
Introduction Name mangling Symbol visibility, linking Inline functions Semantic interposition Virtual functions Polymorphism, key functions References

The C++ ABI
a.k.a. how linkers and loaders see your code

Dániel Bertalan

Eötvös Loránd University

May 6, 2026

Dániel Bertalan (Eötvös Loránd University) The C++ ABI May 6, 2026 1 / 60

https://danielbertalan.dev
https://danielbertalan.dev


Introduction Name mangling Symbol visibility, linking Inline functions Semantic interposition Virtual functions Polymorphism, key functions References

Outline

1 Introduction

2 Name mangling

3 Symbol visibility, linking

4 Inline functions

5 Semantic interposition

6 Virtual functions

7 Polymorphism, key functions

Dániel Bertalan (Eötvös Loránd University) The C++ ABI May 6, 2026 2 / 60

https://danielbertalan.dev


Introduction Name mangling Symbol visibility, linking Inline functions Semantic interposition Virtual functions Polymorphism, key functions References

The compilation pipeline

compiler assembler

assembler linker loader

assembler

compiler

compiler

a.o

b.o

c.o

libfoo.a

libbar.so

a.s

a.out

c.f90

b.cpp

a.c

c.s

b.s

Dániel Bertalan (Eötvös Loránd University) The C++ ABI May 6, 2026 3 / 60

https://danielbertalan.dev


Introduction Name mangling Symbol visibility, linking Inline functions Semantic interposition Virtual functions Polymorphism, key functions References

Step by step

Let’s try to replicate what g+++ example.cpp -o example does, step by step.

Compilation
$ gcc -S example.cpp -o example.s

Assembling
$ as example.s -o example.o

Linking
$ ld example.o -o example
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Step by step

Linking error
ld: warning: cannot find entry symbol _start; defaulting to 0000000000401000

ld: example.o: in function `main':

example.cpp:(.text+0x11): undefined reference to `_ZSt4cout'

ld: example.cpp:(.text+0x19): undefined reference to `_ZStlsISt11char_traitsIcEERSt13basic_ostreamIcT_ES5_PKc'

This is not sufficient to get a working executable, we need to link against the C++ standard
library (e.g. libstdc+++) as well.
Use the -### flag of GCC to see the exact commands it runs under the hood.
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Where C++ is specified
The compilation process is governed by three main specifications:

1 The C++ language standard (e.g. C++23 a.k.a. ISO/IEC 14882:20241)
Syntax
Semantics (e.g. overload resolution, SFINAE, Concepts)
Standard library (e.g. std:::vector, std:::hardware_destructive_interference_size)

2 The platform ABI (psABI, e.g. System V AMD64 ABI2)
Independent of programming language, important for cross-language interoperability
Calling convention (e.g. how arguments are passed, how the stack is managed)
Program loading, debug information (DWARF)

3 The C++ ABI (e.g. Itanium C++ ABI3)
Name mangling
Exception handling
RTTI (Run-Time Type Information)

1
https://eel.is/c++draft

2
https://gitlab.com/x86-psABIs/x86-64-ABI

3
https://itanium-cxx-abi.github.io/cxx-abi/abi.html
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Names and C++

This should be familiar form the BSc C++ course.
Linkers and loaders are programming language agnostic (and predate C++)
They deal with symbols (e.g. function and global variable names and their addresses)
Requirement: distinct language entities must have distinct symbols

C++ has language constructs where the same name can refer to different entities in different
contexts, e.g.:

Function overloading (different parameter types)
Operator overloading, user-defined literals
Namespaces, template parameters (including NTTPs)
Lamba definitions (unnamed entities!)
Concepts
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Name mangling

The solution is name mangling: encode all information in symbol names which might
distinguish different entities.
Very complex system, can lead to incredibly long symbol names, e.g.4:

Pathological example: exponential backreferences
$ c+++filt '_Z1f1TIS_IS_IS_IS_IiiiiiiiiiiiiiiiiiiiiES0_S0_S0_S0_S0_S0_S0_S0_S0_S0_S0_S0_

S0_S0_S0_S0_S0_S0_S0_S0_S0_ES1_S0_S0_S0_S0_S0_S0_S0_S0_S_IS0_S0_S0_S0_S0_S0_S0

_S0_S0_S0_S1_S1_S1_S1_S1_S1_S1_S1_S1_S1_ES2_S2_S2_S2_S2_S2_S2_S2_S2_ES3_S2_S1_

S0_S0_S0_S0_S0_S0_S_IS2_S2_S1_S0_S0_S0_S0_S0_S0_S0_S3_S3_S3_S3_S3_S3_S3_S3_S3_

S3_ES4_S4_S4_S4_S4_S4_S4_S4_S4_ES4_S3_S2_S1_S0_S0_S0_S0_S0_S_IS4_S4_S3_S2_S1_S0

_S0_S0_S0_S0_S5_S5_S5_S5_S5_S5_S5_S5_S5_S5_ES6_S6_S6_S6_S6_S6_S6_S6_S6_E' | wc -c

2383201444

The following slides will show some examples from the Itanium C++ ABI (used by basically all
non-Windows platforms).

4Example from Nico Weber
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Name mangling: simple overload

C++ source
int foo(int x) {

return x + 1;

}

double foo(double x) {

return x + 0.5;

}

objdump / c++filt
$ objdump -t example1.o | grep foo

0000000000000000 g F .text 000000000000000f _Z3fooi

0000000000000000 g F .text 000000000000001c _Z3food

$ c+++filt _Z3fooi

foo(int)

$ c+++filt _Z3food

foo(double)

3foo: identifier foo with length prefix
i: int

d: double
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Name mangling: namespaces

C++ source
namespace net {

void connect(double timeout);

}

objdump / c++filt
$ objdump -t example2.o | grep connect

00000000 g F .text 0000000000000012

_ZN3net7connectEd

$ c+++filt _ZN3net7connectEd

net:::connect(double)

N.....E: nested name
3net: namespace net

7connect: function name connect

d: double
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Name mangling: member functions

C++ source
class Foo {

void bar(int x) const;

};

Foo:::bar(int x) const {

/// .....

}

objdump / c++filt
$ objdump -t example3.o | grep bar

00000000 g F .text 0000000000000012

_ZNK3Foo3barEi

$ c+++filt _ZNK3Foo3barEi

Foo:::bar(int) const

N.....E: nested name
K: const qualifier
3Foo: class Foo

3bar: function name bar

i: int
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Name mangling: template type and non-type parameters

C++ source
template <typename T, int N>

T add_n(T x) {

return x + N;

}

template int add_n<int, 7>(int);

objdump / c++filt
$ objdump -t example4.o | grep add_n

0000000000000000 w F .text._Z5add_nIiLi7EET_S0_

000000000000000f _Z5add_nIiLi7EET_S0_

$ c+++filt _Z5add_nIiLi7EET_S0_

int add_n<int, 7>(int)

I.....E: template argument list
i: type argument int

Li7E: literal non-type argument 7

T_, S0_: uses of template type T
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Name mangling: lambdas

C++ source
int use_lambda() {

auto f = [](int x) {

return x + 1;

};

return f(41);

}

objdump / c++filt
$ objdump -t example5.o | grep _ZZ

0000000000000000 l F .text 0000000000000013

_ZZ10use_lambdavENKUliE_clEi

$ c+++filt _ZZ10use_lambdavENKUliE_clEi

use_lambda():::{lambda(int)#1}:::operator()(int) const

10use_lambdav: enclosing function use_lambda()

UliE: lambda closure type with int parameter
cl: call operator, i.e. operator()

K: const-qualified call operator
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Name mangling: vtables and typeinfo

C++ source
class Base {

public:

virtual ~Base();

virtual int f(int x) const;

};

Base:::~Base() = default;

int Base:::f(int x) const {

return x + 1;

}

objdump / c++filt
$ objdump -t vtable.o | grep '_ZT.*Base'

0000000 w O .data.rel.ro.local._ZTV4Base _ZTV4Base

0000000 w O .data.rel.ro._ZTI4Base _ZTI4Base

0000000 w O .rodata._ZTS4Base. _ZTS4Base

$ c+++filt _ZTV4Base

vtable for Base

$ c+++filt _ZTI4Base

typeinfo for Base

$ c+++filt _ZTS4Base

typeinfo name for Base

TV: vtable object
TI: RTTI std:::type_info object
TS: typeinfo name string
4Base: class name Base
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What the linker sees
This should also be familiar from the BSc C++ course:

Source-level names are not enough.
Declarations and definitions are checked per translation unit first.
The linker only sees object files, symbols, sections and relocations.

Important simplification
The linker does not know that something is a C++ class, a namespace, a template, or an
overload set. It sees symbols with names and properties.

Is this symbol defined here?
Is it referenced from somewhere else?
Is it local, global, weak, undefined?
Should it be exported from a shared library?
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Symbol kinds in object files

C++ source
extern int extern_helper(int x);

static int local_helper(int x) {

return x + 1;

}

inline int inline_helper(int x) {

return x + 2;

}

int exported(int x) {

return local_helper(x)

+ inline_helper(x)

+ extern_helper(x);

}

nm
$ g+++ -std=c+++20 -O0 -c example.cpp

$ nm -C example.o | egrep "helper|exported"

0000000000000000 t local_helper(int)

0000000000000000 W inline_helper(int)

0000000000000000 U extern_helper(int)

000000000000000f T exported(int)

t: local text symbol
T: global text symbol
W: weak symbol
U: undefined reference
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Linkage vs. visibility

Two related, but different questions:

Linkage
Can the same name in another translation unit refer to the same entity?

Symbol visibility
If this is placed into a shared library, is the symbol visible to the dynamic linker and to other
shared objects?

static at namespace scope gives internal linkage.
Ordinary non-static functions usually have external linkage.
inline does not mean internal linkage.
Shared libraries add another layer: exported vs. hidden dynamic symbols.
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The overloaded word static

static means different things in different contexts.
Namespace-scope static function or variable:

internal linkage
private to the current translation unit

Class-scope static data member:
one class-level object
not connected to a particular this pointer
still needs a definition, unless it is inline static

Block-scope static variable:
static storage duration
initialized once, lives until program termination

In this section, the important one is namespace-scope static.
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static in a header

util.hpp
static int counter = 0;

static int next_id() {

return +++counter;

}

a.cpp / b.cpp
#include "util.hpp"

int from_a() {

return next_id();

}

nm
$ nm -C a.o b.o | grep next_id

a.o: 0000000000000004 t next_id()

b.o: 0000000000000004 t next_id()

No linker error.
There are two separate functions.
There are two separate counter variables.
This is often not what the programmer intended.
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inline in a header

math.hpp
inline int twice(int x) {

return x * 2;

}

a.cpp / b.cpp
#include "math.hpp"

int f(int x) {

return twice(x);

}

nm
$ nm -C a.o b.o | grep twice

a.o: 0000000000000000 W twice(int)

b.o: 0000000000000000 W twice(int)

inline does not mean “always inline this call”.
It permits the definition to appear in multiple translation
units.
The definitions must still be the same (ODR).
The linker can keep one emitted copy.
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One Definition Rule

The One Definition Rule has two common forms:

Ordinary external-linkage entities
There must be exactly one definition in the whole program.

Special entities
Classes, templates, inline functions and inline variables may be defined in multiple translation
units, but the definitions must match.

Some ODR mistakes are caught by the linker.
Some are not caught at all.
Some only become visible after optimization, LTO or dynamic linking changes.
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ODR mistake: non-inline function in a header

math.hpp
int twice(int x) {

return x * 2;

}

a.cpp / b.cpp
#include "math.hpp"

int f(int x) {

return twice(x);

}

Linker error
ld: b.o: multiple definition of `twice(int)';

a.o: first defined here

Fix
/// header-only:

inline int twice(int x) { return x * 2; }

/// or:

int twice(int x); /// math.hpp

int twice(int x) { ..... } /// math.cpp
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ODR mistake: static data member

Before C++17
struct Foo {

static int count; /// declaration

};

/// exactly one .cpp file:

int Foo:::count = 0;

Common mistakes
Missing out-of-class definition: undefined reference

Definition placed in a header: multiple definition

Since C++17
struct Foo {

inline static int count = 0;

};

This is a real definition.
It may appear in every translation unit including the
header.
Same idea as inline functions.
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ODR mistake: different inline definitions

config.hpp
#ifdef FAST

inline int limit() {

return 64;

}

#else

inline int limit() {

return 32;

}

#endif

Build
$ g+++ -DFAST -c a.cpp

$ g+++ -c b.cpp

$ g+++ a.o b.o -o program

Both translation units include the same header.
But they see different definitions.
This violates the ODR.
The linker is not required to diagnose it.
The result can depend on optimization and inlining.
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Templates behave similarly

Typical header-only template
template <class T>

T twice(T x) {

return x * 2;

}

The compiler instantiates it where needed.
Several object files may contain the same
instantiation.
The linker removes duplicate emitted copies.

Common mistake
/// math.hpp

template <class T>

T twice(T x);

/// math.cpp

template <class T>

T twice(T x) {

return x * 2;

}

Usually not enough.
Other translation units cannot instantiate from only a
declaration.
Use header definitions or explicit instantiations.
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Good defaults

For source files:
Use anonymous namespaces or namespace-scope static for private helpers.
Do not put ordinary external-linkage definitions into headers.
Use inline only when multiple identical definitions are intended.

For headers:
Function declarations are safe.
Class definitions are expected.
Template definitions usually need to be visible.
inline variables are useful, but still subject to ODR rules.
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Useful tools

Object file / executable inspection
$ nm -C file.o

$ objdump -t file.o | c+++filt

$ readelf -Ws file.o

$ readelf --dyn-syms -W libdemo.so | c+++filt

Typical questions
Is the symbol defined anywhere?
Is it defined more than once?
Is it local, global, weak or undefined?
Is it exported from the shared library?
Did the source-level declaration match the actual symbol name?
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C++ visibility: inline functions

C++ libraries often contain many inline functions:
small member functions
template member functions
functions defined in class bodies
header-only helpers

Default ELF behavior
If an out-of-line copy is emitted into a shared library, it may become a dynamic symbol.

Useful C++ flag
-fvisibility-inlines-hidden

This affects emitted inline functions/methods. It does not require -fvisibility=hidden.
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-fvisibility-inlines-hidden

C++ source
struct Box {

int value;

int get() const {

return value;

}

void set(int x);

};

void Box:::set(int x) {

value = x;

}

extern "C" int call_get(const Box& b) {

return b.get();

}

Ordinary default visibility
$ g+++ -std=c+++20 -O0 -fPIC -shared \

lib.cpp -o libplain.so

$ readelf --dyn-syms -W libplain.so |

c+++filt | grep 'Box:::'

..... WEAK DEFAULT ..... Box:::get() const

..... GLOBAL DEFAULT ..... Box:::set(int)
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-fvisibility-inlines-hidden

C++ source
struct Box {

int value;

int get() const {

return value;

}

void set(int x);

};

void Box:::set(int x) {

value = x;

}

extern "C" int call_get(const Box& b) {

return b.get();

}

Only hide inline functions
$ g+++ -std=c+++20 -O0 -fPIC -shared \

-fvisibility-inlines-hidden \

lib.cpp -o libhidden-inlines.so

$ readelf --dyn-syms -W libhidden-inlines.so |

c+++filt | grep 'Box:::'

..... GLOBAL DEFAULT ..... Box:::set(int)
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What the flag assumes
-fvisibility-inlines-hidden is not the same as -fvisibility=hidden.

Non-inline functions keep their usual visibility.
Inline functions/methods may be hidden.
Dynamic symbol tables become smaller.
Calls inside the DSO may avoid PLT indirection.

Assumption
The program does not compare addresses of inline functions where the addresses were taken in
different shared objects.

A specific inline method can still be explicitly marked visibility("default").
Explicitly instantiated inline methods are not affected in the same way.

5
5
https://gcc.gnu.org/onlinedocs/gcc/C_002b_002b-Dialect-Options.html
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Small detour: address significance
Function and object addresses can be observable in C++.

Example
If the program compares function pointers, merging two different functions into one address
can change behaviour.

LLVM has an ELF metadata section for this:
.llvm_addrsig

Address significance table.

Marks symbols whose address is significant.
Address-significant means: address is compared or leaks outside the TU.
A linker can use this when deciding whether identical sections may be safely merged.

6
6
https://llvm.org/docs/Extensions.html
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ELF semantic interposition
ELF shared libraries have a surprising default rule:

Default-visible dynamic symbols are preemptible
A symbol defined in one shared object may be replaced by a definition found earlier by the
dynamic loader.

Consequences:
Two shared objects may both define the same dynamic symbol.
This is not a link-time multiple-definition error.
For each dynamic relocation, the dynamic loader performs symbol lookup.
The first matching definition wins.

Compiler consequence
For an exported function in a shared object, the compiler may have to assume that a different
implementation will be used at run time (limited inlining and devirtualization).
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Semantic interposition: example

C++ source
int f(int x) {

return x + 1;

}

int g(int x) {

return f(x) * 2;

}

GCC, x86-64, default
$ g+++ -O2 -fPIC -shared lib.cpp -o libsi.so

$ objdump -drC libsi.so

0000000000001120 <g(int)>:

sub $0x8,%rsp

call 1030 <f(int)@plt>

add $0x8,%rsp

add %eax,%eax

ret

f is defined in the same source file.
Still, the call may go through the PLT.
f was not inlined into g.
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-fno-semantic-interposition

Meaning
The compiler may assume that
interposition does not change the
semantics of default-visible definitions in
this translation unit.

Same example
$ g+++ -O2 -fPIC -shared \

-fno-semantic-interposition \

lib.cpp -o libnosi.so

$ objdump -drC libnosi.so

0000000000001110 <g(int)>:

lea 0x2(%rdi,%rdi,1),%eax

ret

The call to f disappeared.
The compiler used the body of f.
This can enable inlining, constant propagation and other interprocedural optimizations.
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Different knobs
These options are related, but not equivalent.
-fvisibility=hidden

Do not export symbols unless explicitly marked.

-fvisibility-inlines-hidden

Do not export inline C++ member functions by default.

-fno-semantic-interposition

Compiler assumption: exported definitions in this translation unit are not semantically replaced
by another DSO.

-Wl,-Bsymbolic-functions

Linker rule: bind references to function definitions inside the same shared object locally.
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Real-world example: Python
Red Hat Enterprise Linux 8.2 shipped Python 3.8 built with -fno-semantic-interposition.

Reported effect
Up to 30% faster run speed.

What changed:
internal libpython calls no longer had to go through PLT entries
GCC could inline calls such as PyErr_Occurred()

LTO could then optimize the inlined code further

Compatibility cost
LD_PRELOAD can no longer replace those internal libpython-to-libpython calls.

This does not prevent interposing unrelated external symbols such as malloc from libc.
7

7
https://developers.redhat.com/blog/2020/06/25/red-hat-enterprise-linux-8-2-brings-faster-python-3-8-run-speeds
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Vtable layout
A vtable is not just an array of function pointers.

Typical Itanium ABI layout
object:

+0 vptr ───────────────┐

+8 data │

│

_ZTV7Derived: │

[-2] offset-to-top │

[-1] typeinfo pointer │

[ 0] virtual destructor ◄── vptr points here

[ 1] virtual destructor

[ 2] virtual function

[ 3] virtual function

The address stored in the object is the vtable address point.
RTTI is reachable from the vtable.
Some entries are not function pointers.
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One example

C++ source
#include <typeinfo>

struct Left {

int l = 1;

virtual ~Left();

virtual int f();

};

struct Right {

int r = 2;

virtual ~Right();

virtual int g();

};

struct Derived : Left, Right {

int d = 3;

~Derived() override;

int f() override;

int g() override;

};

Generated symbols
$ g+++ -std=c+++20 -O0 -c demo.cpp

$ nm -C demo.o | egrep \

'vtable|typeinfo|thunk'

V vtable for Left

V vtable for Right

V vtable for Derived

V typeinfo for Left

V typeinfo for Right

V typeinfo for Derived

T non-virtual thunk to Derived:::g()
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Vtable entries are relocations

Inspect the vtable relocations
$ readelf -r --wide demo.o | c+++filt

Relocation section '.rela.rodata._ZTV7Derived':

Offset Symbol

0008 typeinfo for Derived

0010 Derived:::~Derived()

0018 Derived:::~Derived()

0020 Derived:::f()

0028 Derived:::g()

0038 typeinfo for Derived

0040 non-virtual thunk to Derived:::~Derived()

0048 non-virtual thunk to Derived:::~Derived()

0050 non-virtual thunk to Derived:::g()

The vtable is ordinary object-file data.
Entries are patched by the linker.
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Virtual call lowering

C++ source
int call_right(Right* p) {

return p->g();

}

const std:::type_info& dyn_type(Left& x) {

return typeid(x);

}

GCC, x86-64, simplified
call_right(Right*):

mov (%rdi), %rax # load vptr

jmp *0x10(%rax) # call vtable slot

dyn_type(Left&):

mov (%rdi), %rax # load vptr

mov -0x8(%rax), %rax # load typeinfo

ret

Virtual dispatch is an indirect call through data.
typeid on a polymorphic object uses RTTI reachable from the vtable.
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dynamic_cast

C++ source
struct Base {

virtual ~Base();

};

struct Derived : Base {};

Derived* cast(Base* p) {

return dynamic_cast<Derived**>(p);

}

Object file
$ g+++ -std=c+++20 -O0 -c cast.cpp

$ nm -C cast.o | grep dynamic

U __dynamic_cast

Some casts are compile-time pointer adjustments.
Downcasts and cross-casts may need RTTI.
Failed pointer cast returns nullptr.
Failed reference cast throws std:::bad_cast.
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-fno-rtti

-fno-rtti disables generation of RTTI information for classes with virtual functions.
Saves space in code that does not use typeid or non-trivial dynamic_cast.
Some dynamic_casts still work, e.g. casts to unambiguous bases.
Exception handling may still require type information.
Mixing -frtti and -fno-rtti code can fail.
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ABI break examples

Source-compatible changes can still be binary-incompatible.
Add, remove, or reorder virtual functions.
Change a virtual function signature.
Add or remove a virtual destructor.
Change base classes.
Change virtual inheritance.
Reorder data members in exported classes.
Change visibility of vtables or RTTI.
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Who emits the vtable?

A polymorphic class has compiler-generated ABI objects:
vtable: vtable for T, mangled as _ZTV.....

RTTI object: typeinfo for T, mangled as _ZTI.....

RTTI name: typeinfo name for T, mangled as _ZTS.....

Problem
If a class is defined in a header, every translation unit sees the full class definition.

Which .o file should contain the vtable?
Emitting it nowhere would cause an undefined reference.
Emitting it everywhere increases object file size and link work.
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The key function rule
Simplified Itanium C++ ABI rule for non-template, non-module classes:

If the class has a key function
Emit the vtable in the object file containing the definition of that key function.

If the class has no key function
Emit the vtable in every object file that references it.

Key function
The first non-pure virtual function that is not inline at the point of class definition.

A virtual function defined inside the class is inline.
A pure virtual function is not a key function.
A destructor defaulted inside the class is inline.
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No key function

Node.hpp
#pragma once

struct Node {

virtual ~Node() = default;

virtual void print() const {}

virtual unsigned kind() const {

return 0;

}

};

Result
$ g+++ -std=c+++20 -O0 -c a.cpp b.cpp

$ nm -C --print-file-name a.o b.o |

egrep 'vtable|typeinfo'

a.o: V typeinfo for Node

a.o: V typeinfo name for Node

a.o: V vtable for Node

b.o: V typeinfo for Node

b.o: V typeinfo name for Node

b.o: V vtable for Node
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No key function

a.cpp / b.cpp
#include "Node.hpp"

Node node_a; /// or node_b

void use(Node& n) {

n.print();

}

Result
$ g+++ -std=c+++20 -O0 -c a.cpp b.cpp

$ nm -C --print-file-name a.o b.o |

egrep 'vtable|typeinfo'

a.o: V typeinfo for Node

a.o: V typeinfo name for Node

a.o: V vtable for Node

b.o: V typeinfo for Node

b.o: V typeinfo name for Node

b.o: V vtable for Node
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Why this is bad
This usually still links.

The duplicate vtables and RTTI objects have vague linkage.
The linker can coalesce the duplicate COMDAT definitions.
The final executable may contain only one copy.

But
Every object file still had to contain and process its own copy first.

This matters in large C++ projects:
larger .o files
more relocations
more COMDAT groups
slower linking
more work for incremental builds
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Adding a vtable anchor

Node.hpp
#pragma once

struct Node {

private:

virtual void anchor();

public:

virtual ~Node() = default;

virtual void print() const {}

virtual unsigned kind() const {

return 0;

}

};

Node.cpp
#include "Node.hpp"

void Node:::anchor() {}

anchor() is virtual.
It is not pure.
It is not inline at the point of class definition.
It becomes the key function.
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With an anchor

Build
$ g+++ -std=c+++20 -O0 -c Node.cpp a.cpp b.cpp

$ nm -C --print-file-name Node.o a.o b.o |

egrep 'Node:::anchor|vtable for Node|typeinfo for Node|typeinfo name for Node'

Result
Node.o: T Node:::anchor()

Node.o: V typeinfo for Node

Node.o: V typeinfo name for Node

Node.o: V vtable for Node

a.o: U vtable for Node

b.o: U vtable for Node

The header users reference the vtable.
The implementation file emits it.
The vtable has a stable home.
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LLVM-style anchor

Header
class Pass {

virtual void anchor();

public:

virtual ~Pass() = default;

virtual void run() = 0;

virtual void print() const {}

};

Implementation
#include "Pass.hpp"

void Pass:::anchor() {}

Important
Do not make anchor() pure virtual.
Do not define it in the class body.
Do not put the definition in the header.

LLVM even has an LLVM_DECLARE_VIRTUAL_ANCHOR_FUNCTION() macro for this pattern.8

8
https://github.com/llvm/llvm-project/blob/main/llvm/include/llvm/Support/Compiler.h
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Common mistake: declared but not defined

Broken.hpp
struct Broken {

virtual ~Broken();

virtual void f() {}

};

~Broken() is the key function.
But it has no definition.

Linker error
undefined reference to `vtable for Broken'

undefined reference to `Broken:::~Broken()'

Fix
/// Broken.cpp

#include "Broken.hpp"

Broken:::~Broken() = default;

The vtable error is often only a symptom: the missing definition is usually the real bug.
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Summary

A class with virtual functions needs vtable and RTTI objects.
If there is no key function, these may be emitted in many object files.
A non-inline, non-pure virtual function gives the vtable a home.
This function is often called a vtable anchor.
An out-of-line virtual destructor is a common anchor.
A dedicated private anchor() function is also common.

Rule of thumb
Header-defined polymorphic classes should either be deliberately header-only, or have one
out-of-line virtual function.
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Topics not covered

Lazy binding, PLT/GOT, -Wl,-z,now
Exception handling, personality functions
Linker optimizations

Identical Code Folding (ICF)
Link Time Optimization (LTO)
---gc-sections

Static initialization and destruction
Thread-Local Storage (TLS)
Interesting psABI implication: trivial destructors/move constructors and passing
arguments in registers
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References, further reading
Specifications:

Itanium C++ ABI: https://itanium-cxx-abi.github.io/cxx-abi/abi.html
ELF – generic-abi mailing list: https://groups.google.com/g/generic-abi

x86-64 psABI: https://gitlab.com/x86-psABIs/x86-64-ABI
ARM ABI: https://github.com/ARM-software/abi-aa/releases

https://maskray.me – blog posts from the maintainer of ld.lld
ELF interposition and -Bsymbolic

-fno-semantic-interposition

My previous talk with a less C++-centric focus on linking:
https://gsd.web.elte.hu/lectures/bolyai/2023/linking_loading/linkers.pdf

CppCon 2017: Michael Spencer “My Little Object File: How Linkers Implement C++”:
https://www.youtube.com/watch?v=a5L66zguFe4

Linkers, Loaders and Shared Libraries in Windows, Linux, and C++ - Ofek Shilon -
CppCon 2023: https://www.youtube.com/watch?v=_enXuIxuNV4
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