CSE 333

Section 7
Inheritance & VTable
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Logistics

Friday (tomorrow)

Exercise 13 @ 10 am
Tuesday:

HW3 @ 11 pm



Inheritance

® Derived class inherits from the base class
O In 333, we always use public inheritance
O Inherits all non-private member variables

O But private data is still present in the “base” part of the derived
object
O Inherits all non-private member functions
except for ctor, cctor, dtor, op=

® Access specifiers revisited:
O Private members cannot be accessed by derived classes
O Protected members are available to base & derived



Static vs. Dynamic Dispatch

How to resolve invoking a method via a polymorphic pointer:

1. Static dispatch
o Default behaviorin C++

2. Dynamic dispatch
o Which implementation is determined at runtime via lookup
o Compiler generates code that accesses function pointers added
to the class



Dispatch Decision Tree

PromisedT *ptr = new ActualT();
ptr->Fcn(); // which version 1is called?

l How can we tell?

Is Fen () Yes Is PromisedT: :Fcn()w Dynamic Dynamic dispatch of most-

defined in static or dynamic » derived version of Fcn ()
PromisedT? dispatch? J visible to ActualT
No Static
Compiler Static dispatch of

Error PromisedT::Fcn()




Dispatch Keywords

e virtual -requestdynamicdispatch
o Is “sticky”: overridden virtual method in derived class is still
virtual with or without the keyword

e override - ensuresthat the functionisvirtual andis
overriding a virtual function from a base class (coverride in Java)
o Generates a compiler error if conditions are not met
o Catchesoverloading vs. overriding bugs at compile time



@

Practice: static, dynamic, or error?

class Base {
void Foo(); //
void Bar(); //
virtual void Baz(); //

s

class Derived : public Base {
virtual void Foo(); //
void Bar() override; //
void Baz(); //

s

<

Static dispatch

Dynamic dispatch

Error



Q Static dispatch

Practice: static, dynamic, or error?

Dynamic dispatch

= Error
class Base { e
void Foo(); // static dispatch
void Bar(); //
virtual void Baz(); //
13

class Derived : public Base {
virtual void Foo(); //
void Bar() override; //
void Baz(); //

s



Q Static dispatch

Practice: static, dynamic, or error?

Dynamic dispatch

= Error
class Base { e
void Foo(); // static dispatch
void Bar(); // static dispatch

virtual void Baz(); //
+s

class Derived : public Base {
virtual void Foo(); //
void Bar() override; //
void Baz(); //

s



Q Static dispatch

Practice: static, dynamic, or error?

Dynamic dispatch

= Error
class Base { e
void Foo(); // static dispatch
void Bar(); // static dispatch

virtual void Baz(); // dynamic dispatch
s

class Derived : public Base {
virtual void Foo(); //
void Bar() override; //
void Baz(); //

s

10



Q Static dispatch

Practice: static, dynamic, or error?

Dynamic dispatch

= Error

class Base { e

void Foo(); // static dispatch

void Bar(); // static dispatch

virtual void Baz(); // dynamic dispatch
I
class Derived : public Base {

virtual void Foo(); // now dynamic (for more derived)

void Bar() override; //

void Baz(); //

s
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Q Static dispatch

Practice: static, dynamic, or error?

Dynamic dispatch

= Error
class Base { e
void Foo(); // static dispatch
void Bar(); // static dispatch
virtual void Baz(); // dynamic dispatch
I
class Derived : public Base {
virtual void Foo(); // now dynamic (for more derived)
//void Bar () override;// compiler error
void Bar(); // static dispatch
void Baz(); //

12

s



Q Static dispatch

Practice: static, dynamic, or error?

Dynamic dispatch

= Error
class Base { e
void Foo(); // static dispatch
void Bar(); // static dispatch
virtual void Baz(); // dynamic dispatch
I
class Derived : public Base {
virtual void Foo(); // now dynamic (for more derived)
//void Bar () override;// compiler error
void Bar(); // static dispatch
void Baz(); // still dynamic (sticky!)

13

s



Vtable (Virtual Function Table) & Vptr (Vtable pointer)

e vtable: An array of function pointers defined for each class
that has at least one virtual method to enable dynamic
dispatch

o One perclass

e vptr: Each class object instance has a pointer to that vtable

o One per objectinstance

14



Vtable Diagrams

class IntQueue {
public:

virtual void Push(int x);

virtual int Pop();
private:
vector<int> data_;
s
IntQueue q;

vptr

data_

??7?

Object Instance

v

IntQueue: : Push

vtable

IntQueue: : Pop

Implementation
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class Base { class Derived
void Foo(); Base {

Vtable Diagrams void Bar(); virtual void Foo();
virtual void Baz(); void Baz();
Base *bl_ptr = new Base; b ¥
Base *b2_ptr = new Derived;
Derived *d_ptr = new Derived;
Var Instance Vtable Implementation
Base
bl _ptr | e > |vptr | &7 . Base::Foo
Derived Base::Bar
b2_ptr | e » | vptr >
/ - Base::Baz
d [ —>
d_ptr ° » | vptr e \ Derived::Foo
Derived::Baz
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Updated Dispatch Decision Tree

PromisedT *ptr = new ActualT();
ptr->Fcn(); // which version 1is called?

|

A (" Is PromisedT: :F h
Is Fen () Yes S Promised cn() Yes Dynamic dispatch of most-
: : marked virtual in R ; :
defined in > : : : » derived version of Fcn()
. PromisedT orin classes it ..
PromisedT? : visible to ActualT
) \_ derives from? Y
No No
Compiler Static dispatch of

Error PromisedT::Fcn()




Exercise 1!




Exercise 1

variables objects Avtbl function code
- > f1 > A::fl
aa | *® >
A::f2
bb
B vtbl
ab B::f2
ac B::f3
C vtbl
C:fl




Exercise 1 Solution (pointers)

. ; functi
class A { variables ObjECtS A vtbl unction code
public: f1 *—
virtual void f1() { f2(); cout << "A::f1" << endl; } *— L > A::fl
void f2() { cout << "A::f2" << endl; } aa | ® i
};
ClaZi.B : public A { A:f2
public: bb
virtual void f3() { f1(); cout << "B::f3" << endl; } .\ B vtbl
virtual void f2() { cout << "B::f2" << endl; } \ ./
}; fl
class C : public B { ab ./ 20—
public: f3 e
void f1() { f2(); cout << "C::f1" << endl; }
b ac | e+—71 &
int main() { \\\\\\\\\\s -
Ax aa = new A(); fl:7/
Bx bb = new B(); f2.///
Ax ab = bb; f3

Ax ac = new C(); 20



Exercise 1 Solution (output)

#include <iostream>
using namespace std;

class A {

public:

virtual void f1() {
}

void f2() { cout <<
I

class B: public A {
public:
virtual void f3() {
}
virtual void f2() {

I

class C: public B {
public:

f2(); cout << "A::f1l" << endl;

"A::f2" << endl; }

f1(); cout << "B::f3" << endl;

cout << "B::f2" << endl; }

void f1() { f2(); cout << "C::f1l" << endl; }

I

variables

)

I

a

bb ~—

ab

ac

I~
\ -

objects A vibl function code

A*x aa = new A();

aa->f1();

B::f2 A::f2 A::f2 B::f2
A::fl C::f1 A::f1 C::f1

© o o 9
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variables  objects Avtbl function code
Exercise 1 Solution (output) -5— '
bbE]---___> ~
#include <iostream> [Ef///z \\\\\\s
using namespace std; ab
class A { ac[EF___> ~ g
public: \Cvtbl
virtual void f1() { f2(); cout << "A::fl" << endl; - %IC::fll
}
void f2() { cout << "A::f2" << endl; } d
s
class B: public A { Ax aa = new A();
public:
virtual void f3() { f1(); cout << "B::f3" << endl; aa->f1();
}
virtual void f2() { cout << "B::f2" << endl; } A f2
s A::fl
class C: public B {
public:

void f1() { f2(); cout << "C::f1l" << endl; }
}3
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Exercise 1 Solution (output)

#include <iostream>
using namespace std;

class A {

public:

virtual void f1() {
}

void f2() { cout <<
I

class B: public A {
public:
virtual void f3() {
}
virtual void f2() {

I

class C: public B {
public:

f2(); cout << "A::f1l" << endl;

"A::f2" << endl; }

f1(); cout << "B::f3" << endl;

cout << "B::f2" << endl; }

void f1() { f2(); cout << "C::f1l" << endl; }

I

variables

)

I

a

bb ~—

ab

ac

I~
\ -

objects A vibl function code

Bx bb = new B();

bb->f1();

B::f2 A::f2 A::f2 B::f2
A::fl C::f1 A::f1 C::f1

© o o 9
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variables  objects Avtbl function code
Exercise 1 Solution (output) -5— '
bbE]---___> ~
#include <iostream> [Ef///z \\\\\\s
using namespace std; ab
class A { ac[EF___> ~ g
public: \Cvtbl
virtual void f1() { f2(); cout << "A::fl" << endl; - %IC::fll
}
void f2() { cout << "A::f2" << endl; } d
s
class B: public A { Bx bb = new B();
public:
virtual void f3() { f1(); cout << "B::f3" << endl; bb->f1();
}
virtual void f2() { cout << "B::f2" << endl; } A f2
s A::fl
class C: public B {
public:

void f1() { f2(); cout << "C::f1l" << endl; }
}3
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Exercise 1 Solution (output)

#include <iostream>
using namespace std;

class A {
public:
virtual void f1() {

}
void f2() { cout <<

I

class B: public A {
public:
virtual void f3() {

}
virtual void f2() {

I

class C: public B {
public:

f2(); cout << "A::f1l" << endl;

"A::f2" << endl; }

f1(); cout << "B::f3" << endl;

cout << "B::f2" << endl; }

void f1() { f2(); cout << "C::f1l" << endl; }

I

variables objects A vtbl

)

I

a

bb ~—

ab

ac

I~
\ -

Bx bb = new B();

A*x ab = bb;

bb->f2();

cout << "----" << endl;
ab->f2();

function code

->| C::f1

B::f2 A::f2 B::f2 A::f2

A::f2 A::f2

OO@Q
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objects A vibl function code

variables
Exercise 1 Solution (output) -5— '
bbE]---___> ~
#include <iostream> [Ef///z \\\\\\s
using namespace std; ab
class A { ac[EF___> ~ g
pUb-l.'iC: \Cvtbl
virtual void f1() { f2(); cout << "A::fl" << endl; - %IC::fll
}
void f2() { cout << "A::f2" << endl; } d
I
B = B();
class B: public A { A: ZE _ EEW O3
public: ’
virtual void f3() { f1(); cout << "B::f3" << endl; bb->F2() ;
} l,l____" .
virtual void f2() { cout << "B::f2" << endl; } ggﬂff;z). << endl;
}s ’
B::f2
class C: public B { o
public: As:fo

void f1() { f2(); cout << "C::f1l" << endl; }
}3
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Exercise 1 Solution (output)

#include <iostream>
using namespace std;

class A {

public:

virtual void f1() {
}

void f2() { cout <<
I

class B: public A {
public:
virtual void f3() {
}
virtual void f2() {

I

class C: public B {
public:

f2(); cout << "A::f1l" << endl;

"A::f2" << endl; }

f1(); cout << "B::f3" << endl;

cout << "B::f2" << endl; }

void f1() { f2(); cout << "C::f1l" << endl; }

I

variables objects A vtbl

)

a

bb ~—

ab

I

ac

I~
\ -

function code

Bx bb = new B();

bb->f3();
B::f2 A::f2 A::f2 B::f2
A::f1 A::f1 C::f1l C::f1
B::f3 B::f3 B::f3 B::f3

@ 0 o

c no go Siowel
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Exercise 1 Solution (output)

#include <iostream>
using namespace std;

class A {
public:
virtual void f1() {

}
void f2() { cout <<

I

class B: public A {
public:
virtual void f3() {
}
virtual void f2() {

I

class C: public B {
public:

f2(); cout << "A::f1l" << endl;

"A::f2" << endl; }

f1(); cout << "B::f3" << endl;

cout << "B::f2" << endl; }

void f1() { f2(); cout << "C::f1l" << endl; }

I

variables objects Avibl function code

)

I

a

bb

ab

ac

\ C vtbl

Bx bb = new B();
bb->f3() ;
A::f2

A::f1
B::f3
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Exercise 1 Solution (output)

#include <iostream>
using namespace std;

class A {

public:

virtual void f1() {
}

void f2() { cout <<
I

class B: public A {
public:
virtual void f3() {
}
virtual void f2() {

I

class C: public B {
public:

f2(); cout << "A::f1l" << endl;

"A::f2" << endl; }

f1(); cout << "B::f3" << endl;

cout << "B::f2" << endl; }

void f1() { f2(); cout << "C::f1l" << endl; }

I

variables

)

I

a

bb ~—

ab

ac

I~
\ -

objects A vibl function code

A*x ac = new C();

ac->f1();

B::f2 A::f2 A::f2 B::f2
A::fl C::f1 A::f1 C::f1

© o o 9
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variables  objects Avtbl function code
Exercise 1 Solution (output) -5— '
bbE]---___> ~
#include <iostream> [Ef///z \\\\\\s
using namespace std; ab
class A { ac[EF___> ~ g
public: \Cvtbl
virtual void f1() { f2(); cout << "A::fl" << endl; - %IC::fll
}
void f2() { cout << "A::f2" << endl; } d
s
class B: public A { Ax ac = new C();
public:
virtual void f3() { f1(); cout << "B::f3" << endl; ac->f1();
}
virtual void f2() { cout << "B::f2" << endl; } B::f2
s C::f1
class C: public B {
public:

void f1() { f2(); cout << "C::f1l" << endl; }
}3
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Exercise 2!




Exercise 2

main() variables

th

op

tp

thp

One vtable

Two vtable

Three vtable

functions

One::m1

One::m2

One::m3

Two::m1

Two::m2

Two::m3

Two::m4

Three::m1

Three::m2

Three::m3

Three::m4
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Exercise 2 vtables

main() variables

t h

One vtable

functions

One::m1

One::m2

/

One::m3

Two vtable

th \

op

tp

thp

Two::m1

Two::m2

I

Two::m3

Two::m4

Three vtable

Three::m1

Three::m2

i

Three::m3

Three::m4
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Exercise 2 pointers

main() variables

One vtable

functions

One::m1

One::m2

/

One::m3

Two vtable

Two::m1

Two::m2

I

Two::m3

Two::m4

Three vtable

Three::m1

Three::m2

i

Three::m3

Three::m4

34



Exercise 2 Output

class One {
public:

void ml1() { cout <X
virtual void m2() {
virtual void m3() {

s

class Two: public One

public:

virtual void ml1() {

void m2() { cout

<<

virtual void m3() {

void m4() { cout
}s3

<<

IIHII; }
cout <<
cout <<

{

cout <<
lldll; }
cout <<
llpll ;}

class Three: public Two {

public:
void m1() { cout
void m2() { cout
void m3() { cout
void m4() { cout

s

<<

<<

<<
<<

II'LH;
llpll;

llall;

llyll ;

}
}

}

}

main() variables

Two t€;

Three th;

One *op = &t;

Two *tp = &th;
Three *thp = &th;

One vtable

0—\‘Two vtable

>

[

hree vtable

[

op—>ml ()
tp->ml ()
op->m3 ()

Hoy

~oe ~oe

~e

functions

Two::m4
Three:m1
Three:m2
Three:m3

Three::m4



Exercise 2 Output

class One {
public:
void ml1() { cout << "H"; }
virtual void m2() { cout << "1"; }
virtual void m3() { cout << "p"; }
}s3

class Two: public One {

public:
virtual void ml1() { cout << "a"; }
void m2() { cout << "d"; }
virtual void m3() { cout << "y"; }
void m4() { cout << "p";}

s

class Three: public Two {
public:
void ml1() { cout << "o"; }
void m2() { cout << '"i }
void m3() { cout << "s"; }
void m4() { cout << "I"; 1}

s

main() variables

Two t€;

Three th;

One *op = &t;

Two *tp = &th;
Three *thp = &th;

One vtable

0—\‘Two vtable

>

o~ functions
[
S
[t
hree vtable Three-m1
e ree::m
Three::m2
Three::m3
op->m3 () ;
tp->m3 () ;
op->ml () ;

HoyysH



Exercise 2 Output

class One {
public:
void ml1() { cout << "H"; }
virtual void m2() { cout << "1"; }
virtual void m3() { cout << "p"; }
}s3

class Two: public One {

public:
virtual void ml1() { cout << "a"; }
void m2() { cout << "d"; }
virtual void m3() { cout << "y"; }
void m4() { cout << "p";}

s

class Three: public Two {
public:
void ml1() { cout << "o";
void m2() { cout << '"i
void m3() { cout << "s";
void m4() { cout << "I";

s

main() variables

Two t€;

Three th;

One *op = &t;

Two *tp = &th;
Three *thp = &th;

One vtable

0—\‘Two vtable

>

[

hree vtable

[

thp->ml ()
op->m2 ()
thp->m2 (

~— o
~oe e

wd o

HoyysHod

functions

Two::m4
Three::m1
Three::m2

Three::m3



One vtable
o~ functions

/

Exercise 2 Output ettt

class One {
public:
void ml1() { cout << "H"; }
virtual void m2() { cout << "1"; }
virtual void m3() { cout << "p"; }
}s3

.~\ ‘TWO vtable

o [ —

Two::m4

Three vtable

class Two: public One { Three::m1
public: Three::m2

virtual void ml1() { cout << "a"; }
Three::m3

void m2() { cout << "d"; }
virtual void m3() { cout << "y"; }
void m4() { cout << "p";}

s

—_
I,
T

Two t; tp->m2 () ;
class Three: public Two { . _ .
public: Three th; tp->ml () ;
void m1() { cout << "o"; } One *op = &t; tp->m3 () ;
void m2() { cout << "q"; } TwO *tp — &th;
void m3() { cout << "s"; } o o
void ma() { cout << "In; } Three *thp = &th; HoyysHod110s

s



One vtable

o~ functions

/

Exercise 2 Output ettt

class One {

public:
void ml1() { cout << "H"; }
virtual void m2() { cout << "1"; }
virtual void m3() { cout << "p"; }

‘Two vtable
o [ —

}
class Two: public One { Jhree viable Three::m1
pUb.HC: Three::m2
virtual void ml1() { cout << "a"; }
void m2() { cout << "d"; } Three::m3
virtual void m3() { cout << "y"; }
void m4() { cout << "p";}
}-
’ Two t; thp->m3 () ;
;lzi?CThree: public Two { Three th;: tp—>m4 () ;
One *op = &t; cout << endl;

void ml1() { cout << "o"; }
void m2() { cout << "q"; } TwO *tp = &th:
void m3() { cout << "s"; } ! o o
) Three *thp = &th; HoyysHodiiossp(\n

void m4() { cout << "I";
}s3



Exercise 2 Output

class One {

public:
void ml1() { cout <X
virtual void m2() {
virtual void m3() {

b5

class Two: public One
public:
virtual void ml1() {
void m2() { cout <X
virtual void m3() {
void m4() { cout <X

s

IIHII; }
cout <<
cout <<

{

cout <<
lldll; }
cout <<
llpll ;}

class Three: public Two {

public:
void ml1() { cout <X

void m2() { cout << "

void m3() { cout <X
void m4() { cout <X

s

II'LH;
llpll;

llall;

llyll ;

}
}

}

}

One vtable

main() variables

&\‘Two vtable

>

[

hree vtable

C=

functions

Two::m4
Three:m1
Three:m2
Three:m3

Three::m4

How do we modify this to print HappyHolidays!

(with the 1)?



Exercise 2 Output

class One {

public:
void ml1() { cout <X
yvirEdat void m2() {
virEdat void m3() {

b5

class Two: public One
public:
yvirtdat void ml() {
void m2() { cout <X
yvirEdat void m3() {
virtual m4() { cout

s

HHH; }

cout << "1";
COUt << Hp";

{

cout << "a";

Hd"; }

COUt << Hy";

<< IlpH;}

class Three: public Two {

public:
void ml1() { cout <X

void m2() { cout << "

void m3() { cout <X
void m4() { cout <X

s

}
}

}

}

One vtable

main() variables

0—\‘Two vtable

>

[

hree vtable

C=

functions

Two::m4
Three:m1
Three:m2
Three:m3

Three::m4

How do we modify this to print HappyHolidays!

(with the 1)?



Any Questions on
Inheritance & VTable?




