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https://www.youtube.com/watch?v=lc3UkIZ4zOY&t=78s

Y MeHf eCcTb MeyTa

auto transform(auto f, auto 1ls) {
if (ranges::empty(1ls)) return {};
auto first = ranges::begin(1ls);
auto last = ranges::end(1ls);
auto xs = ranges::subrange{ranges::next(first), last};
return views::single(f(*first))
| views::concat(transform(f, xs));

¥

e /I Mbl oTCloZa MOrm Bbl BbIBECTU TUNM.

template <input _range R, typename F>
requires invocable<F, range _reference t<R>>
transformed view<F, R> transform(F f, R r);

> https://godbolt.org/z/aj8YTKnWd



https://godbolt.org/z/aj8YTKnWd

B a3bike Haskell aTo BnoaHe peanbHo

map f []
map ¥ (X:xs)

[]

f x : map f xs

« KomnunsaTop BoiBegeT Ansl HAac Hambonblwmn obwmn (principle) type.

e "MpuHUMNMaNbHBIM TUN" MOXET bbITb WabaoHOM, TOrAa KOMOUAATOP BbiBEAET
OrpaHMYEeHUs Ha NapameTpsbl WabaoHa.

map :: (Z ->Y) -> [Z] -> [Y]
e 3T0 BONWeEHCTBO paboTaeT Ha anroputme yHupukaunum XuHgam-Munxepa.

 [NoyeMy Mbl He MOXXeM MeTb 3TO B C++7?




YHUOUKALMSA NOMAETCS HAaC1e40BaHMEM

o AOI’IYCTVIM B CXeMe Hacd/z1e0BaHNA CNMPpaBa HAM HaJ40 BbIBECTH f.

g :: Animal - Number
h :: Vehicle -» Number

00 : . :
¥ »Oq
fehxc-gx+hx {‘OAmmalJ [ VehcheJ

« Y10 Takoe type(x)? T)\/ T

= | CyborgCat

J




YHUOUKALMSA NOMAETCS HAaC1e40BaHMEM

« JlONYyCTUM B YCNOBUAX OFPaHUYEHMIA CpaBa Ham Hago BbiBecTw f.

g :: Animal - Number
h :: Vehicle -» Number

fghx=gx+ hx
« BmecTo paBeHCTB MMeeM HepaBeHCTBA.

type(x) < Animal
type(x) < Vehicle

« Pewennem ansa x asnsaotca Tunel CyborgCat

n RobotDog, HO Mexay HUMUK HeNb3s BbIOpaTb.

CyborgCat < Animal
CyborgCat < Vehicle
RobotDog < Animal

RobotDog < Vehicle




YHUpMKayma nomaeTca neperpyskomn

Y neperpysok A1 pa3HOro YMcaa napaMeTpoB HET NPUHLMNMAIBHOIO TUNa.

g :: Int » Int
g :: Int » Int » Int

f h="h(g 1)
« Knaccnuecknum XmHanm-MunHep TyT BbiBeAeT

£ :: (Int -> a) -> a
f :: ((Int -> Int) -> a) -> a

e 3HauuT principaltypef :: (b -> a) -> a

« Ho oH canwkom obwmm, gonyckas Hanpumep (Float -> Double) -> Double

9




[Toyemy neperpyska 370 ya406HO?

. P83Hble, HO B3aMMOCBA3aHHbIE TUTbI.

void Foo(const char* s);
void Foo(std::string s) { Foo(s.c_str()); }

 Pa3Hoe KonM4ecTBO NapameTpoB.

auto si1
auto s2

twine("Hello", name).str();
twine("Hello", name, " ", surname).str();

e OnTMMM3ayuM.

void vector<T>::push back(const T&);
void vector<T>::push back(T&&);

10




Overload set: transform

« XOopoLuee M 3TO MHOXEeCTBO neperpyskm?

template <class InputIt, class OutputIt, class UnaryOp>
OutputIt transform(InputIt firstl, InputIlt lastil,
OutputIt d _first, UnaryOp unary op);

template <class ExecutionPolicy,
class ForwardItl, class ForwardIt2, class UnaryOp>
ForwardIt2 transform(ExecutionPolicy&& policy,
ForwardItl firstl, ForwardItl lastl,
ForwardIt2 d _first, UnaryOp unary_op);

template <class InputItl, class InputIt2, class OutputIt, class BinaryOp >
OutputIt transform(InputItl firstl, InputItl lastl, InputIt2 first2,
OutputIt d first, BinaryOp binary op);

11 https://en.cppreference.com/cpp/algorithm/transform



https://en.cppreference.com/cpp/algorithm/transform

[1lpaBuia BUHTEpCa

1. Yenosek He fo/KeH 6bITb 06513aH NPOBOAUTL B yMe NPoL,ecc neperpysku.
2. EAWHBIM KOMMEHTapUK MOXET ONMcaTb BCE MHOXECTBO.

3. Kaxabll 31eMeHT MHOXeCTBa neperpysku AesiaeT NPUMEPHO OAHO M TO Xe.
« Huxe npumep o4eHb N0OXOro An3anHa.

// returns smallest co-prime for n
int least coprime(int n);

// process coma-separated list of co-primes
// to deduce least possible n
int least coprime(const std::string& x);

12




Overload set: KOHCTPYKTOPbI CTPOKM

« XOopoLuee M 3TO MHOXEeCTBO neperpyskm?

basic_string();

basic_string(size_type count, CharT ch);

basic_string(const basic_string& other, size type pos);

basic_string(const basic_string& other, size type pos, size type count);

basic_string(basic_string&& other, size type pos, size type count);

basic_string(const CharT* s, size type count);

basic_string(const CharT* s);

template <class InputIt> basic_string(InputIt first, InputIt last);

basic_string(const basic_string& other);

basic_string(basic_string&& other);

basic_string(std::initializer list<CharT> ilist);

template <class StringViewlLike> explicit basic_string(const StringViewlLike& t);

template <class StringViewlike> explicit basic_string(const StringViewlLike& t,
size type pos, size type count);

13 basic_string ctors



https://en.cppreference.com/w/cpp/string/basic_string/basic_string

[lpoBepuM npasmio BuHTepca.

std::string s('a', 'b');
std::println("s.size() = {}", s.size()); // ?

« Bam npuwaoce NnpoBecTr B yme paspeLleHne neperpysku 49 OTBETa Ha 3TOT
BONpPOC?

14 https://godbolt.org/z/M7sgxPgqoe



https://godbolt.org/z/M7sqxP9oe

[TouemMy neperpyska 37O C/IOXXHO?

void foo(int); // a
void foo(float); // b

template <typename T>
void bar(T t) { foo(t); };

void foo(double); // c

int main() {
short s = 1; bar(s); // 1
double d = 1.0; bar(d); // 2
}

15




[TouemMy neperpyska 37O C/IOXXHO?

void foo(int);
void foo(float);

template <typename T>
void bar(T t) { foo(t); };

void foo(double);

int main() {
short s = 1; bar(s); // ok, foo(int) called
double d = 1.09; bar(d); // compilation error, ambiguity

¥

16 https://godbolt.org/z/v6dsYW7bn



https://godbolt.org/z/v6dsYW7bn

HacTMYHbIM NOpPAA0K

 [lpeacTaBbTe YTO Y BAC €CTb /Ba Fi < F,nnpnatom F, £ F

KaHAuAaTa.
Toraa Mol Bbi3oBeM Fj.

Fl(pl; P2, ---;pn)

FZ (CI1; q2, ) CIn)

* /1 BbI30B PyHKLUMN.
F(ty,ty, ..., t,)

e TOoraa ecTb YeTbipe BapmaHTa.

F, £ Funpustom F, < F;
Torga mbl BbizoBeM Fs.

Fi < F,vnpustom F, < F;
Fi £ F,nnpustom F, £ F;

JTO ABa OWMOOYHBIX C/Ty4asi.

17




YacTMYHbIM NOPAAOK A5 Neperpysku

o« [1na ABYX XXN3HEeCNOCObHbIX KaHaMAaTOB F; (P4, Do, ..., Pn) N F2(q4, q2, .., Qn) ¥
anaBbizoBa F(ty, ty, ..., t,).

« He xyalwmm sBasieTcs 10T, y kotoporo Vi: ICS(t; — p;) < ICS(t; = q;).
void foo(int, int); // viable pna foo(x, y)

void foo(int, ...); // viable gna foo(x, y)

void foo(int, float, int = ©); // viable ana foo(x, y)
struct S { S(int); };

void foo(S, float); // viable gna foo(x, y)

https://eel.is/c++draft/over.match.best.general

18



https://eel.is/c++draft/over.match.best.general

Llenoykun HesiBHbIX Npeobpa3soBaHmu (ICS)

o [1NA ABYX XN3HECNOCOOHbIX KaHANAATOB F; (1, P2, s Pn) W F5(q1, G2, -y Q) W
anaBbizoBa F(ty, ty, ..., t,)

« Ecint; - p; coaepuT To/IbKO CTaHAAPTHbIe Npeobpa3oBaHus, at; — q;
COAEPXUT He Tosibko ux, To ICS(t; = p;) < ICS(t; — q;)

« Ecnv Bce npeobpasoBaHua cTaHAapTHble, To ICS(t; — p;) < ICS(t; — q;) ecau
e {; = p; ABNAETCA NOAMHOXECTBOM t; — (;.

e t; = pP; UMEET NYULLUUMN PAHT, YeM t; = ;

1 https://eel.is/c++draft/over.ics.rank



https://eel.is/c++draft/over.ics.rank

HacTmMuHbIM NOopsaa0K Npeobpa3oBaHmMM

 Tpu paHra cTaHAapTHbIX NpeobpasoBaHnm: exact match, promotion, conversion.

e [lps3toME <P <C(C

void foo(int); // promotion short -> int (wins)
void foo(float); // conversion short -> float

int main() {
short s = 1; foo(s); // foo(int)

e KOHTpOAbHBIM BONpOC: a 4To Ans long?

20 https://godbolt.org/z/aThjGfGxz



https://godbolt.org/z/aThjGfGxz

[Mlonb3oBaTenbckoe npeobpasoBaHme

struct S { S(long); }; struct T { T(int); };
void foo(S); struct U { U(double); };
int x = 42; struct S { S(T); S(U); };
foo(x); // int -> long -> S void foo(S);

int x = 42;

foo(x); // int -> T -> S

double d = 42.0;
foo(d); // double -> U -> S

21 https://godbolt.org/z/zcs75€77]



https://godbolt.org/z/zc47se7zj

/lo-onpeaensiem YaCTUYHbIM NOPAAOK

« /lBe LLenoyYKkm, B KaXXA0M e4MHCTBEHHOE MOJIb30BaTe/IbCKOe nNpeobpasoBaHme.

ety >U-u -»put;->V-ov —-g;

« CpaBHuBatoTcsa no xeocty ICS(u; = p;) < ICS(v; = q;)

struct A {
operator int(); // 1
operator double(); // 2

}s
int i = A{}; // calls (1)

22 https://godbolt.orgz//dz1TazrMK



https://godbolt.org/z/dz1T1zrMK

[leperpy3ka TpebyeT BbIBOAA TMNOB?

« Ecan B neperpyske yyacTByoT WwWabioHbl yHKL UK, TO Aa.

Beibupaercs Beibupaetca | Beibupatores Crposites

MHOXeCTBO —>|  MHOXecTBo | viable > £ i —> U 1.0
neperpyxeHHbix uMéH | | kaHgupatos | KaHAMAATl npe;g;::ob;;mﬁ e,
s e — i .

. _ void foo(double x);
Ecav ums wabnonHoe template <typename T> void foo(T x);
NoAK/KYaeTCS BbIBOA TUMOB | 'FOO(l)' // exact match
J

23




[nyboka am Kpoanybs Hopa?

e Hacko/1bKO CNOXHBIMU MOTYT ObITb OTHOLUEHWSA YAaCTUYHOIO
nopaaka?

template <typename T> void f(T); // 1
template <typename T> void f(T*); // 2

int ***a;
f(a); // -> ?

o [pu BbIBOAE TUN MOXET bbITb HoNnee 06w MM nnun xxe 6onee
cneLnanbHbIM.

24




YCTaHOBUM YaCTUYHbIM MOPAAOK

« CHavana TpaHCcPOpPMUPYIOTCA NAapaMeTpbl.

template <typename T> void f(T); // (1) — f(T,)
template <typename T> void f(T*); // (2) — f(T,*)
« [lanee BbIBOJ TMMOB 3aMyCKaeTcsi KpecT HaKkpecT.

template <typename T> void f(T*);
f(Ty)s // — FAIL, (1) £ (2)

template <typename T> void f(T);
f(T,*); // -> 0K, (2) = (1)

25 https://godbolt.org/z/s6TirM6TG



https://godbolt.org/z/s6TjrM6TG

ObcyxaeHune

« BbiBOA TMNOB 3anyckaeMbli B NpOLLEeCCe Neperpyskm
NMonapHo A0/KeH ObiTb 40BOJIBHO MPOCTHIM.

« Ero MoXHO cpopMyIMpoBaTh Kak CBOErO poaa Urpy.

26
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Virpa B BbIBOA, TUMNOB

« Bo3amoxHble npeobpa3zoBaHumsa BkatoYatoT [temp.deduct.call] cHaTne mnam
nobaBsieHMe KOHCTAHTHOCTK, Npeobpa3oBaHuMe Tuna kK 6asoBomMy n npoyee

template <typename T> void f(const T& t)

Crincok dopmanbHbIx
rnapameTpoB

i

l

P={const T&}

' [Topronka popmasbHbix

B

f(false)

le

AprymeHTbl B
TOuKe Bbl30Ba

\ 4

| > BbiBog

| napameTpoB |

— l/ e j/ -
P={const T} T = bool (

27

A = { bool }

-

https://eel.is/c++draft/temp.deduct#call



https://eel.is/c++draft/temp.deduct#call

OaHowaroeasa yHuoukaumsa (aeaykums)

« Ecan 3agaH npoToTMn GYyHKLMM C NapaMeTpamMmM M KOHKPETHbIN BbI30B C
aprymMeHTamm.

template <typename T,
F(T, Py, <., T, P);

F(A,, ..., A)

T N

S

« Ctpountca cuctema P; < A; rae < 3TO HanpaB/ieHHasa 04HOLWAroBas geAyKuus,
NOAUYMHSAIOLW,AACA NPOCTbIM U OYEBUAHBIM MPAaBUIAM.

« Ocobyto HenepegaBaemyto NPOCTOTY eN NPUAIET HasIMUMe B a3bike const, volatile,
yKasaTesen n AByxX BUAOB CCbIJIOK.

28




[lpnmep

template<typename T> void f(std::vector<T> const&);
std::vector<int> v; f(v);
 BbIBOA NPOMCXOANT NPUMEPHO TaK:

std::vector<T> const& < std::vector<int>&
std: :vector<T> < std::vector<int>

T < int

T = int

29




CTAD n nomowb B AeAyKunUn

e KOHCTPYKTOPbI K/1aCCOB BbIBOAAT TUMbI.

template<class T> struct container {
container(T);
template<class Iter> container(Iter beg, Iter end);

}s
container c(7); // — container<int>

template<class Iter> container(Iter b, Iter e) ->
container<typename iterator_traits<Iter>::value type>;

vector<double> v;
auto d = container(v.begin(), v.end()); // — container<double>

30 https://godbolt.org/z/sY8nc7bnG



https://godbolt.org/z/sY8nc7bnG

HemHoro 6esymus

template <class T> struct A {
using value_ type = T;
A(value_type) {}
}s
template <class T> A(AKT>) -> A<KAKT>>;
A a(42); // -> A<int>
Ab=a; // -> AKAint>>

Ac=Db; // -> AKA<A<int>>>

31 https://godbolt.org/z/s5P91MrYq



https://godbolt.org/z/s5P91MrYq

J1ambaa 3To ToXe KJ1acc

auto inc = [](std::integral auto x) -> decltype(x) {
return X++;

}s
decltype(inc) inc_again; // ok
« Unevaluated kKoHTeKCT e€ BbluncneHnsa He cocTaBasieT npobiiem.

template <typename T>
decltype([](auto x) -> T { return (T)x; }) c cast; // still ok

double d = 1.5;

auto x = c_castint>(d); // -> 1

32




BbiBOA rae yrogHo?

template <auto f = []{}> struct S {};
S X, Y;

static_assert(std::is_same_v<decltype(x), decltype(y)>);

« GCC: <source>:6:20: error: static assertion failed
6 | static_assert(std::is_same_v<decltype(x), decltype(y)>);

| Pog Py P PP hNNNNNNl'\.ll'\.lNNNNNNNNNNNNNNNNNNNNNNNNNN

o Clang: <source>:4:1: error: template arguments deduced as 'S<(lambda at
<source>:3:20){}>"' in declaration of 'x' and deduced as 'S<(lambda at
<source>:3:20){}>"' in declaration of 'y’

4| sxy;

| N P

33 https://godbolt.org/z/4e3hx31Gs



https://godbolt.org/z/4e3hx31Gs

BaxxkHoe HabatoaeHme

e [IpyMep MOXHO NOYNHUTL, NPOCTO YOpaB BbIBOA, TUMOB.

template <auto f = []{}> struct S {};

S<> X, VY;

static_assert(std::is_same_v<decltype(x), decltype(y)>); // OK
o TakXe MOXHO MOYMHUTb, OCTABMB €ro pasze/bHbiM.

template <auto f = []{}> struct S {};
S X; 5Y;
static assert(!std::is _same v<decltype(x), decltype(y)>); // OK

34




AHa/IN3 C TOUKU 3peHUnd CTaHAapTa

« Ansa S 6yaet noctpoeH deduction guide
template <auto f = []{}> S() -> S<f>;

« [lanee auto BbiBegeTca n3 invented declaration.

T tmp = [{};

« Takum obpasom nonyyaem:

typeof([]{} use #1) = L1 typeof([]{} use #2) = L2
decltype(x) = S<L1{}> decltype(y) = S<L2{}>

35




Tak 4To 51 Ha cTopoHe clang

template <auto f = []{}> struct S {};
S X, y; // ill-formed

static_assert(std::is_same_v<decltype(x), decltype(y)>);

typeof([]{} use #1) = L1 typeof([]{} use #2) = L2
decltype(x) = S<L1{}> <t:>’ decltype(y) = S<L2{}>

The placeholder is replaced by the return type of the function selected by overload resolution for class template deduc-
tion ([over.match.class.deduct]). If the decl-specifier-seq is followed by an init-declarator-list or member-declarator-list
containing more than one declarator, the type that replaces the placeholder shall be the same in each deduction.

36 https://eel.is/c%2B%2Bdraft/dcl.type.class.deduct#a



https://eel.is/c%2B%2Bdraft/dcl.type.class.deduct#1

OaHowarosas, KOMYy roBOpAT

template <typename T> struct B { B(T) {} };

template <typename T> int buz(B<T>) { return 0; }
/] ...
buz(1);

37




Mrpa B BbIBOZ, TUMOB: Mbl NPOUTPasn

o BbIBOA TUNOB MOXET CA4e/1aTb NpAMYIO MHULNaTN3aUNK0 CNMNMCKOM MHULU WA/ IN3al NN

AN MHULLMAN3ALLMIO NPOCTOro arperaTa, Ho He bonee Toro.

template <typename T> int f(B<T>)

napameTpoB napameTpoB
P={B<T>} P=1{B<T>}

38

Cricok dbopmanbHbix 3 [Moaroxka dpopmasnbHbIx 3

BoiBog

£(1)

AprymeHTbl B
TOYKe Bbl30Ba

FAIL

!

A={int}

https://godbolt.org/z/sMfjPb



https://godbolt.org/z/sMfjPb

Y MeéHda eCTb MeyTa...

template <int> struct A {};
struct X { operator A<O>(); operator A<1>(); };
template <int...> struct good : std::false_type {};

template <>
struct good<o, 1, 1, 0, 1, 0, 1, 1> : std::true_type {};

template <int... Ts> requires good<Ts...>::value
int hard(A<Ts>...);

hard(X{}, X{}, X{}, X{}, X{}, X{}, X{}, X{});

39 https://godbolt.org/z/KPgggnKcM



https://godbolt.org/z/KPqq9nKcM

OrpaHunyeHme: non-deduced context

B HekoTOpbIX Ciyvasx mbl nonagaem B non-deduced context
template<typename T> void f(typename T::value type);

F(x);

 3/1eCb UTOrOBOE YPaBHEHME He CYNTAETCS YpaBHeHMeM ans T.

typename T::value type < type(x)

 ToyHo Takxe non-deduced co3gaéTcs yepes decltype naum sizeof.
template<typename T> void foo(decltype(std::declvalcT>()));
int x; foo(x); // FAIL

40




YBbl, NTTP 310 non-deduced kKoHTeKcT

e [loacTaHOBKaA OK.

template<typename T, int N> void buz(T const(&)[N]);
buz({1, 2, 3}); // — void buz<int, 3>(int const(&)[3]);
« A BOT BbIBOZ byaeT npoBasaeH

template<int N> void foo(int (&)[N + 1]);

int main() {
int arr[10];
foo(arr); // FAIL

41 https://godbolt.org/z/GTbsgbaaT



https://godbolt.org/z/GTb59ba1T

MHoraa BbiBOA TUNOB TpebyeT neperpysku?

template <class T> void foo(T (*p)(T)) {
std::cout << p(9) << std::endl;
}

int bar(char) { return 0; } // 1
int bar(int) { return 1; } // 2

foo(bar); // -> ?

42




Cambi 06MAHbBIV M3 3aNpeToB

« [leperpy3ka 415 BbIBOAA TUNOB He MOXET cama TpeboBaTh BbIBOAA TUMOB

template <class T> void foo(T (*p)(T)) {
std::cout << p(@) << std::endl;

}
template <typename T = char> int bar(T) { return 0; } // 1

int bar(int) { return 1; } // 2
foo(bar); // -> FAIL

 3TO He NO3BO/ISIET UHTEPECHYIO PEKYPCUIO

43




Y MeéHda eCTb MeyTa...

e A3bIk C++ (pycckoe C, untaetca kak 3c-laoc-Mnioc).

« CeMaHTNYeCKM HeorpaHnyeHHbin C++.
 Pekypcms Ha KOHL.eNnTax KOHEYHO Xe.

« CkONbKO yrogHo user-conversions B |CS.

« HesBHble Lenoykn npeobpasoBaHMN B BbIBOAE TUMOB.
« Hukakoro non-deduced Boobuue.

« Mbl ceroaHs ewé B Hero gobasum puu...

« 1N NpoCTbIX NporpamMm oH byzeT BecTn cebs B
TOYHOCTU KakK C++. NSl CAOXHBIX... HY OH ByaeT Huuem
He OrpaHuYeH.

44




[1o6aBnM orHs

int foo(int, char) { return 0; }
int foo(double, long) { return 1; }

template <typename T, typename U>
int bar(T t, int (*)(T, U)) { return foo(t, 9); }

bar(42, &foo); // gcc OK, clang FAIL

<source>:12:3: error: no matching function for call to 'bar’
12 | bar(42, &foo); // gcc OK, clang FAIL
| hNN

<source>:5:5: note: candidate template ignored: couldn't infer template argument 'U’
5 | int bar(T t, int (*)(T, U)) { return foo(t, 9); }

| A

45




HeMHOro o cxo/slacTUYeCcKux aprymeHTax

int foo(int, char) { return 0; }
int foo(double, long) { return 1; }

template <typename T, typename U>
int bar(T t, int (*)(T, U)) { return foo(t, 9); }

template <typename T, typename U>
int buz(int (*)(T, U), T t) { return foo(0, t); }

bar(42, &foo); // gcc OK, clang FAIL
buz(&foo, 42); // gcc FAIL, clang FAIL

46 https://gcc.gnu.org/bugzilla/show bug.cgi?id=124357
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CHoBa non-deduced context

template <typename T> template <typename T> template <typename T>

int £(T (*p)(T)); int £(T (*p)(T)); int £(T, T (*p)(T));
int g(int); int g(int); int g(int);

int g(char); char g(char); char g(char);

int i = f(g); // OK int i = f(g); // FAIL int i = f(1, g); // OK

6 When P is a function type, function pointer type, or pointer-to-member-function type:

(61  — If the argument is an overload set containing one or more function templates, the parameter is treated as a non-

deduced context.

6.2)  — If the argument is an overload set (not containing function templates), trial argument deduction is attempted us-

ing each of the members of the set whose associated constraints ([temp.constr.constr]) are satisfied. If all success-

ful deductions yield the same deduced A, that deduced A is the result of deduction; otherwise, the parameter is
treated as a non-deduced context.
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HeMHOro o KOMNMAATOPHOM AEMOKPATUM

Drea Pinski 2026-03-07 05:25:18 UTC

clang and EDG rejects both examples.
But MSVC follows GCC here and accepts the first and rejects the second.

so 1t is 2 vs 2. Maybe there 1s a defect report here.
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Tekyuiee coctoaHune C++

e C++ ABNGETCA NOAMHOXECTBOM
Hekoero kyaa 6osee KOHCUCTEHTHOrO
A3blIKa.

N3 koTOpOro ybpanu BCE, 4to Aenano
KOMMUAALUMo 6ecKoHeYHOMW.

e [locne yero nepeyHem 4YacTHbIX
cnyyaeB gobaBuan Bcé 6e3 vero 6bis10
Obl CINLIKOM C/IOXHO XUTb.

e VI caenanm sTo He CTONILKO JII0AM,
CKO/IbKO BeTep.
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O6LWwmnm BbIBOA,

« CaMble C/I0XHble CeMaHTUYeckme npoLecchl 3To Te,
KOTOpbl€ MCMOb3YIOT B TOW MAU MHOWN popme
OTHOLWEeHMA YaCTUYHOIroO NopPsaAKa.

» Boibop 6bosee noaxoaswero kaHgnaaTa.
« OnpeaeneHune bonee cneymanbHOro TMnNa.

« OnpeaeneHune b6osee CTPOroro orpaHMUYeHUs.

» Bo Bcex aTux cnyyvasx a3bik C++ MexAy pelleHuem
OTHATb YTO-TO Y NPOrpPaMMMCTa U pelleHneM ybpaTb
y 4ero-To MaTeMaTMyecKyto KpacoTy, BoibrpaeT
BTOpOEe.

e 32 3TO Mbl ero cobCcTBEeHHO M.

50

Name resolution

!

Type Deduction

Y

Type Substitution




PekomeHayeMble BONPOCH

« Kak paboTaet yHudpukaumna XuHaam-Munnepa? 4 cabiwan, 4To yHUPuKauma XmHAAN-
MunHepa Takxe He O4YeHb APYXMUT C MyTabelbHbIMY NepeMeHHbIMU. VIHTepecHbl AeTanu.

« Pacckaxxnte Npo cTpaHHble acnekTbl PeKYPCUMBHOIMO BbIBOAA TUMOB U €CTb IN Y
KOMMUAATOPOB rn1asa’?

o A cnbiwan CTAD HeMHOro KpUTUKYIOT. PacckaxunTe 3a 4To?

« Pacckaxnte npo B3aMMoOAEeNCTBME C KOHL,eNTaMn?

« PacckaxunTe nogpobHee npo cTaHAapTHble NpeobpaszoBaHus Npu neperpyske.

« Kakve npaBuna y npouecca o4HOWAroBou AeAyKLUU 1 KaK TaM CCblIKM A06aBASAOT OrHA?

« PacckaxuTe 6bonblue Npo YaCcTUYHBIM NOPSAAOK WABAOHOB GYHKLLMN.
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YHUOUKAL NS

Kak paboTtaeTt yHnopukaumsa XvHaamn-MunHepa?
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[Mpoueaypa yHnpumKaymm

map f []
map £ (Xx:xs)

[]

f x : map f xs

e BBOAMM NepemeHHble.
e MycTb A3To type(map)

« Bato type(f)
« Co10o type(x) nTak ganee

« /lna onepaTopoB BaXKHO rAe MMEHHO OHU NOABAAOTCS.

type(rhs :) sato Y -> [Y] -> [Y]
type(lhs :) 310 Z -> [Z] -> [Z]
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[Mpoueaypa yHnpumKaymm

map £ [] =[]

map f (x:xs) = f x : map f xs

« BBOANM NepemMeHHble. * CocTaB/1IeM CUCTEMY YPABHEHWM
type(map) = A D = [Z]

type(f) = B C =12

type(x) = C B=C->Y
type(xs) =D A =B ->D ->E
type(lhs :) =2 -> [Z] -> [Z] E = [Y]

type(rhs :) =Y -> [Y] -> [Y] A =B -> [X] -> [R]
type(lhs []) = [X] X =1

type(rhs []) = [R] R =Y
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[Mpoueaypa yHnpumKaymm

map f [] =[]
map f (x:xs) =

* Pelwaem cnctemy ypaBHeHUM
D = [Z]

C =12

B=C->Y
A=B->D ->E
E = [Y]

A =

X =

R =

B -> [X] -> [R]
Z
Y

f x : map f xs

55

* [lonyyaem pelwweHune
OTHOCUTENIbHO Y U Z.

>m>X X W N O

[Z]
Z

L ->Y
Z

Y
[Y]
(Z ->Y) -> [Z] -> [VY]

https://en.wikipedia.org/wiki/Type inference



https://en.wikipedia.org/wiki/Type_inference

[Tpobnembl ¢ MyTabenbHOCTbIO

e EC/in Mbl paccMOTPUM HeYTo BpoAe:

let r = ref [] in
r:= [1];
cons(true, r)

 To anqa knaccmyeckoro XmHaan-Munnepa principal type nonyumtcs oyeHb obwmn.
r = Ref (List a)
« TyT gosHa 6bITb owmnbka ecav Bool + Int

e JInboRef (List Int) ecmBool < Int
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HAS BEEN SEEN




Strange Aspects of Recursive Deduction

auto sum(int i) { auto sum(int i) {
if (i == 1) if (1 ==1)
return 1i; return sum(i - 1) + i;
else else
return sum(i - 1) + i; return i;
} }

https://godbolt.org/z/TEs50eo0PT https://godbolt.org/z/gq6rnW39gs
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https://godbolt.org/z/q6rnW39qs

Strange Formulations in the Standard

auto sum(int i) {

if (1 == 1)
return 1i;
else

return sum(i - 1) + 1i;

¥

https://godbolt.org/z/TEs50e0PT

59

Once a non-discarded return statement
has been seen in a function, however, the
return type deduced from that statement
can be used in the rest of the function,
including in other return statements.
[dcl.spec.auto.general]
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Do Compilers Have Eyes?

« In the C++23 standard, the expression "has been seen" appears only three times.

1. Once a non-discarded return statement has been seen in a function, however,
the return type deduced from that statement can be used in the rest of the
function, including in other return statements. [dcl.spec.auto.general]

2. Aclassis considered defined after the closing brace of its class-specifier has
been seen even though its member functions are in general not yet defined.
[class.pre]

3. Similarly, the use of A::B as a base-specifier is well-formed because D is derived
from A, so checking of base-specifiers must be deferred until the entire base-
specifier-list has been seen. [class.access.general]

« Its meaning is vague in all these cases.
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CTAD

N ero kputmka
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CTAD

e KOHCTpPYKTOPBI MOTYT ObITb MCMOB30BaHbI 415 BbIBOAA TUMOB.

template<typename T> struct container {
container(T t);
// and so on

}s
container c(7); // — container<int>
auto c¢ = container(7); // — container<int>

auto ¢ = new container(7); // — container<int>
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Implicit Guides

 EC/IM KOHCTPYKTOPA HET, HYXXHO MNCATb ABHbIN XUHT.

template <typename T> struct Value { T value; };
template <typename T> Value(T) -> Value<T>; // explicit
o EC/IM KOHCTPYKTOP €CTb, KOMMNUAATOP FreHEPUPYET HEABHBIN XUHT.

template <typename T> struct Value {
T value_;

Value(T val) : value (val) {}
¥

template <typename T> Value(T) -> Value<T>; // implicit
template <typename T> Value(Value<T>) -> Value<T>; // implicit
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Critique of Deduction Guides

template <typename It> bool is palindrome(It first, It last) {

return std::equal(first,
last,
std: :reverse iterator(last),

std: :reverse iterator(first));
}

« Available constructors:
reverse_iterator(iterator_type x);

template <typename U>
reverse iterator(const reverse iterator<U>& other);

64 wctad-maybe-unsupported
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KOHLIENTH!

B3anmMogencTemne ¢ orpaHUYEHUSAMMN.
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OrpaHnyeHVd BANAIKOT Ha Neperpysky

template <typename T>
requires (sizeof(T) > 4)
void foo(T x) { /* do something with x */ }

template <typename T>
requires (sizeof(T) <= 4)
void foo(T x) { /* do something else with x */ }

foo('c'); // OK for sure
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BbiBOA, TMNOB HE CMOTPUT Ha OrPaHUYEHUSA

« B npuHuKMne BbIBOA TUMOB MOT Bbl MICNO/Nb30BaTb MHPOPMALLMIO OT OrPaHUYEHUN.

double foo();
int foo(int = 0);
std::integral auto t = foo(); // ambiguity

« Ho oHM He genatoT 310ro. Y1066l NOHATE NOYeMy, NpeacTaBuMm cebe:

C auto x = f(a()J b(): C()J d())3

o JlonycTum TyT y Kaxaou GyHKLMM NO NATb Neperpysox...

67




CTARHAAPTHDIE
HPEOEPABOBAHI/IFI

X npeobpas




HacTmMuHbIM NOopsaa0K Npeobpa3oBaHmMM

« PaHr uenoyku cTaHgapTHbIX NpeobpasoBaHnn t; — p; PaBEH HAUXYALLEMY PaHTy
BXOAALLErO TyAa Npeobpa3oBaHus.

 Tpu paHra cTaHAapTHbIX NpeobpasoBaHum: exact match, promotion, conversion.
e [lpustoME <P < C(C

int x =5, y; vy = x + 2; // lvalue to rvalue
int a[1@0], *b; b = a; // array to pointer
int f(int); int (*pf)(int); pf = f; // function to pointer

int v; const int *pv = &v; // qualification conversion
int (*pfn)(int) noexcept; pf = pfn; // function pointer
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YacTM4YHbIM NOpsaa0K Npeobpa3oBaHMM

« PaHr uenoyku cTaHgapTHbIX NpeobpasoBaHnn t; — p; PaBEH HAUXYALLEMY PaHTy
BXOAALLErO TyAa Npeobpa3oBaHus.

 Tpu paHra cTaHAapTHbIX NpeobpasoBaHum: exact match, promotion, conversion.

e [lpns3ToME < P < C

int i = true + 1; // integral promotion bool -> int
double d = 2.0 + 1.0f; // fp promotion float -> double
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HacTmMuHbIM NOopsaa0K Npeobpa3oBaHmMM

« PaHr uenoyku cTaHgapTHbIX NpeobpasoBaHnn t; — p; PaBEH HAUXYALLEMY PaHTy
BXOAALLErO TyAa Npeobpa3oBaHus.

 Tpu paHra cTaHAapTHbIX NpeobpasoBaHum: exact match, promotion, conversion.

e [lpns3ToOME <P < C
float fp = d; // fp conversion

short s = 1; // integral conversion
float g = 1; // int to float conversion
int *pi = nullptr; // pointer conversion
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[lonb3oBaTenbckme npeobpasoBaHUS

struct Foo {};
struct Bar : Foo {};
struct Baz : Foo {};

struct X {
operator Bar();
operator Baz() const;

}s
void foo(const Foo &f);

void bar() {
foo(X{});
}

72

e Y Hac aBe uenoyku |CS.
X{} » Bar -» const Foo&
X{} » Baz » const Foo&

e OHU BbLIFNAAAT OAMHAKOBbLIMM N Mbl
BUANM 3€Cb HEOAHO3HAYHOCTb.

« Ho 0632 MEMHCTPUMHbBIX KOMMUAATOPA
noyemy-To npeanoymTatoT Bar.

overload-resolution-with-const-qualification
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NEAYKUNS

[paBuna ogHoWarosou yHndukaumm B C++ 1 Npu YEM TYT CCbINIKMN.
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[IpaBuaa yHUOUKaALUA

[paBuna (HepopmManbHO AeLyLMPOBAHbI MHOW M3 CTaHAAPTA).
t<Tkrt=T

T&SKU&FTSU
T&& K U&&FT <
cvT<cwUFRTS

C(Py,...,B) < C{Ay, .., A ) F P, < Ay, .., Py < Ay

U (c oroBopkou Ha forwarding)
U

74 https://eel.is/c++draft/temp.deduct
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BbiBOA Yero yrogHo?

 Te xxe coobpaxxeHunsa paboTatoT 419 BbIBOAA AOBOJIbHO C/IOXHbIX TUMOB.
template<typename T> int foo(T(*p)(T));

int bar(int);

foo(bar); // — int foo<int>(int(*)(int));
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[NaBHbIV XaK BbIBOAA TUMOB

B cnyvae cneymancHom popmbl T&E, BbIBOA 3aBMCUT OT value-category.
template <typename T> int foo(T&&);

int x;
int& y = x;

foo(x); // — int foo<int&>(int&)
foo(y); // — int foo<int&>(int&)
foo(5); // — int foo<int>(int&&)

A forwarding reference is an rvalue reference to a cv-unqualified template parameter that does not represent a tem-
plate parameter of a class template (during class template argument deduction ([over.match.class.deduct])). If P is a
forwarding reference and the argument is an Ivalue, the type “lvalue reference to A” is used in place of A for type de-
duction.
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OrpaHun4yeHune: Boobuie He BbIBOA TMMNOB

. CBépTKa CCbIZTIOK MPOUCXOAUNT TOJIbKO Ha BbIBOAE, HE Ha NOACTAHOBKE TUIMOB.

template <typename T> struct Buffer {
void emplace(T&& param); // substitute T

template <typename T> struct Buffer {
template <typename U> void emplace(U&& param); // deduce U

« He ctonT 310 NyTaTh € Non-deduced KOHTEKCTOM.

1 Template argument deduction is done by comparing each|function template parameter type|(call it P) that contains
template parameters that participate in template argument deduction with the type of the corresponding argument of

77 https://eel.is/c++draft/temp.deduct.call
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KPECT-HAKPECT

YacTnyHbIM NOpsaAoK Wab/IoHOB Npu neperpyske
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TpaHcdopMauma NnapamMeTpoB

o [temp.func.order/3] for each type, non-type, or template template parameter
synthesize a unique type, value, or class template respectively and substitute it
for each occurrence of that parameter in the function type of the template

template <typename T> void f(T); // — f(T,)
template <typename T> void f(T*); // — f(T,*)
« /lanee Ha 3Ty napy TPaHCHOPMMUPOBAHHbIX TUMOB 3aMyCKAETCA BbIBOA,.

o [temp.deduct.partial/2] The deduction process uses the transformed type as the
argument template and the original type of the other template as the parameter

template.
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HacTMUHbIM NOPAAOK WAabAOHOB QYHKLUA

B cnyyae wabnoHOB GyHKLMM, OHM YaCTUYHO ynopsgodeHbl Ha bonee
cneunasn3npoBaHHbIE U MeHee CneLnain3npoBaHHbIE.

« [temp.func.order] Partial ordering selects which of two function templates is more
specialized than the other by transforming each template [...] and performing
template argument deduction using the function type

« Bonee cneynannsnpoBaHHas BbIMrpaeT Neperpysky, HO AN onpejeneHns 3Toro
Mbl 4OJIXKHbI:

« TpaHCcHOpMMPOBaATbL NApaMeTpbl.
e 3aNyCTUTb BbIBOA, TUMOB.
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/1BOMIHOW BbIBOA

e OH NPOMNCXOAMNT HECKONIbKO KPeCT-HaKpecT.

#template | Parameter type Argument type
template, | template <typename T> void f(T) (T,)
template, | template <typename T> void f(T*) £(T,*)

[temp.deduct.partial/2] This process is done twice for each type involved in the
partial ordering comparison:
e once using the transformed template, as the argument template and template, as the
parameter template

« and again using the transformed template, as the argument template and template, as
the parameter template
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[Tpnmep € KOHGANKTOM

e NlHoraa (2) < (1) HO npm 3TOM U (1) < (2)

template <typename T> void f (T, T); // 1
template <typename T1 typename T2> void f (T1*, T2*); // 2

 fIBHOrO opAepuHra Mexay HUMU HeT

double t, s;
 (t, &s); // — noaxooutT K 060OMM M 3HAYUT KOHPAUKT

e 3TO OYEeHb BAXHO. J/IErKO HANTU YTO-TO, YTO KOHD/IMKTA He AaCT
+ (t, t); // — TpuBmnanbHo Bbi3biBaeT (1)

e Ho ecsin BHOTO op4depwnHra HET, 3Ha4YNT eCTb UTO-TO 414 Yero eCTb KOHCI)J'IVIKT
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Pe3ynbTnpytolee oTHoOLWEHME

e Mbl BUAMM, YTO HAM HY>KHO PAaCCMOTPETb ABa C/1yYas

// 1. compare (1) not less specialized then (2)
template <typename T> void f(T);

T, *a; f(a); // OK, (1) > (2)

// 2. compare (2) not less specialized then (1)
template <typename T> void f(T*);

T, b; f(b); // FAIL, (2) < (1)

« OTkyaa oyeBmaHo (1) > (2)
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Ewe 6bonee npocsetasaowmm npmmep

e PaccmoTpum neperpysky

template <typename T> void foo(int n); // 1
template <typename T> void foo(T t); // 2

e O4eBMAHO A1 CUHTE3UPOBAHHOIO TMNa T:

foo(T,); // He noaxoguT pna Bbi3oBa <T>foo(int)
foo(int); // nopxoant pna BeizoBa <T>foo(T)

[lanee cMoTpuM AN4
foocint>(42); // — 1

OHo noaxognT K 060omM, BbIMIpbIBaeT bosiee cneymanbHas
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Ewe 6bonee npocsetasaowmm npmmep

e PaccmoTpum neperpysky

template <typename T> void foo(int n); // 1
template <typename T> void foo(T t); // 2

e O4eBMAHO A1 CUHTE3UPOBAHHOIO TMNa T:

foo(T,); // He noaxoguT pna Bbi3oBa <T>foo(int)
foo(int); // nopxoant pna BeizoBa <T>foo(T)

[lanee cMoTpuM AN4
foocint>(42); // — 1

OHo noaxognT K 060omM, BbIMIpbIBaeT bosiee cneymanbHas
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