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I Fixed Move Semantics
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Jason Turner
C++ Weekly

Weekly videos since March, 2016
125k+ subscribers, 520+ weeks straight

https://www.youtube.com/@cppweekly
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https://leanpub.com/u/jason_turner
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Developer

Microsoft MVP for C++, 2015-present
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Jason Turner - Training

How to get my training:

1. Have me come to your company on-site for dynamic customized
training where you already are - generally the most economical option
for groups (CA, DE, NL, RO, CZ, JP, US, PL, SE, …)

2. Come to a conference workshop
C++ On Sea (Folkestone, UK, Late June)
CppCon (Aurora, CO, US, ~Sept)
NDC TechTown (Kongsberg, NO, ~Sept)
And possibly others

https://emptycrate.com/training.html
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About my Talks
Avoid sitting in the back
Please interrupt and ask questions, yell things out, I’ll repeat it for the
room
This is approximately how my training days look, as interactive as
reasonable
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Alt: Fixing Move Semantics
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(I) Fix(ed|ing) Move Semantics
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(I) Fix(ed|ing) Move Semantics
I am a C++ trainer (as I already said)
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references and move semantics
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(I) Fix(ed|ing) Move Semantics
I am a C++ trainer (as I already said)
Over the years I’ve seen there’s a lot of confusion around rvalue
references and move semantics
I’m going to present a solution
The solution has not been submitted to the committee
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(I) Fix(ed|ing) Move Semantics
I am a C++ trainer (as I already said)
Over the years I’ve seen there’s a lot of confusion around rvalue
references and move semantics
I’m going to present a solution
The solution has not been submitted to the committee
Like all of my talks I don’t expect you to use my solution, but I do hope
that it inspires you!

12.5
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What is this: &&?
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Logical “and”?
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Rvalue Reference?
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“Universal” Reference?
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“Forwarding” Reference?
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The Operator with the Most
Meanings in the C++

Standard?
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A Quick Look at &&
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A Quick Look at &&
Do I immediately know what this is, given no other context?

1 X && Y
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A Quick Look at &&
Do I immediately know what this is, given no other context?

1 X && Y

No, there’s no way to tell from just this information.

21.1
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The Logical &&
1
2
3
4
5
6
7
8

#include <print>

int main() {
auto X = true;
auto Y = false;

std::print("{}", X && Y);
} https://godbolt.org/z/GeT6csPj7
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The Logical &&
1
2
3
4
5
6
7
8

#include <print>

int main() {
auto X = true;
auto Y = false;

std::print("{}", X && Y);
} https://godbolt.org/z/GeT6csPj7

The result the expression is true if both operands evaluate to true .

22.1
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The Logical &&
1
2
3
4
5
6
7
8

#include <print>

int main() {
auto X = true;
auto Y = false;

std::print("{}", X && Y);
} https://godbolt.org/z/GeT6csPj7

The result the expression is true if both operands evaluate to true .
It short circuits: the second is not evaluated if the first is false .

22.2
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The Logical &&
1
2
3
4
5
6
7
8

#include <print>

int main() {
auto X = true;
auto Y = false;

std::print("{}", X && Y);
} https://godbolt.org/z/GeT6csPj7

The result the expression is true if both operands evaluate to true .
It short circuits: the second is not evaluated if the first is false .
Can be written as X and Y

22.3
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Quick Aside On References
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An object is anything that’s not void , not a function, and not a
reference
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Quick Aside On References
A reference is not an object, it refers to another object
A pointer is an object that may or may not point to another object
An object is anything that’s not void , not a function, and not a
reference

What is printed?

1
2
3
4
5
6
7
8
9

#include <print>

int main() {
auto X = 1;
auto &Y = X;
++Y;

std::print("{}", X);
} https://godbolt.org/z/xsKnTE976

25.4
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What is Printed?

What is printed?

1
2
3
4
5
6
7
8
9

10
11

#include <print>

int main() {
auto X = 1;
auto Z = 10;
auto &Y = X;
Y = Z;
++Z;

std::print("{}", Y);
} https://godbolt.org/z/rq71aY78n
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What is Y?
1
2
3

using X = int;

void func(X && Y);
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What is Y?
1
2
3

using X = int;

void func(X && Y);

This is an rvalue reference, of course, just formatted to confuse you.

27.1
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Also Can Be Written Like This
1
2
3

using X = int;

void func(X and Y);
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Also Can Be Written Like This
1
2
3

using X = int;

void func(X and Y);

But don’t, because that’s confusing and silly.

28.1
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So What is an rvalue
reference?
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What does this do?
1
2
3
4
5

int main()
{

auto X = 42;
int &&Y = X;

} https://godbolt.org/z/5nherq6P3

30
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What does this do?
1
2
3
4
5

int main()
{

auto X = 42;
int &&Y = X;

} https://godbolt.org/z/5nherq6P3

Fails to compile.

30.1
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What does this do?
1
2
3
4
5

int main()
{

auto X = 42;
int &&Y = X;

} https://godbolt.org/z/5nherq6P3

Fails to compile.

Why?

30.2

https://godbolt.org/z/5nherq6P3


Copyright Jason Turner @lefticus emptycrate.com/go.html

What does this do?
1
2
3
4
5

int main()
{

auto X = 42;
int &&Y = X;

} https://godbolt.org/z/5nherq6P3

Fails to compile.

Why?

An rvalue reference can “only bind to an rvalue”

30.3
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This is Why We Have std::move
1
2
3
4
5
6
7
8
9

10
11

#include <utility>

int main()
{

auto X = 42;

// these two things are morally equivalent
int &&Y = std::move(X);

int &&Z = static_cast<int &&>(X);
} https://godbolt.org/z/Kf6j6dq1d

31
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This is Why We Have std::move
1
2
3
4
5
6
7
8
9

10
11

#include <utility>

int main()
{

auto X = 42;

// these two things are morally equivalent
int &&Y = std::move(X);

int &&Z = static_cast<int &&>(X);
} https://godbolt.org/z/Kf6j6dq1d

So what is std::move ?

31.1
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This is Why We Have std::move
1
2
3
4
5
6
7
8
9

10
11

#include <utility>

int main()
{

auto X = 42;

// these two things are morally equivalent
int &&Y = std::move(X);

int &&Z = static_cast<int &&>(X);
} https://godbolt.org/z/Kf6j6dq1d

So what is std::move ?

A cast to an rvalue reference!

31.2
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Why do we have std::move?
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To select which overload we
want to call.
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How does it select an
overload?
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By casting to an rvalue
reference.
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Selecting an Overload
1
2
3
4
5
6
7
8
9

10
11
12
13

#include <utility>

void use(int &&);      // 1
void use(const int &); // 2

int main() {
auto x = 42;

use(x); // a: which version is called?
use(std::move(x)); // b: which version is called?
use(static_cast<int &>(x)); // c: which version is called?
use(static_cast<int &&>(x)); // d: which version is called?

} https://godbolt.org/z/xxzfY7hje

36
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Selecting an Overload
1
2
3
4
5
6
7
8
9

10
11
12
13

#include <utility>

void use(int &&);      // 1
void use(const int &); // 2

int main() {
auto x = 42;

use(x); // a: which version is called?
use(std::move(x)); // b: which version is called?
use(static_cast<int &>(x)); // c: which version is called?
use(static_cast<int &&>(x)); // d: which version is called?

} https://godbolt.org/z/xxzfY7hje

a: 2

36.1
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Selecting an Overload
1
2
3
4
5
6
7
8
9

10
11
12
13

#include <utility>

void use(int &&);      // 1
void use(const int &); // 2

int main() {
auto x = 42;

use(x); // a: which version is called?
use(std::move(x)); // b: which version is called?
use(static_cast<int &>(x)); // c: which version is called?
use(static_cast<int &&>(x)); // d: which version is called?

} https://godbolt.org/z/xxzfY7hje

a: 2
b: 1

36.2
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Selecting an Overload
1
2
3
4
5
6
7
8
9

10
11
12
13

#include <utility>

void use(int &&);      // 1
void use(const int &); // 2

int main() {
auto x = 42;

use(x); // a: which version is called?
use(std::move(x)); // b: which version is called?
use(static_cast<int &>(x)); // c: which version is called?
use(static_cast<int &&>(x)); // d: which version is called?

} https://godbolt.org/z/xxzfY7hje

a: 2
b: 1
c: 2

36.3
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Selecting an Overload
1
2
3
4
5
6
7
8
9

10
11
12
13

#include <utility>

void use(int &&);      // 1
void use(const int &); // 2

int main() {
auto x = 42;

use(x); // a: which version is called?
use(std::move(x)); // b: which version is called?
use(static_cast<int &>(x)); // c: which version is called?
use(static_cast<int &&>(x)); // d: which version is called?

} https://godbolt.org/z/xxzfY7hje

a: 2
b: 1
c: 2
d: 1

36.4
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Selecting an Overload
1
2
3
4
5
6
7
8
9

10
11
12
13

#include <utility>

void use(int &&);      // 1
void use(const int &); // 2

int main() {
const auto x = 42;

use(x); // a: which version is called?
use(std::move(x)); // b: which version is called?
use(static_cast<int &>(x)); // c: which version is called?
use(static_cast<int &&>(x)); // d: which version is called?

} https://godbolt.org/z/aEx8KdK3K
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Selecting an Overload
1
2
3
4
5
6
7
8
9

10
11
12
13

#include <utility>

void use(int &&);      // 1
void use(const int &); // 2

int main() {
const auto x = 42;

use(x); // a: which version is called?
use(std::move(x)); // b: which version is called?
use(static_cast<int &>(x)); // c: which version is called?
use(static_cast<int &&>(x)); // d: which version is called?

} https://godbolt.org/z/aEx8KdK3K

a: 2

37.1
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Selecting an Overload
1
2
3
4
5
6
7
8
9

10
11
12
13

#include <utility>

void use(int &&);      // 1
void use(const int &); // 2

int main() {
const auto x = 42;

use(x); // a: which version is called?
use(std::move(x)); // b: which version is called?
use(static_cast<int &>(x)); // c: which version is called?
use(static_cast<int &&>(x)); // d: which version is called?

} https://godbolt.org/z/aEx8KdK3K

a: 2
b: 2 (why??!)

37.2
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Selecting an Overload
1
2
3
4
5
6
7
8
9

10
11
12
13

#include <utility>

void use(int &&);      // 1
void use(const int &); // 2

int main() {
const auto x = 42;

use(x); // a: which version is called?
use(std::move(x)); // b: which version is called?
use(static_cast<int &>(x)); // c: which version is called?
use(static_cast<int &&>(x)); // d: which version is called?

} https://godbolt.org/z/aEx8KdK3K

a: 2
b: 2 (why??!)
c: compile failure (cannot remove constness)

37.3
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Selecting an Overload
1
2
3
4
5
6
7
8
9

10
11
12
13

#include <utility>

void use(int &&);      // 1
void use(const int &); // 2

int main() {
const auto x = 42;

use(x); // a: which version is called?
use(std::move(x)); // b: which version is called?
use(static_cast<int &>(x)); // c: which version is called?
use(static_cast<int &&>(x)); // d: which version is called?

} https://godbolt.org/z/aEx8KdK3K

a: 2
b: 2 (why??!)
c: compile failure (cannot remove constness)
d: compile failure (cannot remove constness)

37.4
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Selecting an Overload
1
2
3
4
5
6

void use(int &&);      // 1
void use(const int &); // 2

int main() {
use(1); // which version is called?

} https://godbolt.org/z/nch8scEeE

38
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Selecting an Overload
1
2
3
4
5
6

void use(int &&);      // 1
void use(const int &); // 2

int main() {
use(1); // which version is called?

} https://godbolt.org/z/nch8scEeE

1 (temporaries are rvalues)

38.1
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Move Constructors and
Copy Constructors
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Constructors
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

#include <utility>

struct Type {
Type(); // default constructor
Type(const Type &); // copy constructor
Type(Type &&); // move constructor
Type &operator=(const Type &); // copy assignment
Type &operator=(Type &&); // move assignment

};

int main() {
Type obj;
auto obj2 = obj; // a: which constructor is called?
auto obj3 = std::move(obj); // b: which ctor is called?

} https://godbolt.org/z/cbYcGvz1v

40
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Constructors
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

#include <utility>

struct Type {
Type(); // default constructor
Type(const Type &); // copy constructor
Type(Type &&); // move constructor
Type &operator=(const Type &); // copy assignment
Type &operator=(Type &&); // move assignment

};

int main() {
Type obj;
auto obj2 = obj; // a: which constructor is called?
auto obj3 = std::move(obj); // b: which ctor is called?

} https://godbolt.org/z/cbYcGvz1v

a: copy constructor

40.1
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Constructors
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

#include <utility>

struct Type {
Type(); // default constructor
Type(const Type &); // copy constructor
Type(Type &&); // move constructor
Type &operator=(const Type &); // copy assignment
Type &operator=(Type &&); // move assignment

};

int main() {
Type obj;
auto obj2 = obj; // a: which constructor is called?
auto obj3 = std::move(obj); // b: which ctor is called?

} https://godbolt.org/z/cbYcGvz1v

a: copy constructor
b: move constructor

40.2
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Constructors
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

#include <utility>
struct Type {

Type(); // default constructor
Type(const Type &); // copy constructor
Type(Type &&); // move constructor
Type &operator=(const Type &); // copy assignment
Type &operator=(Type &&); // move assignment

};

int main() {
Type obj;
auto &&obj2 = obj; // a: which constructor is called?
auto obj3 = obj2; // b: which constructor is called?
auto obj4 = std::move(obj2); // c: which constructor is called?

} https://godbolt.org/z/co7684Gfn

41
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Constructors
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

#include <utility>
struct Type {

Type(); // default constructor
Type(const Type &); // copy constructor
Type(Type &&); // move constructor
Type &operator=(const Type &); // copy assignment
Type &operator=(Type &&); // move assignment

};

int main() {
Type obj;
auto &&obj2 = obj; // a: which constructor is called?
auto obj3 = obj2; // b: which constructor is called?
auto obj4 = std::move(obj2); // c: which constructor is called?

} https://godbolt.org/z/co7684Gfn

a: No constructor, that’s a reference of the same type

41.1
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Constructors
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

#include <utility>
struct Type {

Type(); // default constructor
Type(const Type &); // copy constructor
Type(Type &&); // move constructor
Type &operator=(const Type &); // copy assignment
Type &operator=(Type &&); // move assignment

};

int main() {
Type obj;
auto &&obj2 = obj; // a: which constructor is called?
auto obj3 = obj2; // b: which constructor is called?
auto obj4 = std::move(obj2); // c: which constructor is called?

} https://godbolt.org/z/co7684Gfn

a: No constructor, that’s a reference of the same type
b: Copy constructor, obj2 is a reference, but not an rvalue, we
selected the copy constructor

41.2
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Constructors
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

#include <utility>
struct Type {

Type(); // default constructor
Type(const Type &); // copy constructor
Type(Type &&); // move constructor
Type &operator=(const Type &); // copy assignment
Type &operator=(Type &&); // move assignment

};

int main() {
Type obj;
auto &&obj2 = obj; // a: which constructor is called?
auto obj3 = obj2; // b: which constructor is called?
auto obj4 = std::move(obj2); // c: which constructor is called?

} https://godbolt.org/z/co7684Gfn

a: No constructor, that’s a reference of the same type
b: Copy constructor, obj2 is a reference, but not an rvalue, we
selected the copy constructor
c: Move constructor, we actually selected it this time

41.3
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Constructors
1
2
3
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#include <utility>

struct Type {
~Type() = default;

};

int main() {
Type obj;
auto obj2 = obj; // a: which constructor is called?
auto obj3 = std::move(obj); // b: which ctor is called?

} https://godbolt.org/z/68G19Te8d
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Constructors
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#include <utility>

struct Type {
~Type() = default;

};

int main() {
Type obj;
auto obj2 = obj; // a: which constructor is called?
auto obj3 = std::move(obj); // b: which ctor is called?

} https://godbolt.org/z/68G19Te8d

a: copy constructor

42.1
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Constructors
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#include <utility>

struct Type {
~Type() = default;

};

int main() {
Type obj;
auto obj2 = obj; // a: which constructor is called?
auto obj3 = std::move(obj); // b: which ctor is called?

} https://godbolt.org/z/68G19Te8d

a: copy constructor
b: copy constructor

42.2
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Constructors
1
2
3
4
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#include <utility>

struct Type {
~Type() = default;

};

int main() {
Type obj;
auto obj2 = obj; // a: which constructor is called?
auto obj3 = std::move(obj); // b: which ctor is called?

} https://godbolt.org/z/68G19Te8d

a: copy constructor
b: copy constructor

This type implicitly does not have move construction because we
mentioned the destructor!

42.3
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“sinking” Constructors

44
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“sinking” Constructors
Constructors that accept rvalue references.
But are not move constructors specifically

(To be the “move constructor”  it must accept an rvalue reference to the
same type as the class type)

1
2
3
4
5
6
7
8

#include <string>

struct Data {
Data(std::string input)
: value(input) { } /// which constructor for string is called?

std::string value;
}; https://godbolt.org/z/5hGohEKfa
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“sinking” Constructors
Constructors that accept rvalue references.
But are not move constructors specifically

(To be the “move constructor”  it must accept an rvalue reference to the
same type as the class type)

1
2
3
4
5
6
7
8

#include <string>

struct Data {
Data(std::string input)
: value(input) { } /// which constructor for string is called?

std::string value;
}; https://godbolt.org/z/5hGohEKfa

std::string(const std::string &) , the copy constructor for std::string
is called

45.1
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“sinking” Constructors
1
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7
8
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#include <string>
#include <utility>

struct Data {
Data(std::string input)
: value(std::move(input)) /// Which constructor for `std::string` is called?

{
}

std::string value;
}; https://godbolt.org/z/EW661T1hE
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“sinking” Constructors
1
2
3
4
5
6
7
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#include <string>
#include <utility>

struct Data {
Data(std::string input)
: value(std::move(input)) /// Which constructor for `std::string` is called?

{
}

std::string value;
}; https://godbolt.org/z/EW661T1hE

std::string(std::string &&) , the move constructor for std::string  is
called

46.1
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“sinking” Constructors
1
2
3
4
5
6
7
8
9
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#include <string>

struct Data {
Data(std::string &&input)
: value(input) /// Which constructor for `std::string` is called?

{
}

std::string value;
}; https://godbolt.org/z/c7rrz7PPW

47

https://godbolt.org/z/c7rrz7PPW


Copyright Jason Turner @lefticus emptycrate.com/go.html

“sinking” Constructors
1
2
3
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#include <string>

struct Data {
Data(std::string &&input)
: value(input) /// Which constructor for `std::string` is called?

{
}

std::string value;
}; https://godbolt.org/z/c7rrz7PPW

std::string(const std::string &) , the copy constructor for std::string
is called

47.1
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“sinking” Constructors
1
2
3
4
5
6
7
8
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#include <string>
#include <utility>

struct Data {
Data(std::string &&input)
: value(std::move(input)) /// Which constructor for `std::string` is called?

{
}

std::string value;
}; https://godbolt.org/z/sajEaG7z9
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“sinking” Constructors
1
2
3
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#include <string>
#include <utility>

struct Data {
Data(std::string &&input)
: value(std::move(input)) /// Which constructor for `std::string` is called?

{
}

std::string value;
}; https://godbolt.org/z/sajEaG7z9

std::string(std::string &&) , the move constructor for std::string  is
called!

48.1
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“sinking” Constructors
1
2
3
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8
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#include <string>
#include <utility>

struct Data {
Data(std::string &&input)
: value(std::move(input)) /// Which constructor for `std::string` is called?

{
}

std::string value;
}; https://godbolt.org/z/sajEaG7z9

std::string(std::string &&) , the move constructor for std::string  is
called!

Surprising and confusing to many C++ programmers!

48.2
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This is one of the main
mistakes I see with rvalues

and moves!
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Why Do We Want Move
Construction / Assignment?
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Why do we care?
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23

#include <memory>
#include <utility>

struct BigObj {
// by default we take the unique_ptr by move, and take
// ownership of the pointer
constexpr BigObj(BigObj &&other) = default;

constexpr BigObj(const BigObj &other)
: data(make_copy(other.data)) {
// paid for an expensive copy :(

}

private:
struct Data { /* lots of stuff */ };

[[nodiscard]] static constexpr auto make_copy(const std::unique_ptr<Data> &input) 
-> std::unique_ptr<Data> {
return std::make_unique<Data>(*input);

}

std::unique_ptr<Data> data;
}; https://godbolt.org/z/v1ooco3T9
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Should we std::move  an array?
1
2
3

#include <array>

void sink_array(std::array<int, 256> &&);
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Should we std::move  an array?
1
2
3

#include <array>

void sink_array(std::array<int, 256> &&);

Does this function make sense?

52.1
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Should we std::move  an array?
1
2
3

#include <array>

void sink_array(std::array<int, 256> &&);

Does this function make sense?
Maybe? Probably not, there’s little to nothing to be gained by moving a
trivially copyable object that does not have a pointer of any kind
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Should we std::move  an array?
1
2
3
4

#include <array>
#include <string>

void sink_array(std::array<std::string, 256> &&);
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Should we std::move  an array?
1
2
3
4

#include <array>
#include <string>

void sink_array(std::array<std::string, 256> &&);

Does this function make sense?

53.1
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Should we std::move  an array?
1
2
3
4

#include <array>
#include <string>

void sink_array(std::array<std::string, 256> &&);

Does this function make sense?
Likely! The compiler will generate a member-wise move of each string,
which can (should) be more efficient than the copy construction of the
strings.

53.2
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The Problem With Move
Semantics
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The Problem With “Move Semantics”
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The Problem With “Move Semantics”
Most C++ developers don’t understand that it’s just about overload
resolution

55.1
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The Problem With “Move Semantics”
Most C++ developers don’t understand that it’s just about overload
resolution
Most C++ developers don’t know you need to further std::move  an
rvalue reference to actually get a move
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The Problem With “Move Semantics”
Most C++ developers don’t understand that it’s just about overload
resolution
Most C++ developers don’t know you need to further std::move  an
rvalue reference to actually get a move
It’s confusing enough there’s a 250+ page book written about it!
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Can We Do Better?!?!
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I sure hope so, otherwise
this talk is a waste.
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What is the fundamental
problem, why is this hard to

get right?

58



Copyright Jason Turner @lefticus emptycrate.com/go.html 59



Copyright Jason Turner @lefticus emptycrate.com/go.html

IMPLICIT CONVERSIONS!
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Implicit Conversions and move semantics
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Implicit Conversions and move semantics
&& -> const &  <– main problem
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Implicit Conversions and move semantics
&& -> const &  <– main problem
const && -> const &  <– secondary problem

61.2
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What do we do?
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Stronger Typing!
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Imagine a Magical Type…
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Stronger Moves
Imagine a magical new type:

1
2
3
4
5
6
7
8
9

10

#include <string>

int main() {
std::string value;
moving_ref<std::string> ref = value; // refuses to compile
moving_ref<std::string> ref2 = std::move(value); // compiles

const std::string value2 = ref2; // is automatically a move construction
moving_ref<std::string> ref3 = std::move(value2); // refuses to compile (const)

} https://godbolt.org/z/cc5KdrYK3
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Stronger Moves
1
2
3
4
5
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7
8
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#include <moving_ref>
#include <string>

struct Data {
Data(moving_ref<std::string> input)
: value(input) // implicitly calls move constructor

{
}

}; https://godbolt.org/z/M3rrhh3Ka

1
2
3
4
5
6
7
8
9

10
11
12
13

#include <moving_ref>
#include <utility>

struct Type {
~Type() = default;

}

int main() {
Type obj;
// refuses to compile because Type does
// not have a move constructor
moving_ref<Type> ref = std::move(obj);

} https://godbolt.org/z/orbo6dfbz
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I think this would solve all
of my problems!
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Is this magical type possible
to create?
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Is it complicated?
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The magical moving_ref
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The magical moving_ref
Needs to be constructible from only a non- const  rvalue reference
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The magical moving_ref
Needs to be constructible from only a non- const  rvalue reference
Needs to be easily convertible to an rvalue reference
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The magical moving_ref
Needs to be constructible from only a non- const  rvalue reference
Needs to be easily convertible to an rvalue reference

Fundamentally this is all.

1
2
3
4
5

template<typename T>
struct moving_ref {

moving_ref(T &&ref);
operator T&&(); // yes, an implicit conversion operator!

}; https://godbolt.org/z/7EMEcT5Pr
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1
2
3
4
5
6
7
8
9

10
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template <has_move_ctor T> struct moving_ref {
using pointer_type = std::add_pointer_t<T>;
using reference_type = std::add_rvalue_reference_t<T>;

constexpr moving_ref(reference_type ref_) noexcept : ref{&ref_} {}
moving_ref(const T&) = delete ("only to be used with rvalue references");

constexpr operator reference_type() noexcept {
return static_cast<reference_type>(*ref);

}

private:
pointer_type ref;

}; https://godbolt.org/z/bxbdGYKdr
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template <has_move_ctor T> struct moving_ref {
using pointer_type = std::add_pointer_t<T>;
using reference_type = std::add_rvalue_reference_t<T>;

constexpr moving_ref(reference_type ref_) noexcept : ref{&ref_} {}
moving_ref(const T&) = delete ("only to be used with rvalue references");

constexpr operator reference_type() noexcept {
return static_cast<reference_type>(*ref);

}

private:
pointer_type ref;

}; https://godbolt.org/z/bxbdGYKdr

Sprinkle in some helper typedef s

72.1
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template <has_move_ctor T> struct moving_ref {
using pointer_type = std::add_pointer_t<T>;
using reference_type = std::add_rvalue_reference_t<T>;

constexpr moving_ref(reference_type ref_) noexcept : ref{&ref_} {}
moving_ref(const T&) = delete ("only to be used with rvalue references");

constexpr operator reference_type() noexcept {
return static_cast<reference_type>(*ref);

}

private:
pointer_type ref;

}; https://godbolt.org/z/bxbdGYKdr

Sprinkle in some helper typedef s
Make everything constexpr  and noexcept

72.2
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template <has_move_ctor T> struct moving_ref {
using pointer_type = std::add_pointer_t<T>;
using reference_type = std::add_rvalue_reference_t<T>;

constexpr moving_ref(reference_type ref_) noexcept : ref{&ref_} {}
moving_ref(const T&) = delete ("only to be used with rvalue references");

constexpr operator reference_type() noexcept {
return static_cast<reference_type>(*ref);

}

private:
pointer_type ref;

}; https://godbolt.org/z/bxbdGYKdr

Sprinkle in some helper typedef s
Make everything constexpr  and noexcept
Store a *  instead of a reference_type , (usually better choice)

72.3
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template <has_move_ctor T> struct moving_ref {
using pointer_type = std::add_pointer_t<T>;
using reference_type = std::add_rvalue_reference_t<T>;

constexpr moving_ref(reference_type ref_) noexcept : ref{&ref_} {}
moving_ref(const T&) = delete ("only to be used with rvalue references");

constexpr operator reference_type() noexcept {
return static_cast<reference_type>(*ref);

}

private:
pointer_type ref;

}; https://godbolt.org/z/bxbdGYKdr

Sprinkle in some helper typedef s
Make everything constexpr  and noexcept
Store a *  instead of a reference_type , (usually better choice)
Need to discuss the has_move_ctor  constraint

72.4
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template <has_move_ctor T> struct moving_ref {
using pointer_type = std::add_pointer_t<T>;
using reference_type = std::add_rvalue_reference_t<T>;

constexpr moving_ref(reference_type ref_) noexcept : ref{&ref_} {}
moving_ref(const T&) = delete ("only to be used with rvalue references");

constexpr operator reference_type() noexcept {
return static_cast<reference_type>(*ref);

}

private:
pointer_type ref;

}; https://godbolt.org/z/bxbdGYKdr

Sprinkle in some helper typedef s
Make everything constexpr  and noexcept
Store a *  instead of a reference_type , (usually better choice)
Need to discuss the has_move_ctor  constraint
moving_ref(const T&) = delete  to give a better error message
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I Fixed Move Semantics
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The has_move_ctor Concept
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std::is_move_constructible

1
2
3
4
5
6
7
8

#include <type_traits>

struct MoveRemoved { ~MoveRemoved() = default; };

// true, it can be constructed with an rvalue reference
// it just doesn't call the move constructor
// this is confusing to basically everyone
static_assert(std::is_move_constructible_v<MoveRemoved>); https://godbolt.org/z/ejhj4Tjr4
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The has_move_ctor  Concept
Borrowed from 

 and
adapted.

https://stackoverflow.com/questions/51901837/how-
to-get-if-a-type-is-truly-move-constructible/51912859#51912859

1
2
3
4
5
6
7
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9

10
11
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15
16

#include <concepts>

template<class P> struct DetectMoveConstruction {
operator P const&();
operator P&&();

};
template<typename T>
concept copyable_xor_moveable = requires (T t, DetectMoveConstruction<T> m) {

// if this compiles then we know we only have either a move assignment or 
// a copy assignment, otherwise it would be ambiguous.
// we cannot detect the constructor because MSVC
// seems to have a bug, but we can detect assignment!
t = m;

};
template<typename T> concept has_move_ctor =

std::move_constructible<T> && !copyable_xor_moveable<T>;https://godbolt.org/z/xreeEjWfc
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That’s Move, But What
About Forwarding

References??
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What is a forwarding reference?
It’s a template deduced (at compile time) reference type that can be a
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What is a forwarding reference?
It’s a template deduced (at compile time) reference type that can be a

&
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What is a forwarding reference?
It’s a template deduced (at compile time) reference type that can be a

&

const &
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What is a forwarding reference?
It’s a template deduced (at compile time) reference type that can be a

&

const &

&&
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What is a forwarding reference?
It’s a template deduced (at compile time) reference type that can be a

&

const &

&&

const &&
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What is a forwarding reference?
It’s a template deduced (at compile time) reference type that can be a

&

const &

&&

const &&

depending on what’s passed to it.
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Forwarding Reference

This is a forwarding reference - we don’t know what kind of reference it
will be until the function is called.

1
2

template<typename Param>
void func(Param &&);
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Forwarding Reference

This is exactly equivalent to the template version.

1 void func(auto &&);
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Forwarding Reference
1
2

// also a forwarding reference
auto &&value = some_func();
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Forwarding References
1
2
3
4
5

template<typename T>
struct Holder
{

Holder(T &&); /// what kind of reference is this?
}; https://godbolt.org/z/bhsdvjra3
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Forwarding References
1
2
3
4
5

template<typename T>
struct Holder
{

Holder(T &&); /// what kind of reference is this?
}; https://godbolt.org/z/bhsdvjra3

It’s an rvalue reference to whatever T  is. It’s not a deduced type.

82.1
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Forwarding References
1
2
3
4
5

template<typename T>
struct Holder
{

Holder(auto &&); /// what kind of reference is this?
}; https://godbolt.org/z/3jnEaed61
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Forwarding References
1
2
3
4
5

template<typename T>
struct Holder
{

Holder(auto &&); /// what kind of reference is this?
}; https://godbolt.org/z/3jnEaed61

It’s a forwarding reference, deduced by the compiler.

83.1
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Forwarding References
1
2
3
4
5
6

template<typename T>
struct Holder
{

template<typename U>
Holder(U &&); /// what kind of reference is this?

}; https://godbolt.org/z/o3aq1eq7K
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Forwarding References
1
2
3
4
5
6

template<typename T>
struct Holder
{

template<typename U>
Holder(U &&); /// what kind of reference is this?

}; https://godbolt.org/z/o3aq1eq7K

It’s a forwarding reference, deduced by the compiler, same as the last
one.

84.1
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Forwarding References
1
2
3
4
5
6

template<typename T>
struct Holder
{

template<typename U>
Holder(U &&); /// what kind of reference is this?

}; https://godbolt.org/z/o3aq1eq7K

It’s a forwarding reference, deduced by the compiler, same as the last
one.

I bet you wish you used more descriptive template parameter names
now, don’t you?

84.2
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Forwarding References

This is wrong, and another point of confusion for C++ programmers (and
won’t even compile).

1
2
3
4
5
6
7
8
9

10
11
12

#include <utility>

void otherfunc(auto &&);

template<typename T>
struct Holder
{

Holder(T &&value)
: std::forward<T>(value)

{
}

}; https://godbolt.org/z/3cMfGWh9j
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Forwarding Reference

Let’s look at this in compiler-explorer.

1
2
3
4
5
6
7
8
9

10
11
12
13

#include <utility>

void func(auto &&);

int main() {
int i{};
const int j{};

func(i); // &
func(std::move(i)); // &&
func(j); // const &
func(std::move(j)); // const &&

} https://godbolt.org/z/aPaKs4sE4
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Using Forwarding
References
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Forwarding Reference

I tend to avoid auto  for forwarding references because of the necessity of
decltype  with it.

1
2
3
4
5
6
7
8
9

10

#include <utility>

void take(auto &&value) {
auto mine = value; // copy

auto mine2 = std::move(value); // always a move

// conditional move, kind of ugly
auto mine3 = std::forward<decltype(value)>(value);

} https://godbolt.org/z/Y3sd6Kh7v
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Forwarding Reference
1
2
3
4
5
6
7
8
9

10
11
12
13
14

#include <string>

template<typename Value>
void take(Value &&value) {

auto mine = value; /// 3 copy
}

int main() {
std::string local{"some string info"}; /// 1

take(local); /// 2

// local has not been moved-from (no move constructor called)
} https://godbolt.org/z/nzTWbdnbc
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Forwarding Reference
1
2
3
4
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#include <string>

template<typename Value>
void take(Value &&value) {

auto mine = value; /// 3 copy
}

int main() {
std::string local{"some string info"}; /// 1

take(local); /// 2

// local has not been moved-from (no move constructor called)
} https://godbolt.org/z/nzTWbdnbc
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Forwarding Reference
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#include <string>

template<typename Value>
void take(Value &&value) {

auto mine = value; /// 3 copy
}

int main() {
std::string local{"some string info"}; /// 1

take(local); /// 2

// local has not been moved-from (no move constructor called)
} https://godbolt.org/z/nzTWbdnbc
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Forwarding Reference
1
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3
4
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8
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#include <string>

template<typename Value>
void take(Value &&value) {

auto mine = value; /// 3 copy
}

int main() {
std::string local{"some string info"}; /// 1

take(local); /// 2

// local has not been moved-from (no move constructor called)
} https://godbolt.org/z/nzTWbdnbc
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Forwarding Reference
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

#include <string>
#include <utility>

template<typename Value>
void take(Value &&value) {

auto mine = std::move(value); /// 3 forced move
}

int main() {
std::string local{"some string info"}; /// 1

take(local); /// 2

// local HAS been moved-from (move constructor called)

// this is likely not what the user expected, but
// I did pass a non-const &, so anything is allowed!

} https://godbolt.org/z/59q7f55dK
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Forwarding Reference
1
2
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#include <string>
#include <utility>

template<typename Value>
void take(Value &&value) {

auto mine = std::move(value); /// 3 forced move
}

int main() {
std::string local{"some string info"}; /// 1

take(local); /// 2

// local HAS been moved-from (move constructor called)

// this is likely not what the user expected, but
// I did pass a non-const &, so anything is allowed!

} https://godbolt.org/z/59q7f55dK
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Forwarding Reference
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18

#include <string>
#include <utility>

template<typename Value>
void take(Value &&value) {

auto mine = std::move(value); /// 3 forced move
}

int main() {
std::string local{"some string info"}; /// 1

take(local); /// 2

// local HAS been moved-from (move constructor called)

// this is likely not what the user expected, but
// I did pass a non-const &, so anything is allowed!

} https://godbolt.org/z/59q7f55dK
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Forwarding Reference
1
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#include <string>
#include <utility>

template<typename Value>
void take(Value &&value) {

auto mine = std::move(value); /// 3 forced move
}

int main() {
std::string local{"some string info"}; /// 1

take(local); /// 2

// local HAS been moved-from (move constructor called)

// this is likely not what the user expected, but
// I did pass a non-const &, so anything is allowed!

} https://godbolt.org/z/59q7f55dK
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Forwarding Reference
1
2
3
4
5
6
7
8
9

10
11
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13
14
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#include <string>
#include <utility>

template<typename Value>
void take(Value &&value) {

auto mine = std::forward<Value>(value); /// 3
}

int main() {
std::string local{"some string info"}; /// 1

take(local); /// 2 we passed l-value reference

// local has not been moved-from (no move constructor called)
} https://godbolt.org/z/Wh8G3Kz8r
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Forwarding Reference
1
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#include <string>
#include <utility>

template<typename Value>
void take(Value &&value) {

auto mine = std::forward<Value>(value); /// 3
}

int main() {
std::string local{"some string info"}; /// 1

take(local); /// 2 we passed l-value reference

// local has not been moved-from (no move constructor called)
} https://godbolt.org/z/Wh8G3Kz8r
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Forwarding Reference
1
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#include <string>
#include <utility>

template<typename Value>
void take(Value &&value) {

auto mine = std::forward<Value>(value); /// 3
}

int main() {
std::string local{"some string info"}; /// 1

take(local); /// 2 we passed l-value reference

// local has not been moved-from (no move constructor called)
} https://godbolt.org/z/Wh8G3Kz8r
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Forwarding Reference
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#include <string>
#include <utility>

template<typename Value>
void take(Value &&value) {

auto mine = std::forward<Value>(value); /// 3
}

int main() {
std::string local{"some string info"}; /// 1

take(local); /// 2 we passed l-value reference

// local has not been moved-from (no move constructor called)
} https://godbolt.org/z/Wh8G3Kz8r

91.3

https://godbolt.org/z/Wh8G3Kz8r


Copyright Jason Turner @lefticus emptycrate.com/go.html

Forwarding Reference
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

#include <string>
#include <utility>

template<typename Value>
void take(Value &&value) {

auto mine = std::forward<Value>(value); /// 3
}

int main() {
std::string local{"some string info"};  /// 1

take(std::move(local)); /// 2 explicit rvalue reference passed

// local has been moved-from, this is what I asked for
} https://godbolt.org/z/cf3x9sfbK
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Forwarding Reference
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#include <string>
#include <utility>

template<typename Value>
void take(Value &&value) {

auto mine = std::forward<Value>(value); /// 3
}

int main() {
std::string local{"some string info"};  /// 1

take(std::move(local)); /// 2 explicit rvalue reference passed

// local has been moved-from, this is what I asked for
} https://godbolt.org/z/cf3x9sfbK
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Forwarding Reference
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#include <string>
#include <utility>

template<typename Value>
void take(Value &&value) {

auto mine = std::forward<Value>(value); /// 3
}

int main() {
std::string local{"some string info"};  /// 1

take(std::move(local)); /// 2 explicit rvalue reference passed

// local has been moved-from, this is what I asked for
} https://godbolt.org/z/cf3x9sfbK
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Forwarding Reference
1
2
3
4
5
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#include <string>
#include <utility>

template<typename Value>
void take(Value &&value) {

auto mine = std::forward<Value>(value); /// 3
}

int main() {
std::string local{"some string info"};  /// 1

take(std::move(local)); /// 2 explicit rvalue reference passed

// local has been moved-from, this is what I asked for
} https://godbolt.org/z/cf3x9sfbK
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std::forward
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std::forward
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std::forward

std::forward  is a conditional cast. If it was called with an rvalue
reference, it returns an rvalue reference.

95.1
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std::forward

std::forward  is a conditional cast. If it was called with an rvalue
reference, it returns an rvalue reference.
If it was passed an lvalue reference, it returns an lvalue reference.
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std::forward

std::forward  is a conditional cast. If it was called with an rvalue
reference, it returns an rvalue reference.
If it was passed an lvalue reference, it returns an lvalue reference.
This logic has to be maintained from level to level in the call chain, it
requires boilerplate and is also prone to mistakes.
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What do we do?
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Stronger Typing!
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Stronger Forwarding
Imagine a magical new type…
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Stronger Forwarding
1
2
3
4
5
6
7
8
9

10
11
12
13
14

#include <forwarding_ref>
#include <string>

template<typename Value>
void take(forwarding_ref<Value> value) {

std::string mine = value;
}

int main() {
std::string local{"some string info"};

take(forwarding_ref{local}); // copy is made
take(forwarding_ref{std::move(local)}); // move is made

} https://godbolt.org/z/os9aWK9aG
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Stronger Forwarding
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#include <forwarding_ref>
#include <string>

template<typename Value>
void take(forwarding_ref<Value> value) {

std::string mine = value;
}

int main() {
std::string local{"some string info"};

take(forwarding_ref{local}); // copy is made
take(forwarding_ref{std::move(local)}); // move is made

} https://godbolt.org/z/os9aWK9aG

It is, unfortunately a bit wordy

100.1
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Stronger Forwarding
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#include <forwarding_ref>
#include <string>

template<typename Value>
void take(forwarding_ref<Value> value) {

std::string mine = value;
}

int main() {
std::string local{"some string info"};

take(forwarding_ref{local}); // copy is made
take(forwarding_ref{std::move(local)}); // move is made

} https://godbolt.org/z/os9aWK9aG

It is, unfortunately a bit wordy
But it’s less error prone
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Stronger Forwarding
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#include <forwarding_ref>
#include <string>

template<typename Value>
void take(forwarding_ref<Value> value) {

std::string mine = value;
}

int main() {
std::string local{"some string info"};

take(forwarding_ref{local}); // copy is made
take(forwarding_ref{std::move(local)}); // move is made

} https://godbolt.org/z/os9aWK9aG

It is, unfortunately a bit wordy
But it’s less error prone
And automatically forwards!
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Stronger Forwarding
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
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20
21
22
23

#include <forwarding_ref>
#include <string>

void f1(auto &&param) {
std::string mine = value; /// this is a change
// auto here would copy the forwarding_ref

}

void f2(auto &&param) {
f1(param); /// nothing to do here it Just Works

}

template<typename Value>
void take(forwarding_ref<Value> value) {

f2(value);
}

int main() {
std::string local{"some string info"};

take(forwarding_ref{local}); // copy is made
take(forwarding_ref{std::move(local)}); // move is made

} https://godbolt.org/z/Yfse68948
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Stronger Forwarding
1
2
3
4
5
6
7
8
9

10
11
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14
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16
17
18
19

#include <type_traits>

template <typename T>
struct forwarding_ref {

using pointer_type = std::add_pointer_t<std::remove_reference_t<T>>;
using reference_type = T;

constexpr forwarding_ref(reference_type ref_) noexcept : ref{&ref_} {} /// 2
constexpr operator reference_type() noexcept {
return static_cast<reference_type>(*ref); /// 3

}

private:
pointer_type ref;

};

/// necessary for deducing if the reference was rvalue or value
template <typename T>
forwarding_ref(T&&) -> forwarding_ref<T&&>; /// 1 https://godbolt.org/z/oYEffj3aP
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Stronger Forwarding
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#include <type_traits>

template <typename T>
struct forwarding_ref {

using pointer_type = std::add_pointer_t<std::remove_reference_t<T>>;
using reference_type = T;

constexpr forwarding_ref(reference_type ref_) noexcept : ref{&ref_} {} /// 2
constexpr operator reference_type() noexcept {
return static_cast<reference_type>(*ref); /// 3

}

private:
pointer_type ref;

};

/// necessary for deducing if the reference was rvalue or value
template <typename T>
forwarding_ref(T&&) -> forwarding_ref<T&&>; /// 1 https://godbolt.org/z/oYEffj3aP
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Stronger Forwarding
1
2
3
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#include <type_traits>

template <typename T>
struct forwarding_ref {

using pointer_type = std::add_pointer_t<std::remove_reference_t<T>>;
using reference_type = T;

constexpr forwarding_ref(reference_type ref_) noexcept : ref{&ref_} {} /// 2
constexpr operator reference_type() noexcept {
return static_cast<reference_type>(*ref); /// 3

}

private:
pointer_type ref;

};

/// necessary for deducing if the reference was rvalue or value
template <typename T>
forwarding_ref(T&&) -> forwarding_ref<T&&>; /// 1 https://godbolt.org/z/oYEffj3aP
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Stronger Forwarding
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#include <type_traits>

template <typename T>
struct forwarding_ref {

using pointer_type = std::add_pointer_t<std::remove_reference_t<T>>;
using reference_type = T;

constexpr forwarding_ref(reference_type ref_) noexcept : ref{&ref_} {} /// 2
constexpr operator reference_type() noexcept {
return static_cast<reference_type>(*ref); /// 3

}

private:
pointer_type ref;

};

/// necessary for deducing if the reference was rvalue or value
template <typename T>
forwarding_ref(T&&) -> forwarding_ref<T&&>; /// 1 https://godbolt.org/z/oYEffj3aP
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Oh, this solves one other
problem…
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What is this?
1
2
3
4

struct BadTimes {
template<typename T>
BadTimes(T &&); // what is this?

};
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What is this?
1
2
3
4

struct BadTimes {
template<typename T>
BadTimes(T &&); // what is this?

};

Implicit conversion from anything to BadTimes

104.1
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What is this?
1
2
3
4

struct BadTimes {
template<typename T>
BadTimes(T &&); // what is this?

};

Implicit conversion from anything to BadTimes
Copy constructor
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What is this?
1
2
3
4

struct BadTimes {
template<typename T>
BadTimes(T &&); // what is this?

};

Implicit conversion from anything to BadTimes
Copy constructor
Move constructor
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What is this?
1
2
3
4
5
6

#include <forwarding_ref>

struct GoodTimes {
// this does not get in the way of the move/copy operations!
template<typename T> GoodTimes(forwarding_ref<T>);

}; https://godbolt.org/z/EEKodW5na
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I Fixed Move Semantics!
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I Fixed Move Semantics?
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Examples And Safety
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1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23

#include <type_traits>
#include <utility>

template <typename T>
struct moving_ref { // compacted version

using pointer_type = std::add_pointer_t<T>;
using reference_type = std::add_rvalue_reference_t<T>;

constexpr moving_ref(reference_type ref_) noexcept : ref{&ref_} {}

constexpr operator reference_type() noexcept {
return static_cast<reference_type>(*ref);

}

private:
pointer_type ref;

};

// no good, what do we do?!?
auto get_value() {

int i = 42;
return moving_ref<int>{std::move(i)};

} https://godbolt.org/z/79oGGv8Y1
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Final Implementation
moving_ref:

https://github.com/lefticus/tools/blob/main/include/lefticus/tools/movin
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Final Implementation
forwarding_ref:

https://github.com/lefticus/tools/blob/main/include/lefticus/tools/forwa
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Example Usage
https://compiler-explorer.com/z/14Krjnad9
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What C++ standard does
this require?
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C++ Standards
moving_ref  was possible in C++11
C++17 adds a few extra safety checks
Recent clangs add even more
forwarding_ref  requires a deduction guide (C++17)

TL;DR: moving_ref  can easily be back ported to C++11
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Future Ideas
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Future Ideas
Can we prevent a reference from being used twice?
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Future Ideas
Can we prevent a reference from being used twice?
I almost got it working with pointer tagging, but realized this can point
to any byte of a byte array, so that doesn’t work
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Future Ideas
Can we prevent a reference from being used twice?
I almost got it working with pointer tagging, but realized this can point
to any byte of a byte array, so that doesn’t work
At one point I decided I could make the stored *  null, then assert on
that, but that actually makes the constexpr  use case worse! (object
can persist to runtime with a nullptr in it)
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Future Ideas
Can we prevent a reference from being used twice?
I almost got it working with pointer tagging, but realized this can point
to any byte of a byte array, so that doesn’t work
At one point I decided I could make the stored *  null, then assert on
that, but that actually makes the constexpr  use case worse! (object
can persist to runtime with a nullptr in it)
We could have a “taken references” count, but that would be a weird
performance overhead
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I almost got it working with pointer tagging, but realized this can point
to any byte of a byte array, so that doesn’t work
At one point I decided I could make the stored *  null, then assert on
that, but that actually makes the constexpr  use case worse! (object
can persist to runtime with a nullptr in it)
We could have a “taken references” count, but that would be a weird
performance overhead
Could have the object layout change depending on if NDEBUG  to count
reference takes… but I didn’t like that
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Future Ideas
Can we prevent a reference from being used twice?
I almost got it working with pointer tagging, but realized this can point
to any byte of a byte array, so that doesn’t work
At one point I decided I could make the stored *  null, then assert on
that, but that actually makes the constexpr  use case worse! (object
can persist to runtime with a nullptr in it)
We could have a “taken references” count, but that would be a weird
performance overhead
Could have the object layout change depending on if NDEBUG  to count
reference takes… but I didn’t like that
But as we already saw with [[clang::lifetimebound]]  this is worthy of
every and all keywords, attributes, and decorations it can take!
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But Remember…
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Avoid std::move  if You Can

In ~99% of the cases (except for constructors and assignment operators)
you can avoid std::move  by refactoring to use small composable
functions and leveraging RVO.

1
2
3
4
5

void not_good() {
auto val = some_fun();
other_fun(std::move(val));
// what state is val in? why is it still here?

} https://godbolt.org/z/rxx1vx7s7

1
2
3

void much_better() {
other_fun(some_fun());

}
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Takeaways
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Takeaways
Next time you identify a problem, use your imagination, a stronger
type will likely help!

121.1



Copyright Jason Turner @lefticus emptycrate.com/go.html

I Fixed Move Semantics
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Jason Turner
C++ Weekly

Weekly videos since March, 2016
125k+ subscribers, 520+ weeks straight

https://www.youtube.com/@cppweekly
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Jason Turner
Author

C++ Best Practices, C++23 Best Practices
OpCode, Copy and Reference, Object Lifetime Puzzlers
Programming Puzzles Big Book
https://amzn.to/3xWh8Ox
https://leanpub.com/u/jason_turner
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Jason Turner
Developer

Microsoft MVP for C++, 2015-present

https://cppbestpractices.com
https://github.com/lefticus
https://github.com/cpp-best-practices
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Jason Turner - Training

How to get my training:

1. Have me come to your company on-site for dynamic customized
training where you already are - generally the most economical option
for groups (CA, DE, NL, RO, CZ, JP, US, PL, SE, …)

2. Come to a conference workshop
C++ On Sea (Folkestone, UK, Late June)
CppCon (Aurora, CO, US, ~Sept)
NDC TechTown (Kongsberg, NO, ~Sept)
And possibly others

https://emptycrate.com/training.html
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Jason Turner
https://emptycrate.com/go.html
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