An Introduction to
the Rvalue Reference




Outline

® Move Semantics

® Problem statement




Code That We Wish Worked

® We would like to return | vector<int>
“big” types by value compute(...data...);
without worrying if RVO

will work or not. ,
// Expensive, O(N)!

® Functional style = compute(...data...);
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Code That We Wish Worked

Generic, sequence modifying code:

IEeEr L = P ESE
for (++1; 1 != last; ++1)

d
L.
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What Is An Rvalue Reference

class A {};
A a;

A&& a_refl
A& a_ref2 =




Why A New Reference Type?

® Use of a new reference type, as opposed to a
keyword which means “move” or “rvalue” is
desirable because the rvalue reference solves
more problems than just move semantics.
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What Exactly Is an Rvalue
Reference!

® An rvalue reference is exactly like our
existing reference (now known as an lvalue

reference) with a few exceptions:
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Overloading References

& const&

can bind to..\/\

lvalue
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Overloading References

& const& && const&&

can bind to..\%v

lvalue rvalue
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Overloading References

& const& && const&&

can bind to... M

const lvalue const rvalue
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Putting It Together

(clone_ptr is just an example)

template <class T> class clone_ptr {
private: T* ptr_;
public: clone_ptr(const clone_ptr& p)
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Putting It Together

(clone_ptr is just an example)

template <class T> class clone_ptr {

private: T* ptr_;

public:

clone_ptr(const clone_ptr& p); // lvalues
lone_ptr& operator=(const clone_ptr& p);
e_ptr(clone_ptrd& p) .. // rvalues.
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Example Uses of clone_ptr

typedef clone_ptr<int> CP;

nl;
DZ(pl); // clone_ptr(const clone_ptr&)

n3 = std::move(p2); // clone_ptr(clone_ptr&&)
make_clone_ptr(); // function prototype

p4 = make_clone_ptr(); // clone_ptr(clone_ptr&&)
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Writing Move Members

class A : B {
std: :string name_;
public:
ACA&& a)
: B(std: :move(a)), name_(std: :move(a.name_)) {}
A& operator=(A&& a)
{B: :operator=Cstd: :move(a));
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Double-move Protection

void fl(const AR);
void f1(A&&); // can change arg
void f2(const AR);
volid f2(A&&); // can change arg

void my_func(A&& a) {
f1(Ca);
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Double-move Protection

void fl(const AR);
void f1(A&&); // can change arg
void f2(const AR);
volid f2(A&&); // can change arg

void my_func(A&& a) {
f1Ca); // fl(const A&)

: ° O v
S o m Pt el Wl & el & h = " | LS i, o o L Y B A s 'r;.'.' & E 5. st £ h E e b i ’ L oy B . S - S B S i M e
: e e T T e T L | % I AT RO g s AR e S R R SRRy A A G A W SO W ) I e JRL ORI o M s AR e
e e e L e e e T e e o R o e L 4 R
= i I T i & ¢ oy s £t e i S Sy G e e o e e G g g e it T e e g s - L s




Double-move Protection

void fl(const AR);
void f1(A&&); // can change arg
void f2(const AR);
volid f2(A&&); // can change arg

void my_func(A&& a) {
f1Ca); // fl(const A&)

oA f2(std: :move(a)); ~
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Move-Only Types

template <class T> class unique_ptr {
private: T* ptr_;
unique_ptr(const unique_ptr& p);
unique_ptr& operator=(const unique_ptr& p);
public:
unique_ptr(unique_ptr&& p)

. ptr_(p.ptr_) {p.ptr_ = 0;}
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Move-Only Types

template <class T> class clone_ptr {

private: T* ptr_;

public:

lone_ptr(const clone_ptr& p);

lone_ptr& operator=(const clone_ptr& p);
lone_ptr(clone_ptr&& p)

. ptr_(p.ptr_) {p.ptr_ = 0;}
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Move-Only Types

template <class T> class unique_ptr {
private: T* ptr_;
unique_ptr(const unique_ptr& p);
unique_ptr& operator=(const unique_ptr& p);
public:
unique_ptr(unique_ptr&& p)

. ptr_(p.ptr_) {p.ptr_ = 0;}
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Example Uses of unique_ptr

typedef unique_ptr<int> CP;

CP pil;

CP p2(pl); // compile time error

CP p3 = std::move(p2); // unique_ptr(unique_ptr&&)
CP make_unique_ptr(Q); // function prototype

CP p4 = make_unique_ptr(); // unique_ptr(unique_ptr&&)
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Returning Types From
Functions

unique_ptr<int> make_unique_ptr()

{

unique_ptr<int> p(new 1int);
*Dez=ul;
return p; //
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Returning Types From
Functions

vector<int> make_vector()

{
vector<int> v(100000);

v[O] =
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Returning Types From
Functions

complex<double> make_complex()
{
complex<double> c(1., 2.);
Ciadem iC ot
return c; // Ok, 1mp11c1t cast to rvalue
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Examples Of Move-Only Types

fstreams, stringstreams
unique_ptr (auto_ptr replacement)
vector<a move-only type>

thread - proposed
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Unique Ownership Strategies
Example

e Consider:

class Matrix

! ® What is the best
double* data_; way to implement

}nt O Matrix+Matrix?
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Simple Unique Ownership
Example

® Use Case:

Matrix ml = m2 + m3 + m4 + m5 + mo;




Simple Unique Ownership
Example - Cost

® Cost analysis

Matrix ml = mZ2 + m3 + m4 + m5 + mo;

llocate row*col
llocate row*col
| ;_w}'ocate row*coj,

a- [ .
A
ok "r"“-'.-" \lp .rt‘ k -.‘*:":' ::. ."C"f': o N [P P
2 ‘ ;

oub
oub
oub

les for m2+m3 -> t1
les for tl1+m4 -> t2
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Copy On Write - Refcounting

class Matrix
{
MatrixImp* imp_; // refcounted ptr
public:
Matrix(int row, int col);
~Matrix();
Matrix(const Matrix& m);
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Copy On Write - Refcounting

Cost analysis

Matrix ml = m2 + m3 + m4 + m5 + mo;

llocate
llocate
llocate

row*col
row*col
row*col

~ allocate row*col

dou
dou
dou

“doub’

les
les
les
@S

5 i Rt
N o

for m2+m3 -> tl
for t1+m4 -> t2
for t2+m5 -> t3



Rvalue Reference Based Solution

Matrix: :Matrix(Matrix&& x)
data_(x.data_), row_(x.row_), col_(x.col_)
{x.data_ = @; x.row_ = x.col_ = 0;}

Matrix // this as in C++03
operator+(const Matrix& x, const Matrix& y);

Matrix
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Rvalue Reference Based Solution

® Cost analysis

Matrix ml = m2 + m3 + m4 + m5 + mo;

allocate row*col doubles for m2+m3 -> ml




Rvalue Reference Based Solution

® Cost analysis

Matrix ml = mZ2 + m3 + m4 + m5 + mo;

dllocate row*col doubles for m2+m3 -> tl
tl RVO’d (or moved) out
t1 4= m4 // tl moved out
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Cost Summary for Matrix + Matrix

Allocations Deallocations Outstanding

o C++03: 4
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Cost Summary for Matrix + Matrix

Allocations Deallocations Outstanding

o C++03:
o COW (rc)
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Memory Ownership Strategies

Circular Shared
Ownership

Shared
Ownership

‘<

Unique Ownership

® Rvalue reference greatly reduces the
motivation for shared ownership.



Memory Ownership Strategies

Circular Shared
Ownership

Shared
Ownership

‘<

Unique Ownership

® Rvalue reference greatly reduces the
motivation for shared ownership.



Generic Algorithm Solution

Iter 1 = first;
for (++1; 1 != last; ++1)
{
Tter j =
value_type tmp(std::move(*j));
for (Iter k = 1; k != first && tmp < *--k; --3)
*3 = std: :move(*k);
= std move(tmp),
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Generic Algorithm Solution

Iter 1 = first;
for (++1; 1 !'= last; ++1)
]
G eig =
value_type tmp(std::move(*j));
foralltep.daa i ol fipet s RRUctmp. cudke slced —ndd)

*3 = std: :move(*k);

‘_.H*j. std move(tmp),
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Perfect Forwarding

® Consider writing a generic factory function
for shared ptr<T>,where T is unknown, as
are the arguments for constructing T.

® Assume for the moment that T’s
constructor takes a single argument.

template <class T,

LR S kol 53

7 AT T o] e [ iy e A R

" e e R L BT ol P Y B'a b AN S R N et T L
el b r Y 1 « ) _. R

class Al>

TP Y > ¥ L g T R T T T Rl - .

T o e B T o U R W o S e S o e P T e

TR R ST LT TR ey e LA L ) el i TR ol G P g e P S G e B R et L el b L i

] T-.',I\ R i e S P R R e e e o Sy S R s e R il vkl
ER e b Pl Bt 1o f




Problem using const Al &

template <class T, class Al>
shared_ptr<T>
make_ptr(const Al& al)

{
return shared_ptr<T>(Cnew T(al));
¥




Solution: Al &

template <class T, class Al>
shared_ptr<T>

make_ptr(Al& al)

{
return shared_ptr<T>(new T(al));




Problem using Al &

template <class T, class Al>
shared_ptr<T>
make_ptr(Al& al)

1
¥

return shared_ptr<T>(Cnew T(al));




Lack of Ability to Write
Generic Factory Functions

make_ptr(Al& al)
make_ptr(const Al& al)

® Neither design is sufficiently generic to
cover all reasonable use cases.
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Rvalue Reference Supplies
Perfect Forwarding

template <class T, class Al>
shared_ptr<T>

make_ptr(Al1&& al)

{

return shared_ptr<T>(

new T(std: :forward<Al>(Cal)));
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Rvalue Reference Supplies
Perfect Forwarding

template <class T, class Al>
shared_ptr<T>

make_ptr(Al1&& al)

{

return shared_ptr<T>(

new T(std: :forward<Al>(Cal)));
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Rvalue Reference Supplies
Perfect Forwarding

template <class T, class Al>
shared_ptr<T>

make_ptr(Al1&& al)

{

return shared_ptr<T>(

new T(std: :forward<Al>(Cal)));
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Rvalue Reference Supplies
Perfect Forwarding

template <class T, class Al>
shared_ptr<T>

make_ptr(Al1&& al)

{

return shared_ptr<T>(
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Rvalue Reference Supplies
Perfect Forwarding

template <class T, class Al>
shared_ptr<T>

make_ptr(Al1&& al)

{

return shared_ptr<T>(

new T(std: :forward<Al>(Cal)));
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Making it VWWork With an
Arbitrary Number of Arguments

template <class T, class ...A>
shared_ptr<T>

make_ptr(A&& a...)

{

return shared_ptr<T>(

new T(std: :forward<A>(a)...));
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Move + Forward

struct B2 {
B2(int, double, const string&);// copy string 1in
B2(int, double, string&); // move string 1in

%

~ ® Perfect forwarding enabl
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Move + Forward

struct B2 {
B2(int, double, const string&);// copy string 1in
B2(int, double, string&); // move string 1in

%

o move semantics

; B Rnea Ty N
i 5 . Ky S s e S N
\ s RGN Y AL L “rT -

ELSE £ )
P R P A e

Perfect forwarding enables

o H e G S L AL I e
e e e S S earopd AN o N




Summary

® The rvalue reference is a new reference
type.
® |t solves the problem of move semantics.
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