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Forwarding references

Opportunity for optimization

template <typename T>
void add(vector<T>& v,
T value)

vector<string> w;
add(w, "hello"s);

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14
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Forwarding references

Opportunity for optimization

template <typename T>

void add(vector<T>& v SO
' add(w, ["hello"$)Greate!

T value)
{

}

string s { "bye" };

v.push_back(value); add(w, s);
1 14
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Forwarding references

Opportunity for optimization

< > .
template <typename T vector<string> w;

void add(vector<T>& v
4 addl 1] " |
COpV!tEZEEEEﬂ‘ u\h74 hello })meate.

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14
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Forwarding references

Opportunity for optimization

template <typename T> Vector<string> w:

void add(vector<T>& v, “”’LL{E::::fE} 4
copy! [T value} add{w— "hello"$)greate!

{ .

v.push_back(&hﬁbéj; ZS;?QQ :)f bye" };
14 14
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Forwarding references

Opportunity for optimization

< > .
template <typename T vector<string> w;

void add(vector<T>& v
4 addl 1] " |
COpV!tEZEEEEﬂ‘ u\h74 hello })meate.

{ oo string s { "bye" };
LN

add(w, s);

copy!
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Forwarding references

Opportunity for optimization

template <typename T>
void add(vector<T>& v,
T value)

vector<string> w;
add(w, "hello"s);

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 3 created

LINKOPING
II.“ UNIVERSITY



3/48

Forwarding references

Opportunity for optimization

< > i
template <typename T vector<string> w;

void add(vector<T>& v, S > W
destroy [T value} add(w, "hello"s);
{

}

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 3 created
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Forwarding references

Opportunity for optimization

< > .
template <typename T NS T

void add(vector<T>& v, > =
destroy |T valuej— ada{w>| "hello"$)destroy

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 3 created
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Forwarding references

Opportunity for optimization

template <typename T>
void add(vector<T>& v,
T value)

vector<string> w;
add(w, "hello"s);

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 3 created, 2 destroyed
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Forwarding references

Opportunity for optimization

template <typename T>

; Y, r<string> w;
void add(vector<T>& v, ector<st 9 !

add(w, "hello"s);

T value) create!
t ing § { "bye"™ J]
s { "bye" }}
v.push_back(value); 235?39 :){ bve_J
14 14

}

rvalue = 3 created, 2 destroyed
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Forwarding references

Opportunity for optimization

template <typename T>

. Y, r<string> w;
void add(vector<T>& v, RIS 9 !

add(w, "hello"s);

T value) reatel

{ 7 " .||
s { "bye" }f
v.push_back(value); string [s { "bye" }

add(w, S)---

}

rvalue = 3 created, 2 destroyed
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Forwarding references

Opportunity for optimization

< > i
template <typename T vector<string> w;

void add(vector<T>& v, add(w, "hello"s);
copy! [T_value} ' '
{ create!
string [s { "bye™ J
ad

v.push_back(value);

) | add w54 - -

rvalue = 3 created, 2 destroyed
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Forwarding references

Opportunity for optimization

template <typename T> vector<string> w;
void add(vector<T>& v, Sl "hello”s)c
copy! [T_value} R
{ S . .
------ string ¥ "hye I
v.push_back(value); I —

rvalue = 3 created, 2 destroyed
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Forwarding references

Opportunity for optimization

template <typename T> Vector<string> w:
void add(vector<T>& v, Sl "hellg”s)c
copy! [T value) ! !
{ N create!
------ string [§ { "bye™ J}
v] push_back({value); I —

copy! rvalue = 3 created, 2 destroyed

LINKOPING
II.“ UNIVERSITY



3/48

Forwarding references

Opportunity for optimization

template <typename T>
void add(vector<T>& v,
T value)

vector<string> w;
add(w, "hello"s);

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 3 created, 2 destroyed
Ivalue = 3 created
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Forwarding references

Opportunity for optimization

< > i
template <typename T vector<string> w;

void add(vector<T>& v, S > W
destroy [T value} add(w, "hello"s);
{

}

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 3 created, 2 destroyed
Ivalue = 3 created
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Forwarding references

Opportunity for optimization

< > i
template <typename T vector<string> w;

void add(vector<T>& v, S > W
destroy [T value] add(w, "hello'"s);
¢ string s { "bye" };

v.push_back(value); g
ad >0 )
} WL )

rvalue = 3 created, 2 destroyed
Ivalue = 3 created
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Forwarding references

Opportunity for optimization

template <typename T> vector<string> w;

void add(vector<T>& v, Sl "hello”s)c

destro ) ! !

; y destroy
string 5 "ye™ J)

v.push_back(value);
ad 7 'S  _ _A
} S

rvalue = 3 created, 2 destroyed
Ivalue = 3 created
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Forwarding references

Opportunity for optimization

template <typename T>
void add(vector<T>& v,
T value)

{
3

v.push_back(value);

3/48

vector<string> w;
add(w, "hello"s);

string s { "bye" };
add(w, s);

rvalue = 3 created, 2 destroyed
Ivalue = 3 created, 2 destoyed
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Forwarding references

Opportunity for optimization

template <typename T>
void add(vector<T>& v,
T value)

{
3

v.push_back(value);

3/48

vector<string> w;
add(w, "hello"s);

string s { "bye" };
add(w, s);

rvalue = 3 created, 2 destroyed
Ivalue = 3 created, 2 destoyed
Must be possible to reduce!
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Forwarding references

Attempt #1

template <typename T>
void add(vector<T>& v,
T const& value)

vector<string> w;
add(w, "hello"s);

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14
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Forwarding references

Attempt #1

template <typename T>

void add(vector<T>& v SO
' add(w, ["hello"$)Greate!

T const& value)
{

}

string s { "bye" };

v.push_back(value); add(w, s);
1 14
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Forwarding references

Attempt #1

template <typename T>

{
3

v.push_back(value);

4/48

vector

L add(w

string
add(w,

<string> w;
"hello"$ )crea

s { Ilbyell };
s);

te!
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Forwarding references

Attempt #1

template <typename T>

{

______

V.push_ back(value)

4/48

vector<string> w;
Ladd(w,{ "hello"$)rea

string s { "bye" };
add(w, s);

te!
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Forwarding references

Attempt #1

template <typename T>

X

copy!
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vector

L add (@

string
add(w,

<string> w;
[ "hello"$)grea

s { "bye" };
s);

te!
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Forwarding references

Attempt #1

template <typename T>
void add(vector<T>& v,
T const& value)

vector<string> w;
add(w, "hello"s);

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 2 created
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Forwarding references

Attempt #1

< > i
template <typename T vector<string> w;

___________ add(w, "hello"s);

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 2 created
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Forwarding references

Attempt #1

< > i
template <typename T vector<string> w;

___________ add{w>|"hello"$)destroy

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 2 created
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Forwarding references

Attempt #1

template <typename T>
void add(vector<T>& v,
T const& value)

vector<string> w;
add(w, "hello"s);

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 2 created, 1 destroyed
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Forwarding references

Attempt #1

template <typename T>
void add(vector<T>& v,
T const& value)

vector<string> w;
add(w, "hello"s);

create!

t ing [s { "bye™ J
s { "bye" }}
v.push_back(value); 255?39 :){ bve_J

}

rvalue = 2 created, 1 destroyed
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Forwarding references

Attempt #1

template <typename T>
void add(vector<T>& v, : >
T const& value) add(w, "hello"s);

create!

{ 4 " n
string s { "bye" }|;
v.push_back(value); =
add(w, S)g---
} ( Ls )‘

vector<string> w;

rvalue = 2 created, 1 destroyed
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Forwarding references

Attempt #1

template <typename T>

void add(vector<T>& v, R0 Themo ey
T const& value) ! '

(e ~ create!
~4- ~_t~ring S { Ilbyell };
add{w; 8- - -

1

v.push_back(value);

}

rvalue = 2 created, 1 destroyed
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Forwarding references

Attempt #1

template <typename T>

void add(vector<r>& y, i e
T const& value) ! ¢

¢ e FoTos ~ create!
______ T-1--4|string[s { "bye" J;
v.push_back(value); TR~ o
. push_ (value) add{w; 5);- - -

rvalue = 2 created, 1 destroyed
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Forwarding references

Attempt #1

template <typename T>

void add(vector<r>& y, i e
T const& value) ! ¢

¢ e FoTos ~ _ create!
[V] push_back{value}; ey e
} \ _/__ = add~(W, ‘I_SJ¥I_ -

copy! rvalue = 2 created, 1 destroyed
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Forwarding references

Attempt #1

template <typename T>
void add(vector<T>& v,
T const& value)

vector<string> w;
add(w, "hello"s);

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 2 created, 1 destroyed
Ivalue = 2 created
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Forwarding references

Attempt #1

< > i
template <typename T vector<string> w;

___________ add(w, "hello"s);

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 2 created, 1 destroyed
Ivalue = 2 created
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Forwarding references

Attempt #1

< > i
template <typename T vector<string> w;

___________ add(w, "hello"s);

{
3

——<|string s { "bye" };

v.push_back(value); 2dd )
r 21

rvalue = 2 created, 1 destroyed
Ivalue = 2 created
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Forwarding references

Attempt #1

< > i
template <typename T vector<string> w;

___________ add(w, "hello"s);

____________ destroy
( e E{bye"
v.push_back(value); \Z(ggmg 5 ; e
rLs i

}

rvalue = 2 created, 1 destroyed
Ivalue = 2 created
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Forwarding references

Attempt #1

template <typename T>
void add(vector<T>& v,
T const& value)

vector<string> w;
add(w, "hello"s);

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 2 created, 1 destroyed
Ivalue = 2 created, 1 destoyed
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Forwarding references

Attempt #1

template <typename T>
void add(vector<T>& v,
T const& value)

vector<string> w;
add(w, "hello"s);

{
3

string s { "bye" };

v.push_back(value); add(w, s);
1 14

rvalue = 2 created, 1 destroyed
Ivalue = 2 created, 1 destoyed
The rvalue case should probably use move!
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Forwarding references

Attempt #2

template <typename T> vector<str1ng> Wy
void add(vector<T>& v, T const& value) // #1 string s { "bye" };

v.push_back(value);

template <typename T> add(w, "hello"s);
void add(vector<T>& v, T&& value) // #2

v.push_back(std: :move(value));

add(w, s);
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Forwarding references

Attempt #2

template <typename T> vector<str1ng> Wy
void add(vector<T>& v, T const& value) // #1 string s { "bye" };

v.push_back(value);

// chooses #2!

template <typename T> add(w, "hello"s);
void add(vector<T>& v, T&& value) // #2

v.push_back(std: :move(value));

add(w, s);
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Forwarding references

Attempt #2
template <typename T> vector<str1ng> Wy
void add(vector<T>& v, T const& value) // #1 string s { "bye" };
{

v.push_back(value);
// chooses #2!
template <typename T> add(w, "hello"s);
void add(vector<T>& v, T&& value) // #2
v.push_back(std: :move(value)); // chooses #1!
add(w, s);

II LINKOPING
@ UNIVERSITY



5/48

Forwarding references

Attempt #2
template <typename T> vector<str1ng> Wy
void add(vector<T>& v, T const& value) // #1 string s { "bye" };
{

v.push_back(value);
// chooses #2!
template <typename T> add(w, "hello"s);
void add(vector<T>& v, T&& value) // #2
v.push_back(std: :move(value)); // chooses #1!
add(w, s);

Cool!
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Forwarding references

Attempt #2
template <typename T> vector<str1ng> Wy
void add(vector<T>& v, T const& value) // #1 string s { "bye" };
{

v.push_back(value);
// chooses #2!
template <typename T> add(w, "hello"s);
void add(vector<T>& v, T&& value) // #2
v.push_back(std: :move(value)); // chooses #1!
add(w, s);

Cool!
But what about the duplication?
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Forwarding references

Attempt #3

6/48

template <typename T, typename U>
void add(vector<T>& v, U&& value)

v.push_back(std: :move(value));

vector<string> w;
string s { "bye" };

add(w, "hello"s);

add(w, s);
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Forwarding references

Attempt #3

6/48

template <typename T, typename U>
void add(vector<T>& v, U&& value)

v.push_back(std: :move(value));

vector<string> w;
string s { "bye" };

// Works (as expected)!
add(w, "hello"s);

add(w, s);
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Forwarding references

Attempt #3

6/48

template <typename T, typename U>
void add(vector<T>& v, U&& value)

v.push_back(std: :move(value));

vector<string> w;
string s { "bye" };

// Works (as expected)!
add(w, "hello"s);

// Also works?!
add(w, s);
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Forwarding references

Attempt #3

6/48

template <typename T, typename U>
void add(vector<T>& v, U&& value)

v.push_back(std: :move(value));

vector<string> w;
string s { "bye" };

// Works (as expected)!
add(w, "hello"s);

// But s is now empty?!
add(w, s);
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Forwarding references

What is going on?

vector<string> w; template <typename T, typename U>
string s { "bye" }; void add(vector<T>& v, U&& value);

add(w, "hello"s);

add(w, s);
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Forwarding references

What is going on?

7/48

vector<string> w;
string s { "bye" };

// T = string
add(w, "hello"s);

add(w, s);

template <typename T, typename U>
void add(vector<T>& v, U&& value);
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Forwarding references

What is going on?

7/48

vector<string> w;
string s { "bye" };

// T = string, U = string
add(w, "hello"s);

add(w, s);

template <typename T, typename U>
void add(vector<T>& v, U&& value);
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Forwarding references

What is going on?

7/48

vector<string> w;
string s { "bye" };

// T = string, U = string
add(w, "hello"s);

add(w, s);

template <typename T, typename U>
void add(vector<T>& v, U&& value);

void add(vector<string>& v,
string&& value);
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Forwarding references

What is going on?

7/48

vector<string> w;

template <typename T, typename U>

string s { "bye" }; void add(vector<T>& v, U&& value);
// T = string, U = string void add(vector<string>& v,
add(w, "hello"s); string&& value);
// T = string
add(w, s);
II LINKOPING
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Forwarding references

What is going on?

7/48

string

/7T =
add(w,

/1T =
add(w,

vector<string> w;

s { "bye" };

string, U = string
"hello"s);

string, U = string& (???)
s);

template <typename T, typename U>
void add(vector<T>& v, U&& value);

void add(vector<string>& v,
string&& value);
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Forwarding references

What is going on?

7/48

string

/7T =
add(w,

/1T =
add(w,

vector<string> w;

s { "bye" };

string, U = string
"hello"s);

string, U = string& (???)
s);

template <typename T, typename U>
void add(vector<T>& v, U&& value);

void add(vector<string>& v,
string&& value);

void add(vector<string>& v,
string&&& value); // 2272
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Forwarding references

Reference collapsing

T T=1U =U

T& T=U = U&
T&E& | T = U = U&&
T T = U& | =U&
T& T = U& | = U&
T&& | T = U& | = U&
T T = U&&| = U&&
T& T = U&&| = U&
T&& | T = U&&| = U&&
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Forwarding references

Reference collapsing

T=U] |=u

T& |T=U |=ue
T8& | T = U | = Ug&
T [T =U&|=>0&
T& |T=uU& | =U&
T&& | T = U& | = U&
T [T = U&&| = U&&
T& | T = U =U&
T&& | T = U&&| = U&&
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Forwarding references

Reference collapsing

Tl |[T=U] |=uU

T&| |[T = U] | =u&
T&& | T = U | = U&&
T T = U& | = U&
T& | T = U& | = U&
T&& | T = U& | = U&
T T = U&&| = U&&
T& | T = U&&| = U&
T&& | T = U&&| = U&&
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Forwarding references

Reference collapsing

Tl |[T=U] |=uU

T&| |[T = U] | =u&
T&&|||T = U] | = U&&
T T = U& | = U&
T& | T = U& | =U&
T&& | T = U& | = U&
T T = U&&| = U&&
T& | T = U&&| = U&
T&& | T = U&&| = U&&
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Forwarding references

Reference collapsing
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Forwarding references

Reference collapsing

Tl |[T=U] |=uU

T&| |[T = U] | =u&
T&&|||T = U] | = U&&
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T& | T = U&&| = U&
T&& | T = U&&| = U&&
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Forwarding references

Reference collapsing

Tl |[T=U] |=uU

T&| |[T = U] | =u&
T&&|||T = U] | = U&&
T T = U&] | = u&
T&| |[T = v&l | = u&
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Reference collapsing

Tl |[T=U] |=uU

T&| |[T = U] | =u&
T&&|||T = U] | = U&&
T T = U&] | = U&
T&| |[T = v&a|| = u&
T&&||[T = u&| | = U&
T T = U&&| = U&&
T& | T = U&&| = U&
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Forwarding references

Reference collapsing

Tl |[T=U] |=uU

T&| |[T = U] | =u&
T&&|||T = U] | = U&&
T T = U&] | = U&
T&| |[T = v&a|| = u&
T&&||[T = u&| | = u&
T T = U&&| = U&&
T&| |[T = v&a&| = uv&
T&& | T = U&&| = U&&
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Forwarding references

Reference collapsing

Tl |[T=U] |=uU

T&| |[T = U] | =u&
T&&|||T = U] | = U&&
T T = U&] | = U&
T&| |[T = v&a|| = u&
T&&||[T = u&| | = U&
T T = U&&| = U&&
T&| |[T = v&a&| = uv&
T&&|||T = U&&| = U&&
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Forwarding references

Reference collapsing

Rule of thumb: & > && > no reference
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Forwarding references

Problem

template <typename T, typename U>
void add(vector<int>& v, U&& value)

{
)

v.push_back(std: :move(value));
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Forwarding references

Problem

template <typename T, typename U>
void add(vector<int>& v, U&& value)

v.push_back(std: :move(value));
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Forwarding references

Problem

template <typename T, typename U>
void add(vector<int>& v, U&& value)

v.pushfbackqstd: :move (value) bq— will always move
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Forwarding references

template <typename T, typename U>
void add(vector<int>& v, U&& value)

if (std::is_lvalue_reference_v<uU>)
v.push_back(value);

else
v.push_back(std: :move(value));
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Forwarding references

template <typename T, typename U>
void add(vector<int>& v, U&& value)

if (std::is_lvalue_reference_v<uU>)

v.push_back;

else
v.push_back(std: :move(value));
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Forwarding references

template <typename T, typename U>
void add(vector<int>& v, U&& value)

if (std::is_lvalue_reference_v<uU>)
v.push_back{value}js— value is lvalue = copy!
else
v.push_back(std: :move(value));
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Forwarding references

template <typename T, typename U>
void add(vector<int>& v, U&& value)

if (std::is_lvalue_reference_v<uU>)
v.push_back{value}js— value is lvalue = copy!
else
v.push_back(std: :move(value)});

LINKOPING
II.“ UNIVERSITY



11/48

Forwarding references

template <typename T, typename U>
void add(vector<int>& v, U&& value)

if (std::is_lvalue_reference_v<uU>)
v.push_back{value}js— value is lvalue = copy!
else

V. push_backqstd: :move(value) h— value is rvalue & movel!
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Forwarding references

Better fix!

template <typename T, typename U>
void add(vector<int>& v, U&& value)

{
)

v.push_back(std: :forward<u>(value));
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Forwarding references

Forwarding references

T&& is called a forwarding reference if:
1. Tis an arbitrary type (template parameter or auto)
2. Tis deduced by the compiler
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Forwarding references

Examples: Is there a forwarding reference in this example?

template <typename T>
struct X

{
static void fun(T&&);
i
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Forwarding references

Examples: Is there a forwarding reference in this example?

template <typename T>
struct X

{
static void fun(T&&);
i

No!
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Forwarding references

Examples: Is there a forwarding reference in this example?

template <typename T>
void fun(T&&);
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Forwarding references

Examples: Is there a forwarding reference in this example?

template <typename T>
void fun(T&&);

int x { 5 };
fun(x); // yes!
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Forwarding references

Examples: Is there a forwarding reference in this example?

template <typename T>
void fun(T&&);

int x { 5 };
fun<int>(x); // no...
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Forwarding references

Examples: Is there a forwarding reference in this example?

template <typename T>
void fun(T&&);

int x { 5 };
fun<int>(x); // no...

Yes, if T is not specified
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Forwarding references

Examples: Is there a forwarding reference in this example?

template <typename T>
void fun(vector<T>&& Vv);
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Forwarding references

Examples: Is there a forwarding reference in this example?

template <typename T>
void fun(vector<T>&& Vv);

No!
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Forwarding references

Examples: Is there a forwarding reference in this example?

auto&& var = 5;
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Forwarding references

Examples: Is there a forwarding reference in this example?

auto&& var = 5;

Yes!
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Forwarding references

Rule of thumb

Use forwarding references if:
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Forwarding references

Rule of thumb

Use forwarding references if:

® atemplated parameter is passed to another function
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Forwarding references

Rule of thumb

Use forwarding references if:
® atemplated parameter is passed to another function, or

® you are writing generic code
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Forwarding references

Rule of thumb

Use forwarding references if:
® atemplated parameter is passed to another function, or

® you are writing generic code, e.g.: for (auto&& v : c)
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Forwarding references

1
2
3 std::unique_ptr
4 std::shared_ptr
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Smart pointers

Can we get memory problems here?

class My Class
{
public:
My_Class(int x, int y);
~My_Class()
{
delete p1;
delete p2;
}
private:
int* p1;
int* p2;
}

17/48
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Smart pointers

Can we get memory problems here?

static int* create(int n)

if (n >= 0)
{

return new int{n};
}

throw domain_error{"Negative"};

i

My_Class::My_Class(int x, int y)
pl{create(x)}, p2{create(y)}
{3
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Smart pointers

Yes, there are problems!

int main()

{
}

My_Class c{0, -1};
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Smart pointers

Solution?

My_Class::My Class(int x, int y) try
: pl{create(x)}, p2{create(y)}
{3

catch (domain_errroré& e)

{
}
int main()

{
}

delete p1;

My_Class c{-1, 0};

19/48
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Smart pointers

Solution?

My_Class::My Class(int x, int y) try
: pil{create(x)}, p2{create(y)}
{3

catch (domain_errrarg&ye)

{
}
int main()

{
}

delete p1;

My_Class c{-1, 0};
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Smart pointers

Solution?

My_Class::My Class(int x, int y)
: pl{create(x)}, p2{}

{
try

{
p2 = create(y);

catch (domain_error& e)

{
delete p1;

throw;

}

3

20/48
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Smart pointers

Solution?

My_Class::My Class(int x, int y)
: pl{create(x)}, p2{}

{
try

{
p2 = create(y);

catch (domain_error& e)

{
delete p1;

throw;

}

3
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Smart pointers

Solution?

My_Class::My Class(int x, int y)
: pl{create(x)}, p2{}

{
try

{
p2 = create(Vy);

catch (domain_error& €)

{
delete p1;

throw;

}

3

20/48

LINKOPING
II.“ UNIVERSITY



21/48

Smart pointers

It would be nice if pointers
could deallocate
themselves...
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Smart pointers
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Smart pointers

Let’s use RAII!

template <typename T>
struct Smart_Pointer

{
T* data; // the data

// automatically delete (and null)
~Smart_Pointer()

delete data;
data = nullptr;
}

// access by casting to T*
operator T*()

return data;
}
Y
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Smart pointers

solution!

class My_Class
{
public:
My_Class(int x, int y);
~My_Class() = default;
private:
Smart_Pointer<int> p1;
Smart_Pointer<int> p2;

i

LINKOPING
II.“ UNIVERSITY



24/48

Smart pointers

solution!

My_Class::My Class(int x, int y)
: pl{create(x)}, p2{create(y)}
{1}
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Smart pointers

Let’s see another motivating example
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Smart pointers

Do you see any issues here?

struct Image {
Color data[250000000]; // 1 GB

Image load_image(string const& file);

struct Sprite {
70 caa

Image image;

1

Sprite create_sprite(string const& file) {
return Sprite { load_image(file) };

}

void run() {

auto s1 = create_sprite("image.png");
auto s2 = create_sprite("image.png");
// use sl and s2

}

26/48
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Smart pointers

Do you see any issues here?

struct Image
Color data[250000000]; // 1 GB

Image load_image(string econst& file);

struct Sprite {
70 caa

Image image;

1

Sprite create_sprite(string const& file) {
return Sprite { load_image(file) };

}

void run() {

auto s1 = create_sprite("image.png");
auto s2 = create_sprite("image.png");
// use sl and s2

}
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Smart pointers

Do you see any issues now?

struct Image {
Color data[250000000]; // 1 GB

Image* load_image(string const& file);

struct Sprite {
70 caa

Image* image;

1

Sprite create_sprite(string const& file) {
return Sprite { load_image(file) };

}

void run() {

auto s1 = create_sprite("image.png");
auto s2 = create_sprite("image.png");
// use sl and s2

}
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Smart pointers

Do you see any issues now?

struct Image {
Color data[250000000]; // 1 GB

Image* load_image(string const& file);

struct Sprite {
70 caa

Image* image;

1

Sprite create_sprite(string const& file) {
return Sprite { load_image(file) };

}

void run() {

auto s1 = create_sprite("image.png");
auto s2 = create_sprite("image.png");
// use sl and s2

}
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Smart pointers

How about now?

struct Image {
Color data[250000000]; // 1 GB

Image* load_image(string const& file);

struct Sprite {
I oa
~Sprite() { delete image; }
Image* image;
1
Sprite create_sprite(string const& file) {
return Sprite { load_image(file) };
}

void run() {

auto s1 = create_sprite("image.png");
auto s2 = create_sprite("image.png");
// use sl and s2

}
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Smart pointers

How about now?

struct Image {
Color data[250000000]; // 1 GB

Image* load_image(string const& file);

struct Sprite {
I oa
~Sprite() { delete image; }
Image* image;
1
Sprite create_sprite(string const& file) {
return Sprite { load_image(file) };
}

void run() {

auto s1 = create_sprite("image.png");
auto s2 = create_sprite("image.png");
// use sl and s2

}
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Smart pointers

How about now?

struct Image {
Color data[250000000]; // 1 GB

Image* load_image(string const& file);

struct Sprite {
I oa
~Sprite() { delete image; }
Image* image;
1
Sprite create_sprite(Image* image) {
return Sprite { image };
}

void run() {
Image* image = load_image('"image.png");
auto s1 = create_sprite(image);
auto s2 = create_sprite(image);
// use sl and s2
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Smart pointers

How about now?

struct Image {
Color data[250000000]; // 1 GB

Image* load_image(stripg . const& file);

struct Sprite {
I oa
~Sprite() { delete image; }
Image* image;
1
Sprite create_sprite(Image* image) {
return Sprite { image };
}

void run() {
Image* image = load_image('"image.png");
auto s1 = create_sprite(image);
auto s2 = create_sprite(image);
// use sl and s2
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Smart pointers

Two solutions

This problem can be solved in two ways:

® unique ownership
® shared ownership

Depending on your perspective
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Smart pointers

Important model: Ownership

Whoever is responsible for deallocating a resource is the
owner of said resource
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Smart pointers

Important model: Ownership

Whoever is responsible for deallocating a resource is the
owner of said resource

If done correctly ownership can be enforced by the compiler
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Smart pointers

Important model: Ownership

Whoever is responsible for deallocating a resource is the
owner of said resource

If done correctly ownership can be enforced by the compiler

In C++ this is done through smart pointers
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Smart pointers

Different kinds of smart pointers

® Ownership is unique—std: :unique_ptr
® Ownership is shared —std: :shared_ptr
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Smart pointers

Shared properties of all smart pointers

A smart pointer:
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Smart pointers

Shared properties of all smart pointers

A smart pointer:

® |s used like a “normal” pointer
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Smart pointers

Shared properties of all smart pointers

A smart pointer:
® |s used like a “normal” pointer

® Deletes the memory when no owner remains

33/48
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Smart pointers

Shared properties of all smart pointers

A smart pointer:
® |s used like a “normal” pointer
® Deletes the memory when no owner remains
® Setsitself tonullptr onceitis deleted

33/48
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Forwarding references
Smart pointers

std::shared_ptr
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std: :unique_ptr

Identifying the owner

struct Image {
Color data[250000000]; // 1 GB

Image* load_image(string const& file);

struct Sprite {
I oa
~Sprite() { delete image; } // Sprite owns it
Image* image;
1
Sprite create_sprite(Image* image) {
return Sprite { image };
}

void run() {
Image* image = load_image('"image.png");
auto s1 = create_sprite(image);
auto s2 = create_sprite(image);
// use sl and s2
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std: :unique_ptr

Identifying the owner

struct Image {
Color data[250000000]; // 1 GB

Image* load_image(string const& file);

struct Sprite {
70 caa
Image* image;

;
Sprite create_sprite(Image* image) {
return Sprite { image };

void run() {
Image* image = load_image('"image.png");
auto s1 = create_sprite(image);
auto s2 = create_sprite(image);
// use sl and s2
delete image; // run() owns it
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std: :unique_ptr

Incorrect solution

struct Image {
Color data[250000000]; // 1 GB
+

Image* load_image(string const& file);

struct Sprite {
7 ooa
~Sprite() { delete image; } // sprite owns it
Image* image;
}i
Sprite create_sprite(Image* image) {
return Sprite { image };

}

void run() {
Image* image = load_image('"image.png");
auto s1 = create_sprite(image);
auto s2 = create_sprite(image);
// use sl and s2
delete image; // run() owns it
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std: :unique_ptr

Incorrect solution

struct Image {
Color data[250000000]; // 1 GB
}

Image* load_image(string const& file)

struct Sprite {

’

~Sprite() { delete image; } // spri

te owns it

=H y
}i
Sprite create_sprite(Image* image) {
return Sprite { image };
}

void run() {
Image* image = load_image('"image.pn|
auto s1 = create_sprite(image);
auto s2 = create_sprite(image);

A

conflicting ownership!
b")

use sl and g2

delete image; // run() owns it

5
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std: :unique_ptr

Who owns the memory?

Data* get_data();

int main()

{
auto data = get_data();

// who is the owner?
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std: :unique_ptr

Who owns the memory?

Data* get_data();

int main()

{
auto data = get_data();

// who is the owner?

37/48

Data* get_data()
{

static Data data {
return &data;

}

- )i
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std: :unique_ptr

Who owns the memory?

Data* get_data();

int main()

{
auto data = get_data();

// who is the owner?
// get_data()!
}

37/48

Data* get_data()
{

static Data data {
return &data;

}

- )i

II LINKOPING
@ UNIVERSITY



std: :unique_ptr

Who owns the memory?

Data* get_data();

int main()

{
auto data = get_data();

// who is the owner?

37/48

Data* get_data()
{

}

return new Data { ...

i
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std: :unique_ptr

Who owns the memory?

Data* get_data();

int main()

{
auto data = get_data();

// who is the owner?
// main()!

}

37/48

Data* get_data()
{

}

return new Data { ...

i
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std: :unique_ptr

Who owns the memory?

Data* get_data();

int main()

{
auto data = get_data();

// who is the owner?
// main()!
1

37/48

Data* get_data()
{

}

return new Data {

.

How can we communicate this?
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std: :unique_ptr

Enter std: :unique_ptr!

Data* get_data();
// raw pointer => you are NOT the owner int main()
Data* get_data()
A . // I am not owner...
i;iﬁiﬁ gg;iaqata { 000 Bf auto data = get_data();
’
// ... So I don't delete it
}
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std: :unique_ptr

Enter std: :unique_ptr!

38/48

// smart pointer => you ARE the owner
std: :unique_ptr<Data> get_data()

return new Data { ... };

std::unique_ptr<Data> get_data();
int main()

// I am the owner...

auto data = get_data();

// ... So it dies when I do
// => no need to delete!
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std: :unique_ptr

A big gotcha with std: :unique_ptr

int* memory { new int { 5 } };
{
std::unique_ptr<int> ptr1 { memory };
{
std::unique_ptr<int> ptr2 { memory };
}
}
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std: :unique_ptr

A big gotcha with std: :unique_ptr

int* memory {<new/int { 5 } };
{
std::unique_ptr<int> ptr1 { memory };
{
std::unique_ptr<int> pt¥2 { memory };
}
}
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std: :unique_ptr

A big gotcha with std: :unique_ptr

int* memory {<new/int { 5 } };
{
std::unique_ptr<int> ptr1 { memory };
{
std::unique_ptr<int> pt¥2 { memory };
} // ptr2 deletes the memory
}
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std: :unique_ptr

A big gotcha with std: :unique_ptr

int* memory {<new/int { 5 } };
{
std::unique_ptr<int> ptr1 { memory };
{
std::unique_ptr<int> pt¥2 { memory };
} // ptr2 deletes the memory
} // ptrl TRIES to delete the same (memory
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std: :unique_ptr

Rule of thumb: Don’t manually allocate the memory
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std: :unique_ptr

Solution
{
auto ptrl = std::make_unique<int>(5);
{
std::unique_ptr<int> ptr2 { ptrl };
}

}
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std: :unique_ptr

Solution
{
auto ptrl = std:tmake.;.unique<int>(5);
{
std: :unique_ptr<int> ptr2 { ptrl };
}

}
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std: :unique_ptr

Why did it not compile?

std::unique_ptr<T>:

® Represents unique ownership

42/48
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std: :unique_ptr

Why did it not compile?

std::unique_ptr<T>:
® Represents unique ownership

® The ownership can not be shared
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std: :unique_ptr

Why did it not compile?

std::unique_ptr<T>:
® Represents unique ownership
® The ownership can not be shared

® —- you are not allowed to copy it

42/48
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std: :unique_ptr

Why did it not compile?

std::unique_ptr<T>:
® Represents unique ownership
® The ownership can not be shared
® —- you are not allowed to copy it
® You can however move the ownership

42/48
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std: :unique_ptr

Solution

{
auto ptr1l = std::make_unique<int>(5);
{
std::unique_ptr<int> ptr2 { std::move(ptri) };
assert( *ptr2 == 5 );
}
assert( ptrl == nullptr );

}
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std: :unique_ptr

Solution

{
auto ptrl = std::make_unique<int>(5);
{
std::unique_ptr<int> ptr2 { std::move(ptri) };
assert( *ptr2 == 5 );
}
assert( ptrl == nullptr );

}
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std: :unique_ptr

Solving our example

struct Image {
Color data[250000000]; // 1 GB
};

unique_ptr<Image> load_image(string const& file);

struct Sprite {
70 caa
Image const& image;

;
Sprite create_sprite(Image const& image) {
return Sprite { image };

void run() {
// run() is the owner of the image
auto image = load_image("image.png");
auto s1 = create_sprite(*image);
auto s2 = create_sprite(*image);
// use sl and s2
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1 Forwarding references
2 Smart pointers

3 std::unique_ptr
4
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std: :shared_ptr

Solving our example with shared ownership

struct Image {
Color data[250000000]; // 1 GB

shared_ptr<Image> load_image(string const& file);

struct Sprite {
70 caa
shared_ptr<Image> image;

;
Sprite create_sprite(shared_ptr<Image> image) {
return Sprite { image };

void run() {
// run() is owner #1 of the image
auto image = load_image("image.png");
auto s1 = create_sprite(image); // owner #2
auto s2 = create_sprite(image); // owner #3
// use sl and s2
} // once *all* owners are destroyed, the memory is deallocated
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std: :shared_ptr

Notes on std: :shared_ptr

e using std: :shared_ptr +# agarbage collector
e std: :shared_ptr cannot handle cycles

® it is only used for independent sharing of ownership
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std: :shared_ptr

Cycles

struct Node {
// make_shared requires a constructor
Node(int v, shared_ptr<Node> n = nullptr)
:value { v }, next { n} {}

int value;
shared_ptr<Node> next { };

Y

int main() {
auto root
auto next

make_shared<Node>(0);
make_shared<Node>(1);

next->next = root;
root->next = std::move(next);
// next is no longer an owner
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std: :shared_ptr

Cycles

struct Node {
// make_shared requires a constructor
Node(int v, shared_ptr<Node> n = nullptr)
:value { v }, next { n} {}

int value;
shared_ptr<Node> next { };

Y

int main() {
auto root = make_shared<Node>(0);
auLto NMEXC — MakRe_shar ed<NOUE:. (L)7

next->next = root;
root->next = std::move(next);
// next is no longer an owner
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std: :shared_ptr

Cycles

struct Node {
// make_shared requires a constructor
Node(int v, shared_ptr<Node> n = nullptr)
:value { v }, next { n} {}

int value;

shared_ptr<Node> next { };
o] ]

int main() {
auto root = make_shared<Node>(0);
auLto NMEXC — MakRe_shar ed<NOUE:. (L)7

next->next = root;
root->next = std::move(next);
// next is no longer an owner
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std: :shared_ptr

Cycles

struct Node {
// make_shared requires a constructor
Node(int v, shared_ptr<Node> n = nullptr)
:value { v }, next { n} {}

int value;

shared_ptr<Node> next { };
} 0

int main() {
auto root = make_shared<Node>(0);
auLto NMEXC — MakRe_shar ed<NOUE:. (L)7

next->next = root;
root->next = std::move(next);
// next is no longer an owner
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std: :shared_ptr

Cycles

struct Node {
// make_shared requires a constructor
Node(int v, shared_ptr<Node> n = nullptr)
:value { v }, next { n} {}

int value;
shared_ptr<Node> next { };

Y

int main() {
auto root = make shared<Node>(0)-

auto next = make_shared<Node>(1);

next->next = root;
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int main() { !

auto root
auto next

make_shared<Node>(0);
make_shared<Node>(1);

root next

next->next = root;

root->next = std::move(next);
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struct Node {
// make_shared requires a constructor
Node(int v, shared_ptr<Node> n = nullptr)
:value { v }, next { n} {}

int value;
shared_ptr<Node> next { };

Y

int main() {
auto root
auto next

make_shared<Node>(0);
make_shared<Node>(1);

next->next = root;
root->next = std::move(next); Keeping each other alive!
// next is no longer an owner

II LINKOPING
@ UNIVERSITY



II LINKOPING
o UNIVERSITY


www.liu.se

	Forwarding references
	Smart pointers
	|std::uniqueptr|
	|std::sharedptr|

