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Introduction
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What is a variant

e C(Cppreference.com:

o The class template std::variant represents a type-safe union.
e Boost.org:

o The variant class template is a safe, generic, stack-based discriminated union container.
e Plain English - a union that knows (holds) its type.

union MyUnion { using MyVariant = variant<int,double>;

int integer; /...
double real; void bar(const MyVarianté& var) {
}i
/... }

void foo(const MyUnion& uni) {

cout << get<int>(var);

cout << uni.integer << endl;

} i.barkan@gmail.com




Memory Layout

struct {int 1; char c; HE
tuple<int, char, >

union {int i; char c; HE S
variant<int, char, >

roi.barkan@gmail.com

int char
int char
int/char/
int/char/
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What is it Good for ?

e State Machines
Value-Semantics for Dynamic Types
o Commands
e Success/fall
o expected<T>
e EXxists/void
o optional<T>

e Pattern-Matching
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State Machines
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struct Circling {

double mTimeSinceLastShot =

nt mNextCirclePosIndex =

struct FlyToCenter { };

struct ShootingFromCenter {
double mTimeSinceLastShot =
double mTimeSpentInCenter

struct FlyOut {
int mTargetCornerIndex;

}i

using State = std::variant<
Circling,
FlyToCenter,
ShootingFromCenter,
FlyOut>;

.
’

ENEMY SHOT DELAY;

ENEMY SHOT DELAY;
0;

Meeting C++ 2018
Nikolai Wuttke
std::variant and
the power of
pattern matching



More State Machines

cppcon | 2018

THE C++ CONFERENCE » BELLEVUE, WASHINGTON

AT

EVENTS AND STATES

e
struct event_connect { std::string_view address; };
struct event_connected {}; }
struct event_disconnect {}; 7 COE
struct event_timeout {}; oy /
using event = std::wariant<event_connect, event_connected, event_disconnect, event_timeout>; 4

é

struct state_idle {};

struct state_connecting { MATEUSZ PUSZ

static constexpr int n_max =
int n = 0;
std::string address;

}s
struct state_connected {}; Effective replacement of

using state = std::variant<state_idle, state_connecting, state_connected>; . .
dynamic polymorphism
with std::variant

<epam> CppCon 2018 | Effective replacement of dynamic polymorphism with std::variant 43

roi.barl .




Commands

cppcon | 2016

THE C++ CONFERENCE « BELLEVUE, WASHINGTON

DAVID,SANKEL
R

Variants
Past, Present,

and Future
roi.bark

Command

struct command {

enum type { SET_SCORE, FIRE_MISSILE, FIRE_LASER, ROTATE };
virtual type getType();

5

struct set_score : commmand {
type getType() { return SET_SCORE; } override final;
double value;

Y
Now
struct set_score {

double value;

}s

using command = variant<set_score, fire_missile, fire_laser, rotate>;

4 b
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expected

Background Technologies

e std::variant (C++17) or boost::variant
o Gives equal importance to all members

e std::optional (C++17), boost::optional
o No extra information in the "null" state

e More exotic: the Maybe/Either monads

e Painfully close to what’s needed!

roi.barkan@

T  €PPCON | 2018

ANDREI ALEXANDRESCU

Expect the
expected

CppCon.org 10



Optional

C++ now n%\gg'?o
cppnow.org
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Nevin “:-)” Liber

The Many Variants of
std:variant

Video Sponsorship |5
rOIbarkan@ Providsan By —

optional

* Templated type
* Closed sum type
* Holds at most one of the templated type
* Refinement of variant
 Easier interface

» Eg: *o (dereference) to access object

24
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Pattern Matching

@Bppcun | 2019

The C++ Conference

cppcon.org

Michael Park

Pattern Matching:
A Sneak Peak

Video Sponsorship Provided By:

ansatz
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Variant Visitation: Too Complex

std::variant<bool, int, std::string> v = /* ... */;

std::visit(overload{

[1(bool b) { std::cout << "got bool: " << b << '\n'; },

[1(int n) { std::cout << "got int: " << n << '\n'; },

[1(const std::string& s) { std::cout << "got str: " << s << '\n'; }
Y V);

template <typename... Fs>
struct overload : Fs... { using Fs::operator()...; };

template <typename... Fs>
overload(Fs... fs) —> overload<Fs...>;



Pattern Matching?
@Eppcnn | 2019

The CDDCU" 0rg

Bit Bashing Papers  About the author

std::visit is everything wrong with modern C++

“ o Sep 14, 2017

Michael Park

Pattern Matching: HTTPS://BITBASHING.IO/STD-VISIT.HTML
A Sneak Peak

Video Sponsorship Provided By:

L ansatz
roi.barkan@:_ 13



Pattern Matching ??

2019

C++ now MAY 6-10

cppnow.org

Nevin “:-)” Liber

The Many Variants of
std:variant

Video Sponsorship Bans

Precrrimte— —

roi.barkan@¢

e * Visitation

 Bjarne Stroustrup

std::variant v

« Visitation is unpleasant
* Lots of requests for extension
» Should just use pattern matching
* Language feature
» Not proposed
* Not for Library Fundamentals TS
» Shouldn't wait for pattern matching

» Axel agreed to trim visitation to the bare minimum for variant

72
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Variants vs. Unions
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Tag is private — variant is safe

e Only constructor and assignment-operator change the tag.

e No chance of user error
e Compiler knows all the alternatives

union IdentityCard ({

IDNumber id;

PassportNumber passport;

UUID factoryCertificate;
}i
enum IDType { CITIZEN, TOURIST, ROBOT };
void checkID(IdentityCard id, IDType type) {
switch (type) {
case TOURIST: id.passport.check() ;

case CITIZEN: id.passport.check():;

)i harkan@™amail com
dbarkani@amal.com

Bugs in this C Code:
Access the incorrect member
Forget missing types
Forget to break

using IdentityCard = variant<IDNumber,
PassportNumber,
void checkID(IdentityCard id) {

visit ([] (auto& x) {x.check();},id);

UuIlD>;




How do they Actually do it in C

e Explicit Header:
struct IdentityCard {
IDType type;
union /*value*/ {
IDNumber id;
PassportNumber passport;
b7
}i
e Implicit Header:
union IdentityCard ({
struct Header { IDType type;
struct Citizen {IDType type;
IDNumber id;
}i
struct Tourist {IDType type;
PassportNumber passport;
i
b7

roi.barkan@gmail.com

tag | int/char/

Over time header gets more data

o Expiration date, Photo, ...
Type specific functions need access to
header.

Opportunity to use C++:

struct IDHeader
IDType type; /* ... */

}i

struct Citizen : public IDHeader ({
IDNumber id;

}i

struct Tourist : public IDHeader ({
PassportNumber id;

i

union IdentityCard ({
IDHeader header;
Citizen citizen;
Visitor visitor;

bi 17



Keeping the C Layout

e Header with type is common

o Network Protocols - TCP/IP, Finance
o File Formats - ELF
o Serialization - Cap’n Proto, Apache Avro

e C layout is important
o  Compatibility with existing code

e Goal - Be safer than C, keep the layout
o Sacrifice some safety

roi.barkan@gmail.com

tag

int/char/
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intrusive_variant tag |int/char/

using ID intrusive = intrusive variant< union IdentityCard {
IDType, offsetof (IDHeader, type), struct Header { IDType type;
bi
struct Citizen {IDType type;
IDNumber id;

std::integral constant<IDType, IDType::CITIZEN>, Citizen,
std::integral constant<IDType, IDType::TOURIST>, Tourist>;

// ... Alternatively ... };
using ID intrusive = intrusive variant< struct Tourist {IDType type:;
IDType, offsetof (IDHeader, type), PassportNumber passport;

7

Citizen::header value t, Citizen,

Tourist::header value t, Tourist>;

e User dictates the type and location of the tag
e visit() is still O(1)

o Potentially larger lookup table

roi.barkan@gmail.com



Adding C++ Safety

e Intrusive variant has safe visit() and links the Type with the Tag
e Still - it might mess up the offset, and allow mixing unrelated types

e Class Hierarchies can do better:
o Base class is essentially a header.
o Const correctness can ensure derived classes don’t change tag.
o Use a (constexpr) lambda to get the tag of each type
e Utilities:
0 is base of<> -to make sure all types have the right base
o decltype() to get to type and static members

roi.barkan@gmail.com
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variant_of base

struct IDHeader {
IDHeader (IDType type) m_type (type) {}
const IDType m_ type;
bi
struct Citizen public IDHeader {
Citizen () IDHeader (c_type) ({}
static constexpr IDType c type = CITIZEN;
IDNumber id;
i
struct Tourist public IDHeader {
Tourist () IDHeader (c_type) {}
static constexpr IDType ¢ _type = TOURIST;
PassportNumber passport;

2

roi.barkan@gmail.com

using ID with base =
variant of base<IDHeader,
[] (const IDHeader &hdr)
return hdr.getType () ;

[] (auto *x) {

return

remove reference t<decltype (*x)>::c type;

by

Citizen, Tourist>;

{
by

21



Arrays of Variants

e vector<variant<IDNumber, Passport, UUID>>

ID/Passprt/UUI ID/Passprt/

ID/Passprt/UUL
5 tag tag (ojefe) / prt/

D

tag

e vector<intrusive_ variant<Citizen, Tourist, Robot>>

tag Ctzn/Tourist/Rbt | tag Ctzn/Tourist/Rbt ©00O0 | tag Ctzn/TOurist/Rbt

e (-Style (real world) - use only the RAM we need

tag Ctzn tag 00O | tag Ctzn

roi.barkan@gmail.com



condensed_variant utilities

e condensed variant_iterator: const forward iterator over variants
e condensed variant_queue: emplace back/pop front container
e Root of the logic is knowing how much to jump:

const Base *next =

visit ([] (const auto *p) { return static cast<const Base *>(p + 1); },
myVariant) ;

o Key point: (p + 1) knows the correct type.

roi.barkan@gmail.com 23



Summary so far

variants are different than unions

real-world unions already have tags (and header)
Intrusive_variant - C++ safety with high C compatibility
Variant_of base - add C++ to your code
condensed_variant - real world streams of binary data

roi.barkan@gmail.com
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VA'Stfa Research
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Bonus - Devirtualization

26



Blast from the Past

Devirtualization, take 2

Virtual dispatch analysis

class Base {
struct VTable {
int (xget) (const Base&);
Promotes flexibility & decoupling int (xset)(Base&, int);
Best for large, unbounded hierarchies b ]
e : Fgraray static VTable vtbl[totalClasses];
Automatic ‘load balancing’ of icache CEmEL i i
public:
int get() const {
Wastes space in the hot zone return (vtbl[tag].get) (xthis);

Relatively costly ¥ _

Performs poorly on small/closed hierarchies mfviﬁ&:;]xiei) S
Can’t change object type in-situ } Y
Pay for potential, not realized flexibility

© 2013- Andrei Alexandrescu. Do not redistribute.

roi.barkan@gmail.com




The Cost of Virtual Functions

e Everyone is afraid of

e However - Processors have relatively good predictors.
o Processors learn your program and the data as it runs..

e Compilers typically only see the program (or part of it)
o Virtues of PGO, Virtues of LTO
o C++20: [[1likely]]

e Devirtualization lets compilers break through virtual calls: inline, inspect,
rearrange code.

roi.barkan@gmail.com
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std::visit for devirtualization

e Base class with some Implementation
struct Base {
virtual int foo () {};
Y
struct D1 final : public Base {

virtual int foo () override { return 1; };

i
struct D2 final : public Base {

virtual int foo () override { return 2; };

i
e \Variant of pointers to the same hierarchy.

variant<Dl*,Base*> myVariant;

visit ([] (auto* p) {p->foo();}, myVariant);

roi.barkan@gmail.com
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Compiler Explorer

v @ —
4

e ¢ )ILER
&N EXPLORE‘R Add...¥ J More ¥ Sharev || Other ¥

C++source #1 X o X x86-64 clang (trunk) (Editor #1, Compiler #1) C++ X
A~ BSave/load +Addnew..v WV Vim € Cpplnsights & Quick-bench x86-64 clang (trunk) ¥ ® -03-std=c++17

}‘mdUde <variant> @ Output..~ Y Filter..~ B Libraries~ < Add new..> 4 Add tool..~
using std::variant; A = test(std::variant<Common*, Base*>): # @test(std::variant<Common*, Base*>)
sub rsp, 24
struct Base { mov qword ptr [rsp + 8], rdi
virtual ~Base() = default; mov byte ptr [rsp + 16], sil
virtual int foo() = ©; cmp sil, -1
¥ movzx eax, sil

1
2
3
4
5
6
7
8
9

mov rex; =1
struct Common final : public Base { cmovne  rcx, rax
virtual int foo() { mov rdi, rsp
return 750; lea rsi, [rsp + 8]
call qword ptr [8*rcx + std::_ detail::_ variant::__gen_vtable<true, i
Y add rsp, 24
ret
struct Rare final : public Base { std::__detail::_ variant::__gen_vtable_impl<true, std::__detail::_ variant::_Mult
virtual int foo() {return 322;} mov eax, 750
}; ret
std::__detail::_ variant::__gen_vtable_impl<true, std::__detail::_ variant::_Mult
int test(std::variant<Common*,Base*> pBase) { mov rdi, qword ptr [rsi]
return visit([](auto*p) { return p->foo();}, pBase); mov rax, qword ptr [rdi]
jmp qword ptr [rax + 16] # TAILCALL
std::__detail::_ variant::__gen_vtable<true, int, test(std::variant<Common*, Base
.quad std::__detail::__ variant::__gen_vtable_impl<true, std::__detail::
.quad std::__detail::__ variant::__gen_vtable_impl<true, std::__ detail::

roi.barkan@gmail.com




“Slower” visit
E EXPLORER @“— @

C++ source #1 X o x86-64 clang (trunk) (Editor #1, Compiler #1) C++ X
A~ BSave/load +Addnew..> V Vim © Cpplnsights @& Quick-bench x86-64 clang (trunk) ¥ ® -03-std=c++17

:1:3332 i:;i:zii @ Output..~ Y Filter..~ B Libraries~ < Add new..~ 4 Add tool..~
using namespace std; test(std::variant<Common*, Base*>): # @test(std::variant<Common*, Base*>)
test sil, sil
je .LBBO_ 1
mov rax, qword ptr [rdi]
jmp gqword ptr [rax + 16] # TAILCALL
.LBBO_1:
mov eax, 750

ret

struct Base {
virtual ~Base() = default;
virtual int foo() = ©;

};

1
2
3]
4
5
6
7
8
e

0NV WN R

=
5]

struct Common final : public Base {
virtual inline int foo() _ attribute__ ((always_inline)) { return 750; }

}s

[ T Y
BWN R

struct Rare final : public Base {
virtual int foo() { return 322; }

}s

BB R R
0 N o wn

template <typename Visitor, typename Variant, size_t Index = 0>
decltype(auto) visit_no_table(Visitor &&visitor, Variant &&variant) {
if (Index == variant.index()) /*[[likely]]*/ {
return visitor(*get_if<Index>(&forward<Variant>(variant)));
¥
if constexpr (Index + 1 < variant_size_v<remove_reference_t<Variant>>) {
return visit_no_table<visitor, Variant, Index + 1>(
forward<Visitor>(visitor), std::forward<Variant>(variant));

}

return visitor(*get_if<Index>(&forward<Variant>(variant)));

int test(std::variant<Common *, Base *> pBase) {
| return visit_no_table([](auto *p) { return p->foo(); }, pBase);

b




