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Multiple inieritance ctass diagram i Static Type Casts T

Ig class A {
\ int a; int f(int); ey )
J £ ] }; A inta B
B \ J class B {
int g(int) — ¥ B int b

b; int g(int);
e class C : public A , public B { C int c
int c¢; int h(int);

A
,_.
B
ct

int f(int)
int a

}; #class.C = type jclass.A, Yclass.B, i32 }
. /class.A = type |-
%class.B = type { i32 }
- g * = .
int h(int) new cO;

int c

%1 = call i8* @_new(i64 12)

call void @ _memset.p0i8.i64(i8* %1, i8 0, i64 12, i32 4, il false)
V‘Q = getelementptrLﬁ& %1,'164 4 " ; select B-offset in C
/b = bitcast i8* %2 to jclass.B¥
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Static Type Casts T Keeping Calling Conventions T

class A { class A {

sy, @18 ol 1 () 8 YR int a; int f(int); N
}; A inta }AB }; A inta }AB
class B { class B {

int b; int g(int); B intb int b; int g(int); B intb
}; i
class C : public A , public B { C intc class C : public A , public B { C intc

iy, @g abave el g — int c; int h(int);
}; %class.C = type { Yclass.A, Y%class.B, i32 } }; %#class.C = type { Yclass.A, Yclass.B, i32 }
.. %class.A = type { i32 } . %class.A = type { i32 }
R C(); %class.B = type { i32 } c c; %class.B = type { i32 }

c.g @)}

W o= cai!.l Lot @7new(i€_§4 ]_'2) ) , ) ) ) ) %c = alloca %class.C
ucaLll void @_memset.?018°.16éF18* s1, 18 0, i64 12, i32 4, il :False) 1 = bitcast Yclass.Ck %c to iB*
%2 = getelementptr i8+ %1, i64 4 ; select B-offset in C = getelementptr 18+ %1, 164 4 T T

%b = bitcast i8#% %2 to %class.B* T3 = call i32 %ClaSS.B*W i32 ; g is statically known

VAN implicit casts potentially add a constant to the object pointer.
A getelementptr implements AB as 4 - i8!
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Ambiguities i Linearization i
Principle 1: Inheritance Relation Principle 2: Multiplicity Relation
class A {|void £Gint): I}; Defined by parent-child. Example: Defined by the succession of
class B {|void £(int); [|}; C(AB) — C—>ANC— B multiple parents. Example:
class C : public A, public B {}; C{A,B| = |[A— B
C* pc;
pc—>£(42); In General:
/N Which method is called? @ Inheritance is a uniform mechanism, and its searches (— total order)

apply identically for all object fields or methods
@ In the literature, we also find the set of constraints to create a

Solution I: Explicit qualification Solution II: Automagical resolution i o Method Resoluti
pe—>h(42) ; Idea: The Compiler introduces a inearization as Method Resolution Order
pc—>B: :£(42); linear order on the nodes of the © Linearization is a best-effort approach at best

inheritance graph
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MRO via DFS
Leftmost Preorder Depth-First Search

Multiple Inheritance

MRO via DFS

Leftmost Preorder Depth-First Search
L[A]=ABWC

N Principle 1 inheritance is violated

Implementation of Multiple inheritance

Python: classical python objects (< 2.1) use LPDFS!

LPDFS with Duplicate Cancellation
L[A]=ABCW

V' Principle 1 inheritance is fixed

Python: new python objects (2.2) use LPDFS(DC)!

LPDFS with Duplicate Cancellation

AYH I

Multiple Inheritance

Implementation of Multiple inheritance
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Method Resolution Order
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MRO via DFS
Leftmost Preorder Depth-First Search

LIA] = A B[WG]

/N Principle 1 inheritance is violated

W

/

/B pd

Python: classical python objects (< 2.1) use LPDFS! |

LPDFS with Duplicate Cancellation

CLA)V=ADGCW

Multiple Inheritance

MRO via DFS

Leftmost Preorder Depth-First Search
L[A]=ABWGC

AN Principle 1 inheriiance is violated

Implementation of Multiple inheritance

Python: classical python objects (< 2.1) use LPDFS!

LPDFS with Duplicate Cancellation
L[A]=ABCW

v Principle 1 inheritance is fixed

Python: new python objects (2.2) use LPDFS(DC)!

LPDFS with Duplicate Cancellation
L[A]= A[BC|W V

A Principle 2 multiplicity not fulfillable
/N However B —» C — W — V??

Multiple Inheritance

Implementation of Multiple inheritance

“A

A(B,C) B(W)|C(W)

Method Resolution Order

W

/
\/

A(B,C) B(W

V W

%8
\/

AlB.c] B(V W)

Method Resoclution Order

T
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MRO via Refined Postorder DFS w/ [T MRO via Refined Postorder DFS W T

A / A
Reverse Postorder|Rightmost DFS | /;G,:\ Reverse Postorder Rightmost DFS fG':\

AC@ FbCéGH o %// L[A|I=ABFDCEGHW F\/l? I»E\/H

v’ Linear extension of inheritance relation

B C
\ / ~ Topological sorting \ /4
A
A(B,C) B(F D) C(E, H) RREGS A(B,C) B(F, D) C(E, H)
D(G) E(G) F(W) G(W) H(W) D(G) E(G) F(W) G(W) H(W)
g C

|

A
A(B,C) B(F,G) C(D,E)
D(G) E(F)
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MRO via Refined Postorder DFS W ] MRO via Refined Postorder DFS T
Reverse Postorder Rightmost DFS /;G\\ Reverse Postorder Rightmost DFS /;G,:\

LIAl=ABFDCEGHW F D E H LIA]=ABFDCEGHW
V' Linear extension of inheritance relation \B/ \C/ v’ Linear extension of inheritance relation \ / \ /
~+ Topolagical sorting \ / ~~ Topological sorting \ /
A
L A(B,C) B(F, D) C(E, H) RIS A(B, )B(F D) C(E, H)
LA]=ABCDGEF D(G) E(G) F(W) G(W) H(W) L[A]=ABCD D(G) E(G) F(W) G(W) H(W)

/N But principle 2 multiplicity is violated! N\ But principle 2 multiplicity is violated!

F.oxG FG
B/()?/‘E Refined RPRDFS %E
\ A \ A

A A
A(B,C) B(F,G) C(D,E) A(B,C) B C(D,E)
D(G) E(F) D(G) E(F)
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MRO via Refined Postorder DFS W [T MRO via Refined Postorder DFS T

A
Reverse Postorder Rightmost DFS /;G,:\

LIA]=ABFDCEGHW F—-D E—+H

V' Linear extension of inheritance relation \B/ _______ \C/

- Topological sorting \ /

A
RPRDFS A(B,C) B(F, D) C(E, H)

L[A]=ABCDGEF D(G) E(G) F(W) G(W) H(W)

/N But principle 2 multiplicity is violated!

CLOS uses Refined RPDFS [3]

If Ci — Cain C’s linearization, then 7 — Co
for every linearization of C’s children.

Extension Principle: Monotonicity J

AEBOYB(F,GYC(D, E)

- D(G) E(F
Refined RPRDFS (@) E(F)
LIA]=ABCDEFG
v Refine graph with conflict edge & rerun RPRDFS!
A(B,C) B(F &) (D, E)
D(G) E(F)
Multiple Inheritance Method Resolution Order 20/44 Muttiple Inheritance Method Resolution Order 21/44
MRO via Refined Postorder DFS U
body.pdf — Programming Languages - 4
File Edit | -] Go Bookmarks Help
[A]v] + Continuous .Q\ 105.60% W
: Dual —
Index Refi W T
Refined RPRDFS N inios o | 5
.. . Objec! \B/ /
A Monotonicity is not guaranteed! virtu . |
~ ifnplem Zoom In Ctri++ Y -
Multip  Z00m Out BT 01) £ Fi vy e
et Odd Pages Left
Methd Inverted Colors Ctri+l

If C1 — C3in C's linearization, then C; — Cs
for every linearization of C’s children.

B‘ : E Virtua
Extension Principle: Monotonicity J \\ / ouplk_feoed cneR

A(B,C) B(F,G) C(D, E)
D(G) E(F)
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MRO via Refined Postorder DFS

Refined RPRDFS ’

A Monotonicity is not guaranteed!

If C;y — C5 in C's linearization, then C; — Cs

Extension Principle: Monotonicity
for every linearization of C’s children. J

LAIEABCDEFG

— =g

G—F

LiC|=DGEF| =

Multiple Inheritance

Implementation of Multiple inheritance

MRO via C3 Linearization

LG @
LW]FLJ() Py
L[E] &+ F)y =&/~
L@ ~De

L|B|

L[C]

L[A]

Multiple Inheritance

Implementation of Multiple inheritance

MRO via C3 Linearization

A linearization L is an attribute L[C] of a class C. Classes By,..., B, are

superclasses to child class €, defined in the local precedence order

C(By...B,). Then

LICl = C | J(L[B1];-- ., L[Bu], By - ...

L[Object] = Object

with
A
A(B,C) B(F,G)C(D, E) ¢ AL\ e))| if Smin £V ¢ = head(L tail(L;
D(G) E(F) I_l(Li) | &%l( \¢)) els:ln,’c ad(Ly) ¢ tail(L;)

Method Resolution Order

N

A(B,C).B (D, E)

Method Resolution Order

21/44 Method Resolution Order 22/44
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MRO via C3 Linearization

/f
. ~C

F
¢ F ,/_E@_} (B,O)|B(F, &) C(D, E)
R (LLF], ,F‘}QJT_C_A,_E; e

—

G
F
E
D

23/44 Implementation of Multiple inheritance Method Resolution Order 23/44

Multiple Inheritance



MRO via C3 Linearization [T MRO via C3 Linearization T

s
.F %

LG @ LG @ \
LIF| F LIF| F
L[[E} £ L%E% %
o s, <L) can oo 42 g eyt qi
) D((* E(F

LiC] )b_ L[C]
L[A] L[A]

5oy e )

= s FL¢ b
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MRO via C3 Linearization T MRO via C3 Linearization U]

LG
LIF
LIE
LID
LB
LiC
L[A

B = E
C
\/
F
el A(B,C) B GP(DE
F.G D) B

F
G A(B.C) B(F,G) C(D, E)
F-G D) E(F)

Qo m=Q
RESECRCRSRY

(LID|UL[E|U (D E))

LIG]
L[F]
LIE]
L[D]
L[B]
LIC]
L{A]
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MRO via C3 Linearization [T MRO via C3 Linearization T

L[G]
L[F]
LIE]
L[D]
L[B]
L[C]
L[A] L]

\ e
L[F

E
A(B.C) B(F, G ) C(D, E) L[D
D(G) B(F)

\

F
G A(B,C) B(F GJ(”(DE
.G D(G) E(F)
D-G

CETE O
Cmas
Q0
=
P =0TOmEO
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MRO via C3 Linearization [T MRO via C3 Linearization T

G G

\\,/C \\

A(B,C) B(F G) C(D, E) A(B,C) B(F G) C(D, E)
D(G) E(F) D((‘) E(F)

L[G]
L[F]
L[E]
L[D]
L(B]
L[C]
L[A]

SRELEER
U'jQ&J
QC}
SEE S e

= QmtE=Q

BOwEE=a
'::J’?JQ“”J
QQ

o)
=

C3 detects and reports a violation of monotonicity with the addition of A(B,C)
to the class set

C3 linearization [1]: is used in OpenDyIan“Python and Perl 6
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MRO via C3 Linearization [T MRO via C3 Linearization T

G

Vi e
L

Li¢l @ L[G] @
LiF] F L[F] F
LE| E-F LIE| E-F
L[D] DG A(B,C) B(F, G ) C(D,E) L[D] D-G A(B,C) B(F,G)C(D,E
LB] B-F-G D(G) B(F) LB] B-F.G D(G) E(F)
L[C] ¢-D-G-E-F L[C] ¢-D-G-E-F
LAl A-B-C-D-((F-G)uU(G-E-F)) L[A] A.B.C.D.(ua.g)uy/%m)
"

Multiple Inheritance Method Resolution Order 23 /44 Multiple Inheritance Implementation of Multiple inheritance Method Resolution Order 23 /44
MRO via C3 Linearization T Linearization vs. explicit qualification T
A linearization L is an attribute L[C] of a class C. Classes By, ..., B, are Linearization Qualification
superclasses to child class C, defined in the local precedence order @ No switch/duplexer code @ More flexible, fine-grained
C(Bi...By). Then necessary @ Linearization choices may be

. 1B B B B B @ No explicit naming of qualifiers awkward or unexpected

(€1 =C-[ (LB, LIBu). By By) | C(Br... Br) @ Unique|super reference |
L{Object] = Objeet @ Reduces number of
. multi-dispatching conflicts
with /
o {|_| (Li\ €)) i Iin kY, ¢ = head(Ly) ¢ tail(L;) Languages with automatic linearization exist
|_|{L /N 1ail else @ CLOS Common Lisp Object System

@ Dylan, Python and Per/ 6 with C3
@ Prerequisite for — Mixins
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Virtual Tables for Multiple Inheritance

class A {
int a; virtual int f(int);
i
class B {
int b; virtual int f(int);
virtual int g(int); AB ( A vptr\\
6 in i i P i : int a
And what about dynamic dispatching in Multiple 5 . |
Inheritance?” class C : public A , public B { B thr\
. int c¢; int f(int); intb
h C intc
Cc;
B*x pb = &c: %class.C = type { Jiclass.A, [12 x i8], i32 }
b ’ Yclass.A = type { i32 (...)**, i32 }
pb—>£(42) ; Yclass.B = type { i32 (...)*#, i32 }
; Bx pb = &c;
%0 = bitcast Y%class.C#* Jc to i8#* ; type fumbling
%1 = getelementptr i8* J0, i64 16 of B in C
%2 = bitcast i8% %1 to class.Bx g right
store Yclass.B* %2, Y%class.B*#* ¥pb ; store to pb
Multiple Inheritance Method Resolution Order 25/44 Multiple Inheritance Virtual Table 26 /44
Virtual Tables for Multiple Inheritance T Casting Issues T
class A { class A { int a; };
int a; virtual int f(int); class B { virtual|int f(int);};
}; class El: public A , public B {
class B { int ¢; |int f(int);
int b; virtual int f(int); - I | Bx b|= new C();
virtual int g(int); AB A v, tl’\ Cx ¢ = new C(Q); b->£f(42) ;
}; int a c->f(42) ; S
class C : public A ., public B { \
I E vptr
b e et B ot °
5 RTTI
¥ C intc f
C c; B
B* Pb = ¥c: %class.C = type { ¥class.A, [12 x i8], i32 } RTTI
J Yclass.A = type { 132 (...)#x, i32 } f
pb—>f (42) ; Yclass.B = type { i32 (...)%*, i32 }
i pb—>£(42);
%0 = load %class.B*x pb d the b-pointer
%1 = bitcast Yclass.B* %0 to i32 (Yclass.B*, i32)#%*x* o vtable
%2 = load i32(%class.B%, i32)#%* 1 vptr "
%3 = getelementptr i32 (Jiclass.B*, i32)#x %2, i64 0 ;Se f() entry ,
%4 = load i32(¥class.B%, i32)** %3 ;load f()-thunk
%5 = call i32 %4(%class.Bx %0, i32 42)

Multiple Inheritance

Implementation of Multiple inheritance

Virtual Table 27744

Multiple Inheritance

Virtual Table 29/44
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Casting Issues
class A { int a; };
class B { virtual int f(int);J};
class C : public A , public B {
int ¢; int f(int);
i B* b = new C();
Cx ¢ = new C(Q; b->f(42) ;

c->£(42); \
(0 )
RTT!
(Conlf

%—% Athis-Pointer forc::fis

(ConlET 7—| expected to pointto C
C:{Bf |

N

Implementation of Multiple inheritance

Multiple Inheritance

Virtual Tables for Multiple Inheritance
class A {

int a; virtual int f(int);
};
class B {

int b; virtual int f(int);

virtual int g(int); ( vptr—_)

}; A B A

int a

class C : public A , public B { vptr
int ¢; int f(int); B int b\
Irg -
’ C intc
© @
B* Pb = ¥c: %class.C = type { ¥class.A, [12 x i8], i32 }
’ %class.A = type { 132 (...)*x, i32 }
pb—>£(42); %iclass.B = type { i32 (...)**, i32 }
i pb->£(42);
%0 = load %class.B*x pb ;load the b-pointer
%1 = bitcast %class.B* %0 to i32 (Yclass.B%, i32)%*x% : ca vtable
%2 = load i32(Y%class.B%, i32)##k %1
%3 = getelementptr i32 (Jiclass.B*, i32)#x %2, i64 0 (
%4 = load i32(Yclass.B*, i32)#* Y3 ;load f()-thunk
%5 = call i32 %4(%class.Bx %0, i32 42)

Multiple Inheritance

Implementation of Multiple inheritance

Virtual Table 27744

Virtual Table 29/44

i

Thunks

Solution: thunks

... are trampoline methods, delegating the virtual method to its original
implementation with an adapted this-reference

define 132 _ik%class.B* [4this] 132 %i) {
%1 = bitcast jclass.B*x Jthis to i8%
%2 = getelementptr i8%
%3
%4
ret i32 74
}

~ entry for £ (int) is the thun

; sizeof (A)=16

o
o o
L=
oot
= o
]
e 0
w ot
N
M-
Qo
*
=2

i32 %i)

Multiple Inheritance

Implementation of Multiple inheritance

Virtual Table

Basic Virtual Tables (~~ C++-ABI)

A Basic Virtual Table
consists of different parts: 0 )
@ offset to top of an enclosing objects heap__| RTTI

representation \ C::f o
. —
© typeinfo pointer to an RTTI object g__—-f»%%
(not relevant for us) — C.Bf

Q V{'rtual function pointers for resolving . B:ig |/
virtual methods

y

@ Virtual tables are composed when multiple inheritance is used

@ The vptr fields in objects are pointers to their corresponding
virtual-subtables

@ Casting preserves the link between an object and its
ocrresponding virtual-subtable

@ clang -ccl -fdump-vtable-layouts —-emit-1llvm code.cpp
yields the vtables of a compilation unit

Implementation of Multiple inheritance

Multiple Inheritance
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Virtual Tables for Multiple Inheritance ) Basic Virtual Tables (~ C++-ABI) T

class A { -
int a; virtual int f(int); A Basic Virtual Table
g consists of different parts:
TS 1 @ offset to top of an enclosing objects heap__

int b; virtual int f(int);
virtual int g(int);

class C : public A , public B { )

VQLI
int c¢; int f(int); B int b\‘"

g C intc

representation

© typeinfo pointer to an RTTI object
(not relevant for us)

Q V{'rtual function pointers for resolving
virtual methods

A .\LD.U—\

int a

—_—

y

(07 (eF

B+ pb = f&c; REE 2 e W oy (B = Sl SR 0 @ Virtual tables are composed when multiple inheritance is used
%class.A = type { i32 (...)#x, i32 }

pb->1(42) ; ficlass.B = type { 132 (...)ws, i32 } @ The vptr fields in objects are pointers to their corresponding

virtual-subtables

; pb->f(42);

%0 = load Yclass.B#* fpb ;load the b-pointer @ Casting preserves the link between an object and its

%1 = bitcast %class.B* %0 to i32 (class.B¥, i32)%*x ;cast to vtable . . | |

%2 = load i32(Y%class.B%, i32)%%* 1 ;load vptr ocrrespondlng virtua _SUbtabe

%3 = getelementptr i32 (Y%class.Bx, i32)** 2, i64 0 jselect f£() entry _ _ _ _ a4

%4 = load i32(){class.B¥, i32)** %3 ;load f()-thunk ° Cla'ng ccl -fdump Vtable. 1_ayout?' emit-llvm code.cpp

% = call 132 %4(%class.Bx %0, 132 42) yields the vtables of a compilation unit
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