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[1lnaH AoKnada

* HacTosLwee: copy elision
* OnNnCaHume
* OrpaHNY4EHNA
* peanmsaums

e byayulee: ultimate copy elision
* ONnNnMCaHme
* VAy4LllEeHnA
* peanin3aunsa, pesynbraThbl



Lenb AoKNana

Pacckazame o Hosom rniporno3ase — ultimate copy
elision, Noka3as, KAKUM 0b6pa30M OH yAy4ywum HCU3Hb
pa3spabomyuKkos C++



Copy Elision



YTo TaKkoe copy elision?



Y10 Takoe copy elision

KoMNUAATOp HE MCNOb3YeT KOHCTPYKTOP KOMUPOBAHUA UK
nepemeLlLeHuns, U Npon3BoauT in-place KOHCTpyMpoBaHMe obbeKkTa.
[class.copy.elision]



HeMHOro nctopum



HemHoro nctopuu (90-bie)



HemHoro nctopuu (90-bie)

“Ecnu obvekm Konupyemca u nubo Konud, nubo
opu2uHan bonvbwe He UCnonb3yromca — ...



HemHoro nctopuu (90-bie)

“Ecnu obvekm Konupyemca u nubo Konud, nubo
opu2uHan bosswe He Ucrnonb3yromcsa — pa3pewum
KOMMUAAMopam Cxs10rbiedms Ux 00 00Ho20 ob6vekma.”



Bo3HMKLWMe npobnembl



Bo3HMKLWMe npobnembl

std::string s1 = "Hello world from 90s";
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Bo3HMKLWMe npobnembl

std::string s1 = "Hello world from 90s";
std::string_view sview = s1;
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Bo3HMKLWMe npobnembl

std::string s1 = "Hello world from 90s";
std::string_view sview = s1;
std::string s2 = s1;




Bo3HMKLWMe npobnembl

std::string s1 = "Hello world from 90s";
std::string_view sview = s1;

std::string s2 = s1;

s2 = "Beware of 2020!";
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Bo3HMKLWMe npobnembl

std::string s1 = "Hello world from 90s";
std::string_view sview = s1;

std::string s2 = s1;

s2 = "Beware of 2020!";

std::cout << sview;
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Bo3HMKLWMe npobnembl

std::string s1 = "Hello world from 90s";
std::string_view sview = s1;

std::string s2 = s1;

s2 = "Beware of 2020!";

std::cout << sview: // BOOM!
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Bo3HMKLWMe npobnembl

"[lasalime noKa coesnaem copy elision mosbKo 0114
8o38pama u3 ¢yHKyudu..."



Bo3HMKLWMe npobnembl

"[lasalime noKa coesnaem copy elision mosbKo 0114
8038pama u3 yHKUuUU.

A nomom Kmo-Hubyos rnonpasum!”



20 neT cnycTA...



NRVO



NRVO

std::string NRVO() {
std::string s = "Hello world from 90s";
return s; // NRVO B oene

}
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NRVO

std::string NRVO() {
std::string s = "Hello world from 90s";
return s; // NRVO B oene

}

void usage() {
std::string x = NRVO();
/...

}
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NRVO (ncesaokoa)

std::string NRVO(std::string* x) {
new (x) std::string("Hello world from 90s");

}

void usage() {
std::string X = NRVO(&X);
/...

}



Guaranteed copy elision C++17



Guaranteed copy elision C++17

std::string Materialization1() {
return std::string{"Hello world from 2017"};

}



Guaranteed copy elision C++17

std::string Materialization1() {
return std::string{"Hello world from 2017"};

}

std::string Materialization2() {
return std::string{ std::string{ std::string{
std::string{"Hello world from 2017"}

h
}



Copy elision He paboTaerT:



Copy elision He paboTaerT:

* na napameTtpoB GPYyHKUUN



Copy elision He paboTaerT:

Widget foo(Widget w) {
return w; // NRVO nacyert
}



Copy elision He paboTaerT:

e [1na napameTpoB GyHKLU NN
* inAa Bo3BpaLlaeMoro 3HauyeHMA B oneparope return, OTIMYHOIO OT
TUMNa BO3BpaLLaemMmoro s3HauyeHUAa yHKLUun



Copy elision He paboTaerT:

Widget foo() {

Widget w;

Widget& rw = w;

return rw; // NRVO nacyert
}



Copy elision He paboTaerT:

e [1na napameTpoB GyHKLU NN

* [1nA BO3BpaLLAaEMOro 3Ha4YeHUA B onepartope return, OTANYHOro OT
TMMa BO3BPALLAEMOro 3HAaYEHNA PYHKLUN

* Echu B onepartope return 4to-TO OTANYHOE OT UMEHU NepemMeHHOoMN



Copy elision He paboTaerT:

Widget foo() {
Widget w;
return std::move(w); // NRVO nacyet

}



[loyemy Takme orpaHmnyeHma?



[loyemy Takme orpaHmnyeHma?

* MoTomy uto copy elision aenaerca Ha frontend komnunaropa



Copy Elision Implementation



OcCHOBbI PaboTbl KOMNUNATOPA

input

‘ compiler

frontend

¥

middle-end

\ 4

backend

4

output
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KoHLenTyabHOE pa3aeneHmne KOMMNUAATOPa

inputl input2 inputN
compiler compiler compiler

3 3 $

output output output
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KoHLenTyabHOE pa3aeneHmne KOMMNUAATOPa

N BXoAaHbIX A3bikoB, M uenesbix nnatpopm = N*M peanmsauumn

N BXxoAaHbIX A3bikoB, M uenesbix nnatpopm = N + M peanusauni



NRVO

Widget bar() {
Widget w;
return w;

}



NRVO

Widget bar() {
Widget w;
return w;

}

void foo() {
Widget w = bar();

}



NRVO

Widget bar() { void bar(Widget *ret) {
Widget w;
return wi; Widget::Widget(ret);
} }
void foo() {

Widget w = bar();



NRVO

Widget bar() {
Widget w;
return w;:

}

void foo() {
Widget w = bar();

void bar(Widget *ret) {
/[l new (ret) Widget();
Widget::Widget(ret);
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NRVO

Widget bar() { void bar(Widget *ret) {
Widget w; /I new (ret) Widget();
return w; Widget::Widget(ret);

} }

void foo() {

Widget w = bar(); void foo() {
Widget* w = alloca(sizeof(Widget));

} bar(w);
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NRVO

define void @bar



NRVO

define void @bar(%struct.Widget* sret)
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NRVO

define void @bar(%struct.Widget* sret) {
call void @Widget::Widget(%0)
}
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NRVO

define void @bar(%struct.Widget* sret) {
call void @Widget::Widget(%0)
}

define void @foo() {
%w = alloca %struct.Widget
call void @bar(sret %w)

}

49



without NRVO

Widget bar() {
Widget w;
return w;

}

void foo() {
Widget w = bar();

}



without NRVO

Widget bar() { /[ Widget bar()

Widget w; void bar(Widget *ret) {

return w; Widget* w = alloca(sizeof(Widget));
}
void foo() { !

Widget w = bar();



without NRVO

Widget bar() { /[ Widget bar()

Widget w; void bar(Widget *ret) {

return w; Widget* w = alloca(sizeof(Widget));
} Widget::Widget(w);
void foo() { !

Widget w = bar();



without NRVO

Widget bar() {
Widget w;
return w;

}

void foo() {
Widget w = bar();

/[ Widget bar()
void bar(Widget *ret) {

WIc
WIC

WIC

get* w = alloca(sizeof(Widget));
get::Widget(w);
get::Widget(ret, w);



without NRVO

define void @bar(%struct.Widget* sret) {
%w = alloca %struct.Widget
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without NRVO

define void @bar(%struct.Widget* sret) {
%w = alloca %struct.Widget
call void @Widget::Widget(%ow)
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without NRVO

define void @bar(%struct.Widget* sret) {
%w = alloca %struct.Widget
call void @Widget::Widget(%ow)
call void @Widget::Widget(%0, %w)

}
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NRVO without NRVO

define void @bar(%struct.Widget* sret) { define void @bar(%struct.Widget* sret) {

call void @Widget::Widget(%0) %w = alloca %struct.Widget
} call void @Widget::Widget(%w)

call void @Widget::Widget(%0, %w)
}

define void @foo() { define void @foo() {

%w = alloca %struct.Widget %w = alloca %struct.Widget

call void @bar(sret %w) call void @bar(sret %w)

} }
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NRVO and function parameters

Widget bar(Widget w) {
return w;

}



NRVO and function parameters

Widget bar(Widget w) {
return w;

}

void foo() {
Widget wi;
Widget w2 = bar(wl);



NRVO and function parameters

define void @bar(%struct.Widget* sret, %struct.Widget*) {
call void @Widget::Widget(%0, %1)
}
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NRVO and function parameters

define void @bar(%struct.Widget* sret, %struct.Widget*) {
call void @Widget::Widget(%0, %1)

}

define void @foo() {
%wl = alloca %struct.Widget
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NRVO and function parameters

define void @bar(%struct.Widget* sret, %struct.Widget*) {
call void @Widget::Widget(%0, %1)

}

define void @foo() {
%wl = alloca %struct.Widget
%w?2 = alloca %struct.Widget
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NRVO and function parameters

define void @bar(%struct.Widget* sret, %struct.Widget*) {
call void @Widget::Widget(%0, %1)
}
define void @foo() {
%wl = alloca %struct.Widget
%w?2 = alloca %struct.Widget
%tmp_arg = alloca %struct.Widget
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NRVO and function parameters

define void @bar(%struct.Widget* sret, %struct.Widget*) {
call void @Widget::Widget(%0, %1)
}
define void @foo() {
%wl = alloca %struct.Widget
%w?2 = alloca %struct.Widget
%tmp_arg = alloca %struct.Widget
call void @Widget::Widget(%wl)
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NRVO and function parameters

define void @bar(%struct.Widget* sret, %struct.Widget*) {
call void @Widget::Widget(%0, %1)
}
define void @foo() {
%wl = alloca %struct.Widget
%w?2 = alloca %struct.Widget
%tmp_arg = alloca %struct.Widget
call void @Widget::Widget(%wl)
call void @Widget::Widget(%tmp_arg, %w1l)
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NRVO and function parameters

define void @bar(%struct.Widget* sret, %struct.Widget*) {

call void @Widget::Widget(%0, %1)

}

define void @foo() {
%wl = alloca %struct.Widget
%w?2 = alloca %struct.Widget
%tmp_arg = alloca %struct.Widget

ca
ca
ca

VoId
VoId

VOIC

@Widget::Widget(%wl)
@Widget::Widget(%tmp_arg, %wl)
@bar(sret %w2, %tmp_arg)
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Ultimate Copy Elision



Lenb



Lenb

* [IpumeHATb copy elision B Nt0ObIX BO3MOXKHbIX KOHTEKCTaX, MUHYA
OrpaHMYEeHUs, Haslaraemble TEKYWMMU TpeboBaHMAMMU



3ayem?



3ayem?

* YBE/IMYNTb NPOMN3BOAUTENBHOCTb 33 CYHET YMEHbLUEHUA
KonupoBaHuit/nepemeLLeHni



3ayem?

* YBENNYUTb NPOU3BOANTENBHOCTb 33 CHET YMEHbLUEHUSA
KonupoBaHuit/nepemeLLeHni

* YMEHbLIUTb Pa3smep NCNONHAEMbIX GAaNIOB 3a CYET YAaNeHUNA NNULLHUX
MHCTPYKLUN



3ayem?

* YBE/IMYNTb NPOM3BOAUTENBHOCTb 33 CHET YMEHbLUEHUA
KonupoBaHuit/nepemeLLeHni

* YMEHbLIUTb Pa3smep NCNONHAEMbIX GAaNIOB 3a CYET YAaNeHUNA NNULLHUX
MHCTPYKLUN

* YNpocTUTb pa3paboTKy, caenas npaBuaa Bo3BpaTta o6beKToB bonee
NPOCTbIMMU



UTO chromaem:



UTO chromaem:

* [lonb30BaTENLCKUIN KOA, Nonaratowminca Ha noboyHblie apdeKTbl
Konupytowmx/nepemeLlaomx KOHCTPYKTOPOB



YTO chromaem

* [lonb30BaTENLCKUIN KOA, Nonaratowminca Ha noboyHblie apdeKTbl
Konupytowmx/nepemeLlatomx KOHCTPYKTOPOB:

o ABNAETCA HEe NOPTUPYEMbBIM



YTO chromaem

* [lonb30BaTENBLCKUIN KOA, NONATAOWMNCA Ha NOO6OYHbIE 3PPEKTDI
Konupyowmx/nepemeLlatowmx KOHCTPYKTOPOB:
o ABNAETCA HE NOPTUPYEMBDBIM:
o B C++ BCE onmpaeTca Ha To, YTO nocae BbinonHeHua “Tu =v”

o_.”n

o06beKTbl “U” 1 “v” AoNKHbI ObITb SKBUBANIEHTHbI



[lpegnoxeHune



[lpegnoxeHume

o [1nAa asTomaTmnyecknx obbeKkToB source un destination moxKHO
npUMeHnTb copy elision, ecnu



[lpegnoxeHume

o [1nA aBTOMaTUUYEeCKUX 06beKToB source un destination MOXHO

NMPUMEHUNTb COPY eIision, ecnu.
— Source He UCMoNb3yeTca MeXay copy/move KOHCTPYKTOPOM U IeCTPYKTOPOM



[lpegnoxeHune

o [1nA aBTOMaTUUYEeCKUX 06beKToB source un destination MOXHO

npumeHnTb copy elision, ecnu:

— Source He UCMoNb3yeTca MeXay copy/move KOHCTPYKTOPOM U IeCTPYKTOPOM
- wn



[lpegnoxeHume

o [1nA aBTOMaTUUYEeCKUX 06beKToB source un destination MOXHO

NMPUMEHUNTb COPY eIision, eC/1n.
— Source He UCMoNb3yeTca MeXay copy/move KOHCTPYKTOPOM U IeCTPYKTOPOM
- wn
« NIM60 Bpems KM3HM Source 3aKaHUMBaeTca nocne copy/move KOHCTpyKTopa Ana Destination;



[lpegnoxeHune

o 1N aBTOMaTUUYECKUX 0O6BbEKTOB source un destination Mo»<HO
npumeHnTb copy elision, ecnu:

— Source He Ucrnonb3yeTca MmexKay copy/move KOHCTPYKTOPOM U AeCTPYKTOPOM

- N
o NMB0 BpemMa }M3HM Source 3akaHUMBaeTcA nocae copy/move KOHCTpyKTopa ans Destination;
o 1160 KOHCTPYKTOpP Source He ucnonb3yert robanbHble NepemeHHble NN He UMeeT

MapamMeTpoB, Yepes3 KOTopble BO3BpaLLLaeT 3HauYeHne; Npu 3TOM Source He UCNONb3YeTCcA MeXay
KOHCTPYKTOPOM U copy/move KOHCTPYKTOPOM



[lpegnoxeHume

o 1N aBTOMaTUUYECKUX 0O6BbEKTOB source un destination Mo»<HO
npumeHnTb copy elision, ecnu:

— Source He Ucrnonb3yeTca MmexKay copy/move KOHCTPYKTOPOM U AeCTPYKTOPOM
- U
o /INBO Bpemsa KU3HU Source 3akaHYMBaeTCca nocae copy/move KOHCTPYKTopa ana Destination;
e /INBO KOHCTPYKTOP Source He Ucnonb3yeT rmobanbHble NepeMeHHble AN He MUMeEeT NapaMeTpos,

yepes KOTopble BO3BPaLLaeT 3HaYeHUe; NpM 3TOM Source He UCMOb3yeTca MeXKAay
KOHCTPYKTOPOM U cOpy/move KOHCTPYKTOPOM



[lpegnoxeHume

o 1N aBTOMaTUUYECKUX 0O6BbEKTOB source un destination Mo»<HO
npumeHnTb copy elision, ecnu:

— Source He UCMoNb3yeTca MeXay copy/move KOHCTPYKTOPOM U IeCTPYKTOPOM
- wn

o /IMBO Bpems }KU3HM Source 3akaHYMBaETCA nocse copy/move KoHCTpyKTopa anda Destination;

e /IMBO KOHCTPYKTOP Source He Ucnosib3yeT rMobasibHble NepeMeHHbIe N HE MMeeT NapamMmeTpos,
yepes KoTopble BO3BPaLLaeT 3HaYeHMe; MPu 3TOM Source He UCMO/b3yeTca Mexay
KOHCTPYKTOPOM U copy/move KOHCTPYKTOPOM

o [locne copy elision, Bpems Xun3Hu Source AoNKHO ObITb NPOANEHO
0o BpemeHu *¥nsHu Destination



[Tpnmep



[Tpnmep

std::string example() {
std::string v{"some string that is too big for SSO"};
return std::move(v); // elide redundant copy

}

87



Ewe npumep

void takes by copy(std::string v) noexcept { /* ... */ }

void example() {
std::string v{"'some string that is too big for SSO"};
takes by copy(v); // elide redundant copy

}
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Ewe oanH npumep

void takes by creference(const std::string& v) noexcept {
std::string copy{v}; // elide redundant copy
[* ... *

}

void example() {
return takes_ by creference(
"some string that is too big for SSQO"),
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Ewe oanH npumep

void takes by creference(const std::string& v) noexcept {
std::string copy{v}; // elide redundant copy
[* ... *

}

void example() {
return takes_ by creference(
"some string that is too big for SSQO");
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Ewe oanH npumep

void example() {
std::string copy{
"some string that is too big for SSO"},
[* ... %
}
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RaK 3ToO caenatb, eC/IM CUTHATYPY MeHATb
HEeNb3A?



RaK 3ToO caenatb, eC/IM CUTHATYPY MeHATb
HEeNb3A?

* Mocne ontumunsaumm inline co3gaetca 60NbLLON KOHTEKCT ANA
NPUMEHEHNA APYTMX ONTUMU3AL NN



Ultimate Copy Elision Implementation



KoHLenTyabHOE pa3aeneHmne KOMMNUAATOPa

* ONTMMM3aLMA HEe OO0NXKHA 3aBMCETb OT BXOAHOIO A3blKa



[lpeoaoneHne pasgeneHunAa

* peanunsosatb npoxon Copy Elision, KoTopbin:
* AONXKeEH ObITb YHUBepCasieH N He 3aBNCeTb OT HOAHCOB BXOA4HOIO A3blKa



[lpeoaoneHne pasgeneHunAa

* peanunsosatb npoxon Copy Elision, KoTopbin:
* AONXKeEH ObITb YHUBepCasieH N He 3aBNCeTb OT HOAHCOB BXOA4HOIO A3blKa
* He J0N*KeH 3HATb O cneunduKe BXOAHOTO A3bIKa, A0/IKEH PaboTaTb TONbKO C
cywHoctamu IR



Redundant Copy Elision Pass (RCE)

* Obwan naes — 3ameHa source Ha destination, echm oHu moryT 6bITb
B3aMMO3aMeHAEMbl, T.e. O4MNH ABNAETCA asiMacom A8 APpyroro



RCE

e Onepauuna MHULUMann3aumm
* Onepauua KonmposaHua (source — oTkyaa, destination — Kyaa)
* Onepauua genHuumanmnlaumm



Anropntm RCE

e 1A Ka*KAoM onepaumm KONMpPoBaHUSA:
* C MOMEHTa Ha4ala BpemeHUn KXn3Hu source Ao onepaunn KOonnmposaHuA He
yTeKaeT agpec source



Anropntm RCE

struct S {/*...*/};
void bar(S &s);

void foo() {
S sl;
bar(sl);
S s2(sl);
/] ...
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Anropntm RCE

e [1nAa KaXXaou onepaumm KonmMpoBaHMUA:
* C MOMEHTA Haya/la BPEMEHM XU3HU source A0 onepaumnum KonuMpoBaHUSA HE
yTeKaeT agpec source
* nocne onepauumn KONMpoBaHUA U A0 KOHL,A BpeMEHMU XXU3HU source nam
destination He go/MXHO 6bITb UTeHUA/3anncu source unm destination



Anropntm RCE

struct S {/*...*/};

void foo() {
S sl;
S s2(sl);
sl.field = /*...*%/;
[*...%/ =s2.field;
/] ...
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Anropntm RCE

e [1nAa KaXXaou onepaumm KonmMpoBaHMUA:
* C MOMEHTA Haya/1a BPEMEHMU KU3HU source A0 onepaunm KonmMpoBaHUA He
yTEeKaeT agpec source
* nocse onepaunm KONMPOBAHMA U A0 KOHLLA BPEMEHMU KU3HU source nnu
destination He gonXHO BbITb YTeHMA/3anucKu source naum destination
e ecnam spemsa XunsHu destination 6onblue BpemeHu XXN3HU source,
npoanesaem spems K1U3HU source ao destination



Anropmntm RCE

struct S {/*...*/};
S bar(S s) { return s; }

void foo() {
Ssl;
S s2 = bar(sl);
// ...
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Anropntm RCE

e [1nAa KaXXaou onepaumm KonmMpoBaHMUA:

* C MOMEHTA Haya/la BpeMeHU XU3HU source Ao onepaunm KONMpPoBaHUA He
yTeKaeT agpec source

* rocne onepaumm KONMPOBAHMA U A0 KOHLA BPEMEHU }KMU3HM Source nau
destination He gonXHO BbITb YTeHMA/3anucKu source naum destination

* ecnum BpemMa Xu3Hu destination 6onblue BpeMEHM XU3HU source, NpoaseBaem
Bpemsa }Kn3Hu source ao destination

* ecnu Bpems Ku3Hu destination meHbLe BpemeHU }KU3HU source, TO
OCTaB/IieM BpeMs XXU3HU KaK Yy source, ecn HeT onepawuii yteHusa/3anucu
MeXXay OKOHYaHMAMM BpemeH Xu3Hu destination un source



Anropntm RCE

struct locked mutex {
mutex m{};
lock_guard<mutex> lock(m);

};

void foo() {
unique_ptr<locked mutex> |11 = make_unique<locked mutex>();

{

unique_ptr<locked mutex> 12(move(l1));
}
bar();
...



Anropntm RCE

e [1nAa KaXXaou onepaumm KonmMpoBaHMUA:

* C MOMEHTA Hayana BPeEMEHMU }MU3HU Ssource 40 onepaumm KONnMpoBaHUA He
yTeKaeT agpec source

* Noc/ie onepauun KONMPOBaHUA U A0 KOHLUA BPEMEHU XKU3HU source nau
destination He gonXHO BbITb YTeHMA/3anucKu source naum destination

* ecnum BpemMa Xu3Hu destination 6onblue BpeMEHM XU3HU source, NpoaseBaem
Bpemsa }Kn3Hu source ao destination

* ecnn Bpemsa XunsHu destination meHbLLe BpemeHU XKU3HU source, TO
OCTaB/sieM BPemMsa XU3HU KaK Yy source, ec/in HeT onepauuni YteHua,/3anmncu
MeXXay OKOHYaHUAMMK BpeMeH XKn3Hu destination u source

* yaanaem onepauuio KONUpPoBaHUA



Anropntm RCE

e [1nAa KaXXaou onepaumm KonmMpoBaHMUA:

* C MOMEHTA Hayana BPeEMEHMU }MU3HU Ssource 40 onepaumm KONnMpoBaHUA He
yTeKaeT agpec source

* Noc/ie onepauun KONMPOBaHUA U A0 KOHLUA BPEMEHU XKU3HU source nau
destination He gonXHO BbITb YTeHMA/3anucKu source naum destination

* ecnum BpemMa Xu3Hu destination 6onblue BpeMEHM XU3HU source, NpoaseBaem
Bpemsa }Kn3Hu source ao destination

* ecnn Bpemsa XunsHu destination meHbLLe BpemeHU XKU3HU source, TO
OCTaB/sieM BPemMsa XU3HU KaK Yy source, ec/in HeT onepauuni YteHua,/3anmncu
MeXXay OKOHYaHUAMMK BpeMeH XKn3Hu destination u source

* yaanaem ornepauuno KoNMpoBaHUA

* 3ameHsaem source Ha destination, yaanasa corsercraylouwime onepauymm
AeUHUUMaNmn3aumm



Anropmntm RCE

struct S {/*...*/};

S bar(S s) { return s; }
void baz(S &s);

void foo() {
S s = bar(S());
baz(s);



Anropntm RCE

struct S {/*...*/};

void baz(S &s);

void foo() {
Ss;
baz(s);



BeeneHune B LLVM |IR: ocHOBHble KOHUENUMNW

‘Moaynb
*DYHKUNU
*ba3oBble 6/10KU

* UHCTPYKUMUN/UNHTPUHCUKU
* MeTagaHHble



[pad noToKa ynpasaeHua (Control Flow
Graph — CFG)




bazosbin 610K (Basic Block)

instrl
instr2

instrN
terminator BB2
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MHTPUHCUKN

* CneumnanbHble GYHKUMKM, pacwmpaowme LLVM IR:
* ObnapatoT YEeTKO onpeaesIeHHOM CEMAHTUKOMN, O KOTOPOW

N3BECTHO KOMMUAATOPY

declare void @llvm.memcpy.p0i8.p0i8.i32(i8* <dest>, i8* <src>,
i32 <len>, il <isvolatile>)

call void @llvm.memcpy.p0i8.p0i8.i32(...)
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MeTanaHHble

* CneumanbHble AaHHble, KOTOPblie MOTYT ObITb NPUBA3aHbI K
MHCTPYKLUMAM/UHTPUHCUKAM

* MoryT 6bITb HeEOBX0aMMbI onTuMmKu3aumam (middle-end) m
KopgoreHepaTtopy (backend)

headerO:

bril %cmp, label %t1, label %t2, lirr_loop !0

10 = {"loop header weight", i64 100}
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Onepauuu KONUPOBaHMA, MHULMAAN3ALMNN,
oevHuUManm3aumm

* Ha ppoHTEHOE NOMECTUTb METaAaHHbIE:
* copy_init Ha copy/move KOHCTPYKTOpPbI
* init Ha BCe OCTa/IbHble KOHCTPYKTOPbI
 cleanup Ha aecTpyKTopbLI



Inline: nponarauma metagaHHbIX

llvm::InlineFunction(CallBase &CB, /*params?*/) {

Il ...

/[ Propagate init, copy_Init and cleanup metadata.

Pro
Pro
Pro

Il ...

}

nagateGenMetad
nagateGenMetad

nagateGenMetad

ata(CB, /*new ins*/,
ata(CB, /*new ins*/,
ata(CB, /*new ins*/,

VMContext::M
VMContext::M

VMContext::M

D _Init);
D _copy_Init);

D _cleanup);
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Onepauusa KonnposaHuna/aenHuumMannsaumnm

foo() { ~Widget() {

Il ... std::cout << “dtor\n”;
Widget w; ]

/...
~Widget(&w); !cleanup



Onepauusa KonnposaHuna/aenHuumMannsaumnm

foo() {
Il ...

Widget w;
/...
std:.cout << “dtor\n”; Icleanup



Onepauusa KonnposaHuna/aenHuumMannsaumnm

 declare void @llvm.copy.start(type™* <dest>, type* <src>)
 declare void @llvm.copy.end(type* <dest>, type™* <src>)

* declare void @llvm.cleanup.start(type* <obj>)
* declare void @llvm.cleanup.end(type* <obj>)
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Onepauusa KonnmposaHuna/aenHnumannsaumnm

declare void @llvm.copy.start(type* <dest>, type* <src>)
s instructions after Inline
declare void @llvm.copy.end(type* <dest>, type* <src>)

declare void @llvm.cleanup.start(type* <obj>)
; instructions after Inline
declare void @llvm.cleanup.end(type* <obj>)
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Dominators and Post-dominators

* BB1 dominates BB4
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Dominators and Post-dominators

* BB1 dominates BB4
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Dominators and Post-dominators

* BB1 dominates BB4
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Dominators and Post-dominators
e BB1 dominates BB4

* BB4 post-dominates BB3
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Dominators and Post-dominators
e BB1 dominates BB4

* BB4 post-dominates BB3
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Dominators and Post-dominators
e BB1 dominates BB4

* BB4 post-dominates BB3
 but BB3 doesn’t dominate BB4
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Dominators and Post-dominators
e BB1 dominates BB4

* BB4 post-dominates BB3
 but BB3 doesn’t dominate BB4
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Dominators and Post-dominators
e BB1 dominates BB4
* but BB4 doesn’t post-dominate BB1

* BB4 post-dominates BB3
 but BB3 doesn’t dominate BB4
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Dominators and Post-dominators
e BB1 dominates BB4
* but BB4 doesn’t post-dominate BB1

* BB4 post-dominates BB3
 but BB3 doesn’t dominate BB4
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[TpMHAANEKHOCTb MHCTPYKLUMU K oNepaLmm
KOMMPOBaHMA

if (DT->dominates(CopyStart, Ins) &&
(DT->dominates(Ins, CopyEnd) | | PDT->dominates(CopyEnd, Ins)))
if (IsCopylnit(*Ins))
return true;



Frontend: koaoreHepauus

if (Context.getLangOpts().UltimateCopyElision &&
isa<CXXDestructorDecl>(MD))
type = CXXCallType::Dtor;




Frontend: koaoreHepauus

if (Context.getLangOpts().UltimateCopyElision &&
CtorKind == Ctor_Complete) {
unsigned IsVolatile = 0;

bool IsCMCtor = D->isCopyOrMoveConstructor(lsVolatile);
IsVolatile &= Qualifiers::Volatile;

type = HIsCMCtor ? CXXCallType::Ctor
: IsVolatile ? CXXCallType::None : CXXCallType::CM_Ctor;



Frontend: koaoreHepauus

CGFunctionInfo *CGFunctioninfo::create(/*params*/) {
CGFunctioninfo *FI = new(buffer) CGFunctioninfo();
/] ...

FI->CxxCtor = (type == CXXCallType::Ctor);
FI->CxxCMCtor = (type == CXXCallType::CM_Ctor);
FI->CxxDtor = (type == CXXCallType::Dtor);

/] ...

return Fl;



Frontend: koaoreHepauus

CodeGenFunction::EmitCall(const CGFunctionIinfo &Callinfo, /*params*/) {
// ...
if (CallInfo.isCxxCMCtor())
EmitCopyStartOrEnd(IRCallArgs[0], IRCallArgs[1], /*EmitStart™/ true);
else if (Callinfo.isCxxDtor())
EmitCleanupStartOrEnd(IRCallArgs[0], /*EmitStart®/ true);

// ..



Frontend: koaoreHepauus

if ('InvokeDest)
Cl = Builder.CreateCall(/*arguments®/);
else
Cl = Builder.Createlnvoke(/*arguments™*/);

// ..
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Frontend: koaoreHepauus

if (Callinfo.isCxxCtor()) {
AddCxxFuncCallMetadata(Cl, llvm::LLVMContext::MD _init);
} else if (Callinfo.isCxxCMCtor()) {
AddCxxFuncCallMetadata(Cl, llvm::LLVMContext::MD_copy_init);
EmitCopyStartOrEnd(Cl->getOperand(0), Cl->getOperand(1), /*EmitStart™/false);
} else if (Callinfo.isCxxDtor()) {
AddCxxFuncCallMetadata(Cl, llvm::LLVMContext::MD_cleanup);
EmitCleanupStartOrEnd(Cl->getOperand(0), /*EmitStart*/ false);

}
// ...

}



[loaBOAHbIE KAMHM

* Inline

D::~D() {
S sl;
S s2(s1); !copy.init
foo(&s1); A source n destination moryt umetb
bar(&s1); npusHak copy_init/cleanup nocne Inline

/] ...
~S(&s1); Icleanup



[loaBOAHbIE KAMHM

* Inline

/] ..

S s1; Icleanup
S s2(s1); !copy.init, Icleanup

foo(&s1); !cleanup 1 source n destination moryt umetb
bar(&s1); Icleanup npusHak copy_init/cleanup nocne Inline
// .

~S(&s1); Icleanup



Inline: nokoneHna meTaaaHHbIX

* Bce meTapaHHble UMeloT nepsoe noxKoJjieHune



Inline: nokoneHna meTaaaHHbIX

* Bce meTagaHHble UMEIOT NepBOe NOKOIeHUE
* Mocne MHNaWHA NOKO/IEHUE MHKPEMEHTUPYETCA U Nponarnpyertca
Ha NPOUH/IAMHEHHbIE UHCTPYKUUMU



Inline: NokoneHmna meTaaaHHbIX

void PropagateGenMetadata(CallBase &CB, /*new ins*/, unsigned MType) {
/...
auto NextCBGeneration = /*CB->getMetadataGeneration() + 1*/
If (auto *NIM = NI->getMetadata(MType)) {
auto NIMGen = /*NIM->getMetadataGeneration()*/;
auto NextNIMGen = /*NIMGen + NextGenerationVal*/;

NI->setMetadata(MType, MDNode::get(NextNIMGen));
} else {
NI->setMetadata(MType, MDNode::get(NextCBGeneration));

}
/...

}
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Inline: nokoneHna meTaaaHHbIX

* Bce meTaZlaHHble UMEIOT NepBOoe NOKOAEeHUE

* [locne MHNaMHa NOKONEHNE UHKPEMEHTUPYETCA U NponarnpyeTca Ha
MPOUHNAaNHEHHbIE NHCTPYKL MU

* Echn nokoneHue source unu destination meHbLe nokoneHus
npoBepAemMoi MHCTPYKLUU =P 3Ta UHCTPYKLUA ABAAETCA
init/copy_init/cleanup ana aaHHoro source/destination



[loaBOAHbIE KAMHM

* Inline

/] ..

S s1; Icleanup:2
S s2(s1); lcopy.init:1, !cleanup:2

foo(&s1); !cleanup:2 N source n destination moryt nmeTb
bar(&s1); !cleanup:2 npusHak copy_init/cleanup nocne Inline
/]

~S(&s1); Icleanup:3



[loaBOAHbIE KAMHM

* Jump Threading

copy.end
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[loaBOAHbIE KAMHM

* Jump Threading

copy.end copy.end
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[loaBOAHbIE KAMHM

* Jump Threading

copy.end
copy.end copy.end
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[loaBOAHbIE KAMHU

e CSE (Common Sub-expression Elimination)

void foo() {
/[ copy.start
/...
auto val = a + b;
/...
/[ copy.end

} 149



[loaBOAHbIE KAMHU

e CSE (Common Sub-expression Elimination)

void foo() {
/[ copy.start
/...
auto val = a + b;
/...
/[ copy.end
If (/*cond*/) {
[*..*[ =a+ Db;
}
]



[loaBOAHbIE KAMHM

e CSE (Common Sub-expression Elimination)

void foo() { void foo() {

// copy.start // copy.start

/... /...

autoval =a + b; autoval =a + b;

/... /...

/[ copy.end // copy.end

iIf (/*cond*/) { if (*cond*/) {
[*..*[ = a + b; [*..*[ = val;

} }

} }



[loaBOAHbIE KAMHU

Start

S::S(const S&)

end
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[loaBOAHbIE KAMHW: UCKNHOYEHUA

start
S::S(const S&)

cleanup
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[TloaBoAHbIE KaMHWK: inline

?

>

(S 1SU02)S::S
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[ToaBoAHble KamHM: jJump threading

T 7
:7;7
*

(’®S 1SU02)S::S

+



[loanBoaHble KamHK: CSE

ol

(’®S 1SU02)S::S




RCE: yoaneHme MHCTPYKUNIA

start
S::S(const S&)

cleanup
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RCE: yoaneHme MHCTPYKUNIA

start
S::S(const S&)

cleanup
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RCE: yoaneHme MHCTPYKUNIA

ol

(S 1SU02)S::S




Post order

 BB1 obpabaTtbiBaeTca TonbKo nocne BB2 n BB3

BB3
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RCE: yoaneHune MHCTPYKUMIA

ol

(%S 1SU02)S::S




RCE: yoaneHme MHCTPYKUNIA

(%S 1SU02)S::S
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RCE: yoaneHme MHCTPYKLUNIA

%v1l =add ...
%Vv2 = sub %vl ...

%vn = call %v?2 ...

... = mul %v2
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RCE: yoaneHme MHCTPYKLUNIA

%v1l =add ...
%Vv2 = sub %vl ...

%vn = call %v?2 ...

... = mul %v2
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RCE: yoaneHme MHCTPYKLUNIA

%v1l =add ...
%Vv2 = sub %vl ...

... = mul %v2
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RCE: yoaneHme MHCTPYKLUNIA

%v1l =add ...
%Vv2 = sub %vl ...

... = mul %v2
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RCE: yoaneHme MHCTPYKLUNIA

%Vv2 = sub %vl ...

... = mul %v2
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RCE: yoaneHme MHCTPYKLUNIA

%Vv2 = sub %vl ...

... = mul %v2
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Anropntm RCE

e [1nAa KaXXaou onepaumm KonmMpoBaHMUA:

* C MOMEHTA Hayana BPeEMEHMU }MU3HU Ssource 40 onepaumm KONnMpoBaHUA He
yTeKaeT agpec source

* Noc/ie onepauun KONMPOBaHUA U A0 KOHLUA BPEMEHU XKU3HU source nau
destination He gonXHO BbITb YTeHMA/3anucKu source naum destination

* ecnum BpemMa Xu3Hu destination 6onblue BpeMEHM XU3HU source, NpoaseBaem
Bpemsa }Kn3Hu source ao destination

* ecnn Bpemsa XunsHu destination meHbLLe BpemeHU XKU3HU source, TO
OCTaB/sieM BPemMsa XU3HU KaK Yy source, ec/in HeT onepauuni YteHua,/3anmncu
MeXXay OKOHYaHUAMMK BpeMeH XKn3Hu destination u source

* yaanaem ornepauuno KoNMpoBaHUA

* 3ameHAem source Ha destination, yganasa coTBeTCTBYOLWME onepauum
AenHnymnanmnsaumnm



Anropntm RCE

e [1nAa KaXXaou onepaumm KonmMpoBaHMUA:

* C MOMEHTA HavyaNa BpeMeHM }XU3HU source 40 onepauum KONnMpoBaHUA He
yTeKaeT aapec source

* Noc/ie onepauun KONMPOBaHUA U A0 KOHLUA BPEMEHU XKU3HU source nau
destination He gonXHO BbITb YTeHMA/3anucKu source naum destination

* ecnum BpemMa Xu3Hu destination 6onblue BpeMEHM XU3HU source, NpoaseBaem
Bpemsa }Kn3Hu source ao destination

* ecnn Bpemsa XunsHu destination meHbLLe BpemeHU XKU3HU source, TO
OCTaB/sieM BPemMsa XU3HU KaK Yy source, ec/in HeT onepauuni YteHua,/3anmncu
MeXXay OKOHYaHUAMMK BpeMeH XKn3Hu destination u source

* yaanaem ornepauuno KoNMpoBaHUA

* 3ameHAem source Ha destination, yganasa coTBeTCTBYOLWME onepauum
AenHnymnanmnsaumnm



ATpMbyT nocapture

struct S {

S [[nocapture]] (/*params™*/);
* CTaHOapTU3MpOBaTb aTpubyT nocapture // ...

b
void bar [[nocapture]] (S &s);

void foo() {
Ssl;
bar(s1);
S s2(sl);
/] ...

}



ATpMbyT nocapture

* ATpnbyT HyKeH He Tonbko ana RCE
* CywecTByeT aTpnbyTt nocapture ana napameTpoB PyHKLUN



ATpMbyT nocapture

* ATpnbyT HyKeH He Tonbko ana RCE
* CywecTByeT aTpnbyTt nocapture ana napameTpoB PyHKLUN

* doesNotCapture:
* Alias Analysis
* Instruction Combining
* Tail Recursion Elimination



Onuwna nocapture-ctors

auto NoCaptureCtors = [this](const Value &V) {
return CINocaptureCtors &&
(IsInit(V) | | 1sCopyInit(V));
b

// If NoCaptureCtors == true optimization can be applied
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HoBaa OPMYINPOBKA

e [1nAa aBTomaTn4yeckux He volatile ob6beKToB source n destination

MOHO NpMMeHnTb copy elision, ecnu:

* Source He “yTeKaeT” nepes KonuposaHMem/nepemellieHMem Uan nepeaaerca GyHKUMAM C
nocapture aTpnbyTom

* [Mocne onepaumnm KONMPOBAHMA N A0 KOHLLA BPEMEHM XKN3HU source nnm destination He
NOMXHO ObITb “Habntogaembix” ncnonb3oBaHMIM source nam destination

* ec/n BpeMs *KU3HU destination meHblle BpeMeHU XU3HM source, TO He A0/1KHO ObITb
ornepaunit YTeHA/3annUcK mexay OKOHYaHMSAMU BpeMeH Kn3Hu destination n source

* Mocne copy elision: Bpems KN3HN 0ObeEKTa —
max(lifetime.end(source), lifetime.end(destination))



Ctatuctuka Ultimate Copy Elision



CtatucTtuKa (Ha clang, lld, compiler-rt)

* Konnyectso KaHamnaatos: ~27500



CtatucTtuKa (Ha clang, lld, compiler-rt)

* Konnyectso KaHamnaatos: ~27500
* KonnyectBo yaaneHHbix KOHCTpyKTopoB: 1370 (~5%)



CtatucTtuKa (Ha clang, lld, compiler-rt)

* KonnyectBo KaHamnaatos: ~27500
* KonnyectBo yaaneHHbix KOHCTpyKTopoB: 1370 (~5%)
* [MpnymnHbI HECpabaTbiBaHUA:

* ~20900 — 3axBaT nepea KONMPOBaHUEM

* 3900 — ncnonb30BaHMA NOC/Ie KONNPOBAHUA



CTaTUCTUKaA C onumen nocapture-ctors

* KonnyectBo KaHamnaatos: ~22500



CTaTUCTUKaA C onumen nocapture-ctors

* KonnyectBo KaHamnaatos: ~22500
* KonnyectBo yaaneHHbIX KOHCTpYKTopoB: 2200 (~10%)



CTaTUCTUKaA C onumen nocapture-ctors

* KonnyectBo KaHamnaatos: ~22500
* KonnyectBo yaaneHHbIX KOHCTpYKTopoB: 2200 (~10%)
* [NpnYnHbI HecpabaTbiBaHUA:
* ~12500 — 3axBaT nepea KONMPOBaHUEM
* “6850 — Mcnonb3oBaHMA NOC/Ie KONNPOBAHUA
e ~1800 — nHcTpyKumm mexay dst.life.end m src.life.end



[11aHbl

e 1atb pa3paboTumkam onpoboBaTb ONTUMM3ALMIO



[11aHbl

e [1aTb pa3paboTtynkam onpoboBaTb ONTUMMU3ALMUIO
» https://qithub.com/rusyaev-roman/llvm-project/tree/ultimate copy elision v3
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[11aHbl

AT Ad 4o (caenaHo)
* https://qithub.com/rusyaev-roman/llivm- prolect/tree/ultlmate copy elision v3

* 33anNCTPUMUTL NpaBKu B llvm
* ObHOBUTb Wording 1 Nnpe3eHToOBaTb KOMUTETY



https://github.com/rusyaev-roman/llvm-project/tree/ultimate_copy_elision_v3

[11aHbl

AT Ad 4o (caenaHo)
* https://qithub.com/rusyaev-roman/llivm- prolect/tree/ultlmate copy elision v3

* 33anNCTPUMUTL NpaBKu B llvm
* ObHOBUTb Wording 1 Nnpe3eHToOBaTb KOMUTETY
* Bkntountb B C++23/26



https://github.com/rusyaev-roman/llvm-project/tree/ultimate_copy_elision_v3
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APPENDIX



RCE: yoaneHune MHCTPYKLUMIA

auto AddinsToDeadList =
[this, &IsInBetween](BasicBlock::reverse iterator StartPoint,
BasicBlock::reverse_iterator StopPoint) {
for (auto &I : make_range(StartPoint, StopPoint)) {
DeadInstList.push_back(&l);



RCE: yoaneHune MHCTPYKLUMIA

auto AddinsToDeadList =
[this, &IsInBetween](BasicBlock::reverse iterator StartPoint,
BasicBlock::reverse_iterator StopPoint) {
for (auto &I : make_range(StartPoint, StopPoint)) {
DeadInstList.push_back(&l);
If ('lsinBetween(l))
return false;

}

return true,

};



RCE: yoaneHune MHCTPYKLUMIA

for (auto *Endl : Ends) {
auto *EndBB = Endl->getParent();
auto It = find_if(Starts, [EndBB](const Instruction *I) {
return I->getParent() == EndBB,;

1;



RCE: yoaneHune MHCTPYKLUMIA

for (auto *Endl : Ends) {
auto *EndBB = Endl->getParent();
auto It = find_if(Starts, [EndBB](const Instruction *I) {
return I->getParent() == EndBB,;
b;
auto StopPoint =
(It == Starts.end()) ? EndBB->rend() : (*It)->getReverselterator();



RCE: yoaneHune MHCTPYKLUMIA

for (auto *Endl : Ends) {
auto *EndBB = Endl->getParent();
auto It = find_if(Starts, [EndBB](const Instruction *I) {
return I->getParent() == EndBB,;
b;
auto StopPoint =
(It == Starts.end()) ? EndBB->rend() : (*It)->getReverselterator();

If (AddIinsToDeadList(std::next(Endl->getReverselterator()), StopPoint))
return false;

}



RCE: yoaneHune MHCTPYKLUMIA

for (auto *Endl : Ends)
VisitedBB.insert(Endl->getParent());



RCE: yoaneHune MHCTPYKLUMIA

for (auto *Endl : Ends)
VisitedBB.insert(Endl->getParent());

for (auto *Startl : Starts)
for (auto *SuccBB : successors(Startl->getParent()))
If ('IsinBetween(SuccBB->front()))
VisitedBB.insert(SuccBB),



RCE: yoaneHune MHCTPYKLUMIA

for (auto *Startl : Starts) {
auto *StartBB = Startl->getParent();
for (auto *BB : post_order_ext(StartBB, VisitedBB)) {



RCE: yoaneHune MHCTPYKLUMIA

for (auto *Startl : Starts) {
auto *StartBB = Startl->getParent();
for (auto *BB : post_order_ext(StartBB, VisitedBB)) {
If (AddInsToDeadList(BB->rbegin(), (BB == StartBB)
? Startl->getReverselterator()
. BB->rend()))
return false;



[lopaboTkn no RCE

* MopaepKaTb HECKONbKO copy.start/copy.end

e AjanTupoBaTb BCe ONTUMM3ALUK K copy.start/cleanup.start,
copy.end/cleanup.end

* Hantn 6eHumapk

* Oby4ynTb ONTUMKM3ALMM HE TPOraTb MeTaZlaHHbIE
copy_init/init/cleanup



