

name
⇝ int

int&int

... again

ladybytountiloreference
nu lobiluiprominnon so

nebude zitrimo
scopefunkee



 CTAD [C++17]

◦ obsoletes many “make” helpers
◦ more efficient compilation
◦ more efficient generated code

pair p{ 2, 4.5};

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

deduces int, double

array x = { "dog"s, "cat"s, "rat"s };

deduces array< string, 3>

list<pair<int, string>> x={{0,"z"}, {1,"o"} };
vector y{ x.begin(), x.end()};

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

C++17

why ?

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

Timur Doumler: Class Template Argument Deduction in C++17
www.youtube.com/watch?v=UDs90b0yjjQ



 user defined deduction guides
◦ useful for library implementators
◦ how to translate

a set of parameter types
into template arguments

list<pair<int, string>> x={{0,"z"}, {1,"o"} };
vector y{ x.begin(), x.end()};

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

template <typename T> struct MyVec {
  template <typename It> MyVec(It, It){}
};
template <typename It> myVec(It,It) -> 
MyVec<typename iterator_traits<It>::value_type>;
set<> s;
MyVec v{ s.begin(), s.end()};

deduces MyVec<>

template <class T, class... U>  
array(T, U...) -> array<T, 1 + sizeof...(U)>;

array test{1, 2, 3, 4, 5}; // ⇝ array<int, 5>
template<typename T>
struct S { T t; };
S(const char *)
  -> S<string>;

S s{"A String"};

string

CTAD – What Is This New Acronym All About?
Overload Journal #143

accu.org/index.php/journals/2465

deduction 
guide

Tostmktumude.li ie Cstring
pievede na stdstring

a aloot



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

 ⇝ improved maintainability

template< class C1, class C2>
f(C1& c1, C2& c2) {
flat_map< 
typename C1::value_type,
typename C2::value_type,

  less<typename C1::value_type>, C1, C2>
fm(c1,c2);
}

template< class C1, class C2>
f(C1& c1, C2& c2) {
  flat_map fm(c1,c2);
}



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

◦ curiously recurring template pattern
 recursive lambdas

class X {
  T& get();
  const T& get() const;
};

class X {
  T& get() &;
  const T& get() const&;
  T&& get() &&;
  const T&& get() const&&;
};

class X {
  T& get( this X&);
  const T& get( this const X&);
  T&& get( this X&&);
  const T&& get( this const X&&);
};

C++23

C++20

C++23

class X {
  template <typename Self>
  auto&& get( this Self&& self);
};

class X {
  auto&& get( this auto&& self);
};

invoked on const object - const this

&&  - invoked
on temporary *this

r-val ref

uni ref !

Yea

pohudsepouiivausablunovan.it
types



 Curiously Recurring Template Pattern
◦ compile-time polymorphism

template <class Drvd>
class Base { void name() { (static_cast<Drvd*>(this))->impl(); } };
class D1 : public Base<D1> { void impl() { "D1"; } };
class D2 : public Base<D2> { void impl() { "D2"; } };
 
D1 d1; d1.name();        // D1
D2 d2; d2.name();        // D2

class Base { void name( this auto&& self) { self.impl(); } };
class D1 : public Base { void impl() { "D1"; } };
class D2 : public Base { void impl() { "D2"; } };
 
D1 d1; d1.name();        // D1
D2 d2; d2.name();        // D2

C++23

public interface

implementation

template

no virtual 
methods

ugly, old-fasioned

self deduced as Dx

tohlesestatichypietypuje.nu

sprinttyp aproten se
meloda

20015
Usestaticky





 not to be confused with member initializer list

 initialization of structures and containers

 template initializer_list
◦ initialization of user-defined classes
◦ ad-hoc variables or loops

vector<string> v = { "xyz", "plgh", "abraca" };
vector<string> v ({ "xyz", "plgh", "abraca" });
vector<string> v { "xyz", "plgh", "abraca" }; 

for( auto&& x : { 6, 7, 8}) 
....

auto y = { 9, 15, 21 };
for( auto&& i : y)
....

template <class T> class S {
  vector<T> v;
  S( initializer_list<T> l) : v(l) {}
  void append( initializer_list<T> l)
    { v.insert( v.end(), l.begin(), l.end()); }
};
S<int> s = { 1, 2, 3 };
s.append( { 4, 5});

std::initializer_list<int>

user-defined
class template

class db {
  db( int id; string nm) : id_(id), nm_(nm) {};

behives like an 
ordinary container

inicializueehodnotpiedspuiteninte.la
honstmbtom



 initializer_list is expanded to a local unnamed array 

 ☺ lightweight object
◦ no need to pass const &
◦ passing by value doesn’t copy the referenced elements

  initializer_list as a return value
◦ references a local array!
◦ extremely dangerous 

class X {
  X( initializer_list<int> v);
};
X x { 1, 2, 3 };

initializer_list<int> f() { 
  return { 1, 2, 3 };
}

auto x = f();
!!! references 
local variable

const int __[] { 1, 2, 3};
X x( initializer_list<int>( __, __+3));

int& f() {
  int x;
  return x;
}

ienLOUALIPOLE

byvalue so piedimjijenomanoiteh.aehonec
pointery

divide

Dobrypiedintdouniti nihdiuvan



 initialization without explicit constructors

 functionality
◦ copy-initialization in order of declaration
◦ array size deduction
◦ ∣initializes∣ < |members| ➟ default inicialization of the remaining members
◦ static data are ignored

 applicability
◦ 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

class Person { long id; string name; int age; };
Person p = { 87654321, "My Name", 25 };

musise dachountporaditypi aargumenti

fnnhinijeuujeduoduehiohtri.de



 struct / class

 array

 rules
◦ only for aggregate initialization
◦ only non-static data members
◦ designators must have the same order 

of data members in a class declaration
◦ not all data members must be specified
◦ no mix of regular initialization 

with designaters
◦ only one designator for a data member

Point p{ .x = 3, .y = 4 };
distance({.x{}, .y{5}}, p);

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

enum color{ red, green, blue };
string color_names[] {
  [red] = "red",
  [green] = "green", ... 

C++20

struct Date { int month, day, year };
Date ourWedding { 8, 3, 2018 };

Oops  August or March ??

Date ourWedding { .month=8, .day=3, ..

struct ScreenCfg {
  bool autoScale;
  bool fullscr;
  int bits;
  int planes;
};

ScreenCfg cfg { true, false, 8, 1 }; 

ScreenConfig playbackCfg {
  .autoScale = true, .fullscr = false,
  .bits = 8, .planes = 1
};

Screen sterin



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

 initialization syntax

◦ equivalent in many contexts
◦ ... but not everywhere!

 {} initializer ≈ implementation of uniform initialization
◦ "use {} in all possible contexts"

ttt x( init);
ttt z{ init};
ttt y = init;
ttt z1 = { init}; 

direct initialization

copy initialization



 initial values of non-static data members

 uncopyable objects

 prohibits implicit narrowing conversions
◦ init expression is not expressible

by the type of the initialized object

 immunity to most vexing parse
◦ anything that can be parsed as a declaration 

must be interpreted as one

◦ ➠ Prefer braced initialization syntax
◦ but ...

class T {
  int x{ 0};
  int y = 0;
  int z( 0); // error!
};

UCO x{ 0};
UCO y( 0);
UCO z = 0; // error! 

() - explicit
constructor

zeštíhlující

double a, b, c;
int x( a+b+c);
int y = a+b+c;
int z{ a+b+c}; // error! 

T x( 0);
T y(); //fnc declaration
T z{};

nejotravnější



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

class T {
  T(int i, bool b);
  T(int i, float f);
};

T x(10, true); // T(i,b)
T y{10, true}; // T(i,b)
T z(10, 5.0);  // T(i,f)
T u{10, 5.0};  // T(i,f)

class T {
  T(int i, bool b);
  T(int i, float f);
  T(initializer_list<float> l);
};

T x(10, true); // T(i,b)
T y{10, true}; // T(l<float>)
T z(10, 5.0);  // T(i,f)
T u{10, 5.0};  // T(l<float>)

class T {
  T( const T& t);
  T(initializer_list<double> l);
  operator float() const;
};

T x;
T v( x); // copy constructor
T w{ x}; // T(l<double>) !!!

T ⇝ float ⇝ {double}

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

automatiché



 {} initialization  vs. initializer_list vs.  constructor overloading
◦ {} init stricly prefers initializer_list

class T {
  T(int i, bool b);
  T(int i, float f);
  T(initializer_list<bool> l);
};

T u{10, 5.0};  // error !!

class T {
  T(int i, bool b);
  T(int i, float f);
  T(initializer_list<string> l);
};

T x(10, true); // T(i,b)
T y{10, true}; // T(i,b)
T z(10, 5.0);  // T(i,f)
T v{10, 5.0};  // T(i,f)

OK - no applicable 
conversion

1. initializer_list preferred

2. narrowing conversion prohibited!

Vidychy seprefemia initializer list
hildy jederefunheiniprototenarrowing

tadyaleneuifaninarrowing honvene
taketoprojde



 no initialization parameters ⇒ default constructor
◦ empty list ⇒ initializer_list

class T {
  T();
T(initializer_list<string> l);

};

T x;  // T()
T y{};  // T()
T z();    // declaration!
T u({});  // T(l)
T v{{}};  // T(l)

most wexing parse

{} means 'no arguments'

{} means 'empty list'



 vector constructors
◦ vector( size_t size, T init_value)
◦ vector( initializer_list<T> l)

 assertions
◦ lexical analysis

 the thing can be even more complicated
◦ mixed explicit / non-explicit constructors
◦ default constructor vs. initializer_list
◦ initialization of aggregates (struct, array), atomics, ...

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

now considered as a
bad interface design

assert( c==complex(0,0));  // OK
assert( c==complex{0,0});  // error
assert((c==complex{0,0})); // OK

Nicolai Jossutis:
The Nightmare of Initialization in C++

www.youtube.com/watch?v=7DTlWPgX6zs

string s( 33, '*'); // "******...**"
string s{ 33, '*'}; // "!*"



 "uniform" is not always uniform
◦ still cases of ambiguity or confusion

 for a human reader, not for compilers
 syntax not always intuitive

 ... for class authors
◦ design your constructors carefully

 the overload called should not be affected by using () or {} initializers
◦ design additional overloads carefully

 initializer_list overshadows other overloads
 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

template< typename T> class C {
  C( AnyType x, T y);

template< typename T> class C {
  C( AnyType x, Tag z, T y);

↡

int n = 0;

distésyntultich trik80 anyseeodlisilyhoustushtory



int i1;
int i2 = 3;
int i3(3);
int i4 = int();
int i5 {3};
int i7 {};
int i6 = {3};
int i8 = {};
auto i9 = 3;
auto i10 {3};

auto i11 = {3};
auto i12 = int{3};
int i13();
int i14(4,5);
int i15 = (4,5);
int i16 = int(4,5);
auto i17(4,5);
auto i18 = (4,5);
auto i19 = int(4,5);

undef
3
3
0
3
0
3
0
3 (int)
C++11: init_list<int>
C++14: 3 (int)
initializer_list<int>
3 (int)
function decl
error
5 (int, comma op)
error
error
5 (int, comma op)
error

'=' changes
the type!

default init

copy init

direct list init

direct init

value init

copy list init



Timur Doumler:
Initialization in Modern C++

www.youtube.com/watch?v=ZfP4VAK21zc



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

 constexpr [C++11]

◦ compile-time constant value
◦ can be used in constant expressions
◦ can be applied to functions

 they can be called to produce constant expressions
 they can also be called at runtime

const int SIZE = 99;
array<int, SIZE>;

constexpr int f() {}

int f() const {}

constexpr int SIZE = 99;
array<int, SIZE>;

class C {
  int f() const {}
};

const this

constexpr int n = 42;
constexpr const int* p = &n;

int x = f();
const int y=x;     // OK
constexpr int z=x; // ERROR

p is evaluated at c-t
*p = ... is prohibited

c-t body



 consteval [C++20]

◦ immediate function
◦ applied only to functions
◦ every call must produce a compile-time constant

 constinit [C++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

constexpr int fact( int n) { return n < 2 ? 1 : n*fact(n-1); }
consteval int combination( int m, int n) { return .... }
int a = g();
fact( 4); // OK C-T
fact( a); // OK R-T

combination( 4, 8);  // OK C-T
combination( a, 7);  // ERROR

int f() { .... }
constexpr int g( bool p) { return p ? 42 : f(); }
constinit int x = g( true); // OK
constinit int y = g( false); // ERROR





 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
 ...

                                                                                                   . . .

#include "component.h"

int main()
{
comp();

}

...

<vector>

"other_comp.h"

<algorithm>

<iostream>

<string>

"component.h"

main.cpp

...

<queue>

"mylib.h"

<algorithm>

<iostream>

<string>

"component.h"

component.cpp



 C++20
◦ long awaited

 coexistence include / import
◦ ☺ VS 16.8

 Gabriel dos Reis
◦  gcc / clang incomplete

 Binary Module Interface
◦ compiler/platform specific
◦ compiler options

 export/import
 build system integration

import component;

int main()
{
comp();

}

component.ixx

component.bmi

main.cppcompile import

Binary 
Module 

Interface
executable

compile

Boris Kolpackov: Modules
CppCon 2019

www.youtube.com/watch?v=szHV6RdQdg8

C++ Modules: A Brief Tour
Overload 2020/10

accu.org/journals/overload/28/159/sidwell



export module mylib;

import std;

export std::string get_text() 
{
  return "I am here";
} import mylib;

s = get_text();

mylib.ixx

consumer.cpp

module;

#include <....>

export module mylib;

import submodule;

export {
  std::string get_text(){..}
  class S { .... };
  ....
}

module 
declaration

context-sensitive 
keyword suffix .ixx 

required by msvc 
build system

std libraries

exported 
symbol

import

exported 
symbols

mylib.ixx global 
module 

fragment #directives 
only

module 
preamble

import
only



export module temple;
 
export template <typename T>
struct foo
{
  T value;
  foo(T const v):value(v) {}
};
 
export template <typename T>
foo<T> make_foo(T const value)
{
  return foo<T>(value);
}

import temple;
 
int main()
{   
  auto fi = make_foo( 42);
  cout << fi.value;
    
  auto fs = make_foo( "modules"s);
  cout << fs.value;
}

BMI
compiled code

redundant 
compilation
not needed



 modules can be split into separate files
 partitions
 internal partitions

◦ no export

import mylib;

s = get_text();

whatever.cpp

export module mylib;

export import :fnc;
export import :classes;

mylib.ixx

export module mylib:fnc;

export {
  std::string get_text() {..}
  ....
}

export module mylib:classes;

export {
  class S { .... };
  ....
}

mlf.ixx

mlc.ixx

module : partition

import module

import partition
reexport



export module imp;
struct Impl;

export class S {
public:
  void doit();
  Impl* get() { return i_.get(); }
private:
  std::unique_ptr<Impl> i_;
};

module :private;
struct Impl { .... }; import imp;

int main() {
  S s;
  s.doit();
  auto ip = s.get();

  auto impl = *s.get();
}

Error: undefined type

declaration only

 modules can contain private fragments

definition
not exported

exported
class / methods

method - OK

pointer - OK



 export(opt) module module-name module-partition(opt) attr(opt) ;
◦ module declaration - declares that the current translation unit is a module unit

 export declaration
 export { declaration-seq(opt) }

◦ export declaration - export all namespace-scope declarations

 export(opt) import module-name attr(opt) ;
 export(opt) import module-partition attr(opt) ;
 export(opt) import header-name attr(opt) ;

◦ import declaration - import a module unit/module partition/header unit

 module ;
◦ starts a global module fragment

 module : private ;
◦ starts a private module fragment



 std:: libraries 
◦ C++20 not standardized 

 platform specific code
◦ C++23

 one big module
 gcc/clang NYI

 extension
 std.compat
 global namespace
 contain std

import std;
import std.compat;

modules
will be 
finally 
useful

#include import std speedup

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





 language extensions, compiler properties & hints
◦ C/C++03: #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 [[at1]] i [[at2, at3]];
[[at4(arg1, arg2)]] if (cond) {
[[vendor::at5]] return i;

}

class [[db::object, db::table("people"))]] person
{
unsigned long id [[db::id, db::type("INT")]];
string first [[db::column("first_name")]];

}; int x [[omp::shared]];

[[omp::parallel]] for(;;)
  { .... }



 [[maybe_unused]]
◦ suppressed warnings

 [[noreturn]]
◦ function never returns
◦ _Exit, abort, exit, quick_exit, unexpected, terminate, rethrow_exception, 

throw_with_nested, nested_exception::rethrow_nested
◦ optimalization, warnings - dead code

 [[carries_dependency]]
◦ atomic, memory_order - later

 [[deprecated]]
 [[deprecated("reason")]]

◦ correct but deprecated use

 [[likely]], [[unlikely]]
◦ optimization

[[noreturn]] void the_end()
{ ....whatever
  exit();
}
obscure_type f()
{ if( smth_wrong)
    the_end();
  else return obscure_type();
}

void g() {
  [[maybe_unused]] int y;
  assert(y==0);
}

if( cond) [[likely]] { ....



 [[fallthrough]]
◦ switch fallthrough
◦ otherwise warning if break omitted

 [[nodiscard]]
◦ warning when return value is not used
◦ aplicable to type/function declaration

 [[no_unique_address]]
◦ unique address not required

 syntax: [[ - always attribute beginning
◦ lambda!

switch (n) {
case 1:
case 2: // no warning
  f();
  [[fallthrough]];
case 3: // warning
  g();
  break;
}

struct [[nodiscard]] mt {};
mt f();
[[nodiscard]] int g();

f(); // warning
g(); // warning

myArray[[]{ return 0; }()] = 1; 

syntax error

struct S {
  char c;
  [[no_unique_address]]
  Empty e1;
};


