MP-UNITS
LESSONS LEARNED AND A NEW LIBRARY DESIGN
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Issues with the previous library design

The Downcasting Facility issues
Issues not addressable with the current framework
Why UDLs are not a good solution?

Verbose to define (and standardize) systems
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The Downcasting Facility

An innovative powerful feature that was a cornerstone of the V1
design.
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The Downcasting Facility

using namespace units::1sq;

constexpr Speed auto avg_speed(Length auto d, Time auto t)

d

const autos=d / t;
std::cout << s << "\n";
return s;

h

(EDH”]) ACCU 2023 | mp-units: Lessons learned and a new library design 5




The Downcasting Facility

using namespace units::1sq;

constexpr Speed auto avg_speed(Length auto d, Time auto t)

d

const autos=d / t;
std::cout << s << "\n";
return s;

h

using namespace units::isq::si::references;
auto s = avg_ speed( *km, 2 * h);
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The Downcasting Facility

using namespace units::1sq;

constexpr Speed auto avg_speed(Length auto d, Time auto t)

d

const autos=d / t;
std::cout << s << "\n";
return s;

h

using namespace units::isq::si::references;
auto s = avg_ speed( *km, 2 * h);

70 km/h
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The Downcasting Facility

using namespace units::1sq;

constexpr Speed auto avg_speed(Length auto d, Time auto t)

{

const autos=d / t;
std::cout << s << "\n";
return s;

h

using namespace units::isq::si::references;
auto s = avg_ speed( *km, 2 * h);

(gdb) ptype s
type = class units::quantity<units::isq::si::dim_speed, units::isq::si::kilometre per hour, int>
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The Downcasting Facility

between

- long specialization of a generic class template (derived dimension or scaled unit)
- nicely named user type
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The Downcasting Facility

between

- long specialization of a generic class template (derived dimension or scaled unit)
- nicely named user type

struct dim_speed : derived dimension<dim_speed, metre per second,
exponent<dim_length, 1>, exponent<dim_time, -1>> {};

struct kilometre per hour : derived scaled unit<kilometre per hour,
dim_speed, kilometre, hour> {};
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The Downcasting Facility

between

- long specialization of a generic class template (derived dimension or scaled unit)
- nicely named user type

struct dim_speed : derived dimension<dim_speed, metre per second,
exponent<dim_length, 1>, exponent<dim_time, -1>> {};

struct kilometre per hour : derived scaled unit<kilometre per hour,
dim_speed, kilometre, hour> {};
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The Downcasting Facility: Issues
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The Downcasting Facility: Issues

There are N-to-1 relationships in the physical units domain.
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The Downcasting Facility: Issues

There are N-to-1 relationships in the physical units domain.

- Energy =M LT %; Torque = M L*TZ (according to the Sl)

- Frequency = T'}; Activity of radionuclides = T*; Modulation rate = T+
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The Downcasting Facility: Issues

There are N-to-1 relationships in the physical units domain.

- Energy =M LT %; Torque = M L*TZ (according to the Sl)
- Frequency = T'}; Activity of radionuclides = T*; Modulation rate = T+

SAME UNITS

- Hz=1/s; Bq=1/s; Bd = 1/s; 1/s is a standalone derived unit on its own
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The Downcasting Facility: Issues

There are N-to-1 relationships in the physical units domain.

- Energy =M LT %; Torque = M L*TZ (according to the Sl)
- Frequency = T'}; Activity of radionuclides = T*; Modulation rate = T+

SAME UNITS

- Hz=1/s; Bq=1/s; Bd = 1/s; 1/s is a standalone derived unit on its own

S
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The Downcasting Facility: Issues

struct baud : alias_unit<si::hertz, "Bd"> {};
struct kilobaud : prefixed alias unit<si::kilohertz, si::kilo, baud> {};

using dim_modulation_rate = si::dim_frequency;
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The Downcasting Facility: Issues

struct baud : alias_unit<si::hertz, "Bd"> {};
struct kilobaud : prefixed alias unit<si::kilohertz, si::kilo, baud> {};

using dim_modulation_rate = si::dim_frequency;
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The Downcasting Facility: Issues

using namespace units::1sq;

constexpr Speed auto avg_speed(Length auto d, Time auto t);

using namespace units::isq::si::references;
auto s = avg_speed( * km, 2 * h);
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The Downcasting Facility: Issues

using namespace units::1sq;

constexpr Speed auto avg_speed(Length auto d, Time auto t);

using namespace units::isq::si::references;
auto s = avg_speed( * km, 2 * h);
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The Downcasting Facility: Issues

using namespace units::1sq;

constexpr Speed auto avg_speed(Length auto d, Time auto t);

using namespace units::isq::si::references;
auto s = avg_speed( * km, 2 * h);

70 [5/18] m/s

units::quantity<units::unknown dimension<units::exponent<units::isq::si::dim_length, 11, 11>,
units::exponent<units::isq::si::dim_time, -11, 11> >, units::scaled unit<units::magnitude<
units::base power<long>{2l, units::ratio{-11, 11} }, units::base power<long>{3l,
units::ratio{-21, 11} }, units::base power<long>{5l, units::ratio{11, 11} }>{},

units::unknown coherent unit<units::exponent<units::isq::si::dim_length, 11, 11>,
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The Downcasting Facility: Issues

constexpr units::1sq::Speed auto avg speed(units::isq::Length auto d, units::isq:: Time auto t);
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The Downcasting Facility: Issues

constexpr units::1sq::Speed auto avg speed(units::isq::Length auto d, units::isq:: Time auto t);

using namespace units::isq::si::references;
auto s = avg_speed( * km, 2 * h);

(EDH”]) ACCU 2023 | mp-units: Lessons learned and a new library design



The Downcasting Facility: Issues

constexpr units::1sq::Speed auto avg speed(units::isq::Length auto d, units::isq:: Time auto t);

using namespace units::isq::si::references; using namespace units::1sq::si::references;
auto s = avg_speed(140 * km, 2 * h); auto s = avg_speed(140 * km, 2 * h);
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The Downcasting Facility: Issues

constexpr units::1sq::Speed auto avg speed(units::isq::Length auto d, units::isq:: Time auto t);

using namespace units::isq::si::references; using namespace units::isq::si::references;
auto s = avg_speed(140 * km, 2 * h); auto s = avg_speed(140 * km, 2 * h);
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NOTE: This is how many customization points already behave

struct A { int value; };
struct B { int value; A* a; };

std::ostream& operator<<(std::ostreamé& os, const B& b)
{ return os << "[" << b.value << ", " << b.a->value << "|"; }
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NOTE: This is how many customization points already behave

struct A { int value; };
struct B { int value; A* a; };

std::ostream& operator<<(std::ostreamé& os, const B& b)
{ return os << "[" << b.value << ", " << b.a->value << "|"; }

void swap(B& lhs, B& rhs) noexcept
{ std::ranges::swap(lhs.value, rhs.value); }

void foo()
{

¢

Aal{l},a2{2};

Bbl{l, &al}, b2{2, &a2};

std::ranges::swap(bl, b2);

std::cout << '"bl: " << bl << ", b2: " << b2 << "\n";

1
f

(EDH”]) ACCU 2023 | mp-units: Lessons learned and a new library design



NOTE: This is how many customization points already behave

struct A { int value; };
struct B { int value; A* a; };

std::ostream& operator<<(std::ostreamé& os, const B& b)
{ return os << "["" << b.value << ", " << b.a->value << "]"; }

void swap(B& lhs, B& rhs) noexcept
{ std::ranges::swap(lhs.value, rhs.value); }

void foo() void boo()
{ {
Aal{l},a2{2}; Aal{l},a2{2};
Bbl{l, &al}, b2{2, &a2}; Bbl{l, &al}, b2{2, &a2};
std::ranges::swap(bl, b2); std::ranges::swap(bl, b2);
std::cout << '"bl: " <<bl << ", b2: " << b2 << "\n"; std::cout << "bl:" << bl <<", b2: " << b2 <<"\n";

) ¥
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The Downcasting Facility: Issues

Users reported issues with the of custom scaled units

namespace device 1 specific {

struct device 1 specific_unit : units::named scaled unit<...> {};

!
S

namespace device 2 specific {

struct device 2 specific_unit : units::named scaled unit<...> {};

b
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The Downcasting Facility: Issues

Users reported issues with the

namespace device 1 specific {
struct device 1 specific_unit : units::named scaled unit<...> {};

!
S

namespace device 2 specific {

struct device 2 specific_unit : units::named scaled unit<...> {};

b

The facility can recover the type identifier but

usage

(EDH”]) ACCU 2023 | mp-units: Lessons learned and a new library design

of custom scaled units

, Which limits NTTPs




Issues not addressable with the current framework

auto bad = 1 / si::length<si::kilometre>(50);

units::quantity<units::unknown dimension<units::exponent<units::isq::si::dim_length, -1, 1> >,
units::scaled unit<units::magnitude<units::base power<long int>{2, units::ratio{-3, 1, 0} },
units::base power<long int>{5, units::ratio{-3, 1, 0} }>(), units::unknown coherent unit>, double>
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Issues not addressable with the current framework

auto bad = 1 / si::length<si::kilometre>(50);

units::quantity<units::unknown dimension<units::exponent<units::isq::si::dim_length, -1, 1> >,
units::scaled unit<units::magnitude<units::base power<long int>{2, units::ratio{-3, 1, 0} },
units::base power<long int>{5, units::ratio{-3, 1, 0} }>(), units::unknown coherent unit>, double>
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Issues not addressable with the current framework

namespace units::isq {

template<typename Child, Unit U, DimensionOfT<dim_length> L, DimensionOfT<dim_time> T>
struct dim_speed : derived_dimension<Child, U, exponent<L, 1>, exponent<T, -1>> {};

o
template<typename T>
concept Speed = QuantityOfT<T, dim_speed>;

1
S
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Issues not addressable with the current framework

namespace units::isq {

template<typename Child, Unit U, DimensionOfT<dim_length> L, DimensionOfT<dim_time> T>
struct dim_speed : derived_dimension<Child, U, exponent<L, 1>, exponent<T, -1>> {};

template<typename T>
concept Speed = QuantityOfT<T, dim_speed>;

Y
§
namespace units::isq::si {

struct metre per second : derived unit<metre per second> {};
struct dim_speed : 1sq::dim_speed<dim_speed, metre per second, dim_length, dim time> {};

}
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Issues not addressable with the current framework

namespace units::isq {

template<typename Child, Unit U, DimensionOfT<dim_length> L, DimensionOfT<dim_time> T>
struct dim_speed : derived_dimension<Child, U, exponent<L, 1>, exponent<T, -1>> {};

template<typename T>
concept Speed = QuantityOfT<T, dim_speed>;

Y
§
namespace units::isq::si {

struct metre per second : derived unit<metre per second> {};
struct dim_speed : 1sq::dim_speed<dim_speed, metre per second, dim_length, dim time> {};

}

Problems with dimension-specific concepts

- QuantityOf<isq::si::dim_speed> and QuantityOfT<isq::dim_speed> ( will solve it)
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https://wg21.link/p1985

Issues not addressable with the current framework

namespace units::isq {

template<typename Child, Unit U, DimensionOfT<dim_length> L, DimensionOfT<dim_time> T>
struct dim_speed : derived_dimension<Child, U, exponent<L, 1>, exponent<T, -1>> {};

template<typename T>
concept Speed = QuantityOfT<T, dim_speed>;

Y
§
namespace units::isq::si {

struct metre per second : derived unit<metre per second> {};
struct dim_speed : 1sq::dim_speed<dim_speed, metre per second, dim_length, dim time> {};

}

Problems with dimension-specific concepts

- QuantityOf<isq::si::dim_speed> and QuantityOfT<isq::dim_speed> ( will solve it)
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https://wg21.link/p1985

Issues not addressable with the current framework

Coherent unit of an angular momentum

struct kilogram_metre sq per second : derived unit<kilogram metre sq per second> {};
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Issues not addressable with the current framework

Coherent unit of an angular momentum

struct kilogram_metre sq per second : derived unit<kilogram metre sq per second> {};
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Issues not addressable with the current framework

using namespace units::isq::iec80000::references;
using namespace units;:1sq::si::references;

std::cout<<"1 Hz+1Bd="<<1*Hz+ 1 * Bd <<'\n"
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Issues not addressable with the current framework

using namespace units::isq::iec80000::references;
using namespace units;:1sq::si::references;

std::cout<<"1 Hz+1Bd="<<1*Hz+ 1 * Bd <<'\n"

l1Hz+1Bd=2Hz
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Issues not addressable with the current framework

struct length kind : units::kind<length kind, units::isq::si::dim_length> {};

struct width_kind : units::kind<width_kind, units::1sq::si::dim_length> {};
struct vertical kind : units::kind<vertical kind, units::isq::si::dim_length> {};
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Issues not addressable with the current framework

struct length kind : units::kind<length kind, units::isq::si::dim_length> {};
struct width_kind : units::kind<width _kind, units::isq::si::dim_length> {};
struct vertical kind : units::kind<vertical kind, units::isq::si::dim_length> {};

using length = units::quantity kind<length kind, units::isq::si::metre>;
using width = units::quantity kind<width kind, units::1sq::si::metre>;
using height = units::quantity kind<vertical kind, units::isq::si::metre>;
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Issues not addressable with the current framework

struct length_kind : units::kind<length kind, units::isq::si::dim_length> {};
struct width_kind : units::kind<width _kind, units::isq::si::dim_length> {};
struct vertical kind : units::kind<vertical kind, units::isq::st::dim_length> {};

using length = units::quantity kind<length kind, units::isq::si::metre>;
using width = units::quantity kind<width kind, units::1sq::si::metre>;
using height = units::quantity kind<vertical kind, units::isq::si::metre>;

using horizontal area = ???
using vertical area = 777
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Why UDLs are not a good solution?

Work only with
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Why UDLs are not a good solution?

Work only with

- How many compile-time constants do you have in the code base beside unit tests?
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Why UDLs are not a good solution?

Work only with
- How many compile-time constants do you have in the code base beside unit tests?
What is the of d1 and d2?

using namespace std::chrono_literals;

auto d1 = X
auto d2 =42.s;
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Why UDLs are not a good solution?

Work only with

- How many compile-time constants do you have in the code base beside unit tests?
What is the of d1 and d2?

using namespace std::chrono_literals;
auto d1 = ;
auto d2 =42.s;

static_assert(std::is same v<decltype(dl)::rep, std::int64 t>);
static_assert(std::is_same v<decltype(d2)::rep, long double>);
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Why UDLs are not a good solution?

Work only with

- How many compile-time constants do you have in the code base beside unit tests?
What is the of d1 and d2?

using namespace std::chrono_literals;
auto d1 =

b

auto d2 =42.s;

static_assert(std::is same v<decltype(dl)::rep, std::int64 t>);
static_assert(std::is_same v<decltype(d2)::rep, long double>);

Many literal identifiers (F,J, W, K, d, 1, L, ...) are
— often for non-standard extensions
- we had to introduce q_ prefix to avoid collisions
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Why UDLs are not a good solution?

If both Sl and CGS systems define _q_s UDL for a second unit, then themina

common source code?
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Why UDLs are not a good solution?

If both Sl and CGS systems define _q_s UDL for a second unit, then themina

common source code?

auto q =42 q kg m2 per s;

<Euam> ACCU 2023 | mp-units: Lessons learned and a new library design



Why UDLs are not a good solution?

If both Sl and CGS systems define _q_s UDL for a second unit, then themina

common source code?

auto q =42 q kg m2 per s;

Require

constexpr auto operator"" q kg m2 per s(unsigned long long 1)

it
[§

gsl ExpectsAudit(std::in_range<std::int64 t>(1));

return angular momentum<kilogram metre sq per second, std::int64 t>(static cast<std::int64 t>(1));
1
!

nmn

constexpr auto operator

i
L

return angular momentum<kilogram metre sq per second, long double>(1);

v
i

~q kg m2 per s(long double 1)
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Comparison

i::length<si::kilometre> d( );
i::speed<si::kilometre_per_hour, int> v(70);

i::Llength: :km<> d( );
i::speed: :km _per_h<int> v(70);

* km;
* (km / h);

< E[]am > CppCon 2021: Software Engineering Is About Tradeoffs 44







Verbose to define (and standardize) systems

Even though the library definitions are terse comparing to other
products on the market that use macros to provide multiple

definitions per one entity, there is still some room for
Improvement.
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Verbose to define (and standardize) systems

namespace units;:isq::si {

struct kilogram metre sq per second : derived unit<kilogram metre sq per second> {};
struct dim_angular momentum :
1sq::dim_angular momentum<dim_angular momentum, kilogram metre sq per second, dim_length, dim momentum> {};

inline namespace literals {

WL

constexpr auto operator"" q kg m2 per s(unsigned long long 1) {

gsl ExpectsAudit(std::in_range<std::int64 t>(1));

return angular momentum<kilogram metre sq per second, std::int64 t>(static cast<std::int64 t>(1));
h
constexpr auto operator"" q kg m2 per s(long double 1) {

return angular momentum<kilogram metre sq per second, long double>(1);

"nn

namespace units::aliases::1sq::si::inline angular momentum {

template<Representation Rep = double>

nano ko m? ner = nnite-tiac-ciccanonlar momentim<annite-cicac-Qicckilooram metre a ner second Ren>-
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Why V2 if V1 was not released?

The new design is
— it
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Why V2 if V1 was not released?

The new design is

- it

A for the users
— abstractions

- interfaces

- namespace name

- header files content and layout
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Why V2 if V1 was not released?

« The new design is not a gradual evolutionary change
— it feels like a totally different product
- A huge breaking change for the users
— abstractions
- interfaces
- namespace name
- header files content and layout

Epam ACCU 2023 | mp-units: Lessons learned and a new library design




New style of definitions

but then in the generated code
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New style of definitions

but then in the generated code

To a new idiom in the library is to
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New style of definitions

but then in the generated code

To a new idiomin the library is to

inline constexpr struct metre : named unit<"m", kind of<isq::length>> {} metre;

inline constexpr struct second : named unit<"s", kind of<isq::time>> {} second;
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New style of definitions

but then in the generated code

To a new idiomin thelibraryisto

inline constexpr struct metre : named unit<"m", kind of<isq::length>> {} metre;

inline constexpr struct second : named unit<"s", kind of<isq::time>> {} second;

quantity<metre / second> q;
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New style of definitions

but then in the generated code

To a new idiomin thelibraryisto

inline constexpr struct metre : named unit<"m", kind of<isq::length>> {} metre;

inline constexpr struct second : named unit<"s", kind of<isq::time>> {} second;

quantity<metre / second> q;

(gdb) ptype q
type = class quantity<derived unit<metre, per<second>>(), double> [with Rep = double] {
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New style of definitions

but then in the generated code

To a new idiomin thelibraryisto

inline constexpr struct metre : named unit<"m", kind of<isq::length>> {} metre;

inline constexpr struct second : named unit<"s", kind of<isq::time>> {} second;

quantity<metre / second> q;

(gdb) ptype q
type = class quantity<derived unit<metre, per<second>>(), double> [with Rep = double] {
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Physical quantity libraries enforce correct code

speed avg speed(length 1, time t)
I

!
returnl/t;

!
S

auto res = avg_speed(120 * km, 2 * h);
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Physical quantity libraries enforce correct code

speed avg speed(length 1, time t)
I

!
returnl/t;

!
S

auto res = avg_speed(120 * km, 2 * h);

Strongly typed function arguments
automatically handled by the library engine

Enforcing helps writing correct equations
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Physical quantity libraries enforce correct code

speed avg speed(length 1, time t)
(

!
returnl/t;

!
S

auto res = avg_speed(120 * km, 2 * h);

Strongly typed function arguments
automatically handled by the library engine

Enforcing helps writing correct equations
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How do you like such an interface?

class Box {
area base ;
length height ;
public:
Box(length 1, length w, length h) : base (1 * w), height (h) {}

Box my box(2 *m, 3 * m, 1 * m);
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How do you like such an interface?

class Box {
area base ;
length height ;
public:
Box(length 1, length w, length h) : base (1 * w), height (h) {}

55

5]

Box my box(2 *m, 3 * m, 1 * m);
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Proper systems abstractions ( )
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https://www.iso.org/obp/ui#iso:std:iso-iec:guide:99:ed-1:v2:en

Proper systems abstractions ( )

— together with a non-contradictory relating those quantities
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https://www.iso.org/obp/ui#iso:std:iso-iec:guide:99:ed-1:v2:en

Proper systems abstractions ( )

— together with a non-contradictory relating those quantities

- system of quantities based on the : length, mass, time, electric current,
thermodynamic temperature, amount of substance, and luminous intensity
— this system of quantities is series "Quantities and units"
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Proper systems abstractions ( )

— together with a non-contradictory relating those quantities

- system of quantities based on the : length, mass, time, electric current,
thermodynamic temperature, amount of substance, and luminous intensity
— this system of quantities is series "Quantities and units"

— system of units, their names and symbols
- including a series of prefixes and their names and symbols, together with rules for their use

- adopted by the General Conference on Weights and Measures (CGPM)
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ISQ in mp-units

mp-units is probably the first library on the Open Source market

(inany programming language) that models the ISQ with all its
definitions provided in ISO 80000.
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ISQ in mp-units

mp-units is probably the first library on the Open Source market

(inany programming language) that models the ISQ with all its
definitions provided in ISO 80000.
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ISQ base dimensions

namespace mp::isq {

inline constexpr struct dim_length : base _dimension<"L"> {} dim_length;

inline constexpr struct dim_mass : base_dimension<"M"> {} dim_mass;

inline constexpr struct dim_time : base_dimension<"T"> {} dim_time;

inline constexpr struct dim_electric_current : base dimension<"I"> {} dim_electric_current;

inline constexpr struct dim_thermodynamic temperature :

base dimension<basic_symbol text{"®", "O"}> {} dim thermodynamic temperature;
inline constexpr struct dim_amount_of substance : base_dimension<"N"> {} dim_amount of substance;
inline constexpr struct dim_luminous_intensity : base dimension<"J"> {} dim_luminous_intensity;
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ISQ base dimensions

namespace mp::isq {

inline constexpr struct dim_length : base _dimension<"L"> {} dim_length;

inline constexpr struct dim_mass : base_dimension<"M"> {} dim_mass;

inline constexpr struct dim_time : base_dimension<"T"> {} dim_time;

inline constexpr struct dim_electric_current : base dimension<"I"> {} dim_electric_current;

inline constexpr struct dim_thermodynamic temperature :

base dimension<basic_symbol text{"®", "O"}> {} dim thermodynamic temperature;
inline constexpr struct dim_amount of substance : base dimension<"N'"> {} dim amount of substance;
inline constexpr struct dim_luminous_intensity : base_dimension<"J"> {} dim_luminous_intensity;
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ISQ base dimensions

namespace mp::isq {

inline constexpr struct dim_length : base _dimension<!"L"> {} dim_length;

inline constexpr struct dim_mass : base dimension<"M"> {} dim mass;

inline constexpr struct dim_time : base_dimension<"T"> {} dim_time;

inline constexpr struct dim_electric_current : base dimension<"I"> {} dim_electric_current;

inline constexpr struct dim_thermodynamic temperature :

base dimension<basic_symbol text{"®", "O"}> {} dim thermodynamic temperature;
inline constexpr struct dim_amount of substance : base dimension<"N'"> {} dim amount of substance;
inline constexpr struct dim_luminous_intensity : base_dimension<"J"> {} dim luminous_intensity;
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Introducing quantity spec

Dimension is not enough to specify all properties of a quantity.
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Introducing quantity spec

Dimension is not enough to specify all properties of a quantity.

 More than one quantity may be defined for the same dimension
- quantities of different kinds (i.e. frequency, modulation rate, activity, ...)
— quantities of the same kind (i.e. length, width, altitude, distance, radius, wavelength, position
vector, ...)
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Introducing quantity spec

Dimension is not enough to specify all properties of a quantity.

 More than one quantity may be defined for the same dimension
- quantities of different kinds (i.e. frequency, modulation rate, activity, ...)
— quantities of the same kind (i.e. length, width, altitude, distance, radius, wavelength, position
vector, ...)
- Quantities may have different character
- scalars
- vectors
- tensors
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Introducing quantity spec

Dimension is not enough to specify all properties of a quantity.

 More than one quantity may be defined for the same dimension
- quantities of different kinds (i.e. frequency, modulation rate, activity, ...)
— quantities of the same kind (i.e. length, width, altitude, distance, radius, wavelength, position
vector, ...)
- Quantities may have different character
- scalars
- vectors
- tensors

- Quantities may be defined as non-negative
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ISQ: International System of Quantities (ISO 80000)

T

. . . position_vector displacement
%dth, breiyepth, altitude path_length, arc_length wavelength e fvector}
thickness diameter radius distance
radius_of_curvature radial_distance
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Defining a tree of quantities of the same Kkind

A quantity being the for the tree

inline constexpr struct length : quantity spec<dim_length> {} length;
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Defining a tree of quantities of the same Kkind

A quantity being the for the tree

inline constexpr struct length : quantity spec<dim_length> {} length;

Quantity forming of quantities of the same kind

inline constexpr struct width : quantity spec<length> {} width;
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Defining a tree of quantities of the same Kkind

A quantity being the for the tree

inline constexpr struct length : quantity spec<dim_length> {} length;

Quantity forming of quantities of the same kind

inline constexpr struct width : quantity spec<length> {} width;

Different name for the same quantity type ( )

inline constexpr auto breadth = width;
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Defining quantities of dimension length and time

inline constexpr struct length : quantity spec<dim_length> {} length;

inline constexpr struct width : quantity spec<length> {} width;

inline constexpr auto breadth = width;

inline constexpr struct height : quantity spec<length> {} height;

inline constexpr auto depth = height;

inline constexpr auto altitude = height;

inline constexpr struct thickness : quantity spec<width> {} thickness;

inline constexpr struct diameter : quantity spec<width> {} diameter;

inline constexpr struct radius : quantity spec<width> {} radius;

inline constexpr struct radius_of curvature : quantity spec<radius> {} radius_of curvature;

inline constexpr struct path_length : quantity spec<length> {} path length;

inline constexpr auto arc_length = path length;

inline constexpr struct distance : quantity spec<path length> {} distance;

inline constexpr struct radial distance : quantity spec<distance> {} radial_distance;

inline constexpr struct wavelength : quantity spec<length> {} wavelength;

inline constexpr struct position_vector : quantity spec<length, quantity character::vector> {} position_ vector;
inline constexpr struct displacement : quantity spec<length, quantity character::vector> {} displacement;
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Defining quantities of dimension length and time

inline constexpr struct length : quantity spec<dim length> {} length;

inline constexpr struct width : quantity spec<length> {} width;

inline constexpr auto breadth = width;

inline constexpr struct height : quantity spec<length> {} height;

inline constexpr auto depth = height;

inline constexpr auto altitude = height;

inline constexpr struct thickness : quantity spec<width> {} thickness;

inline constexpr struct diameter : quantity spec<width> {} diameter;

inline constexpr struct radius : quantity spec<width> {} radius;

inline constexpr struct radius_of curvature : quantity spec<radius> {} radius_of curvature;

inline constexpr struct path_length : quantity spec<length> {} path_length;

inline constexpr auto arc_length = path length;

inline constexpr struct distance : quantity spec<path length> {} distance;

inline constexpr struct radial_distance : quantity spec<distance> {} radial distance;

inline constexpr struct wavelength : quantity spec<length> {} wavelength;

inline constexpr struct position_vector : quantity spec<length, quantity character::vector> {} position_vector;
inline constexpr struct displacement : quantity spec<length, quantity character::vector> {} displacement;

inline constexpr struct time : quantity spec<dim_time> time;

inline constexpr auto duration = time;

inline constexpr struct period _duration : quantity spec<duration> period duration;
inline constexpr auto period = period duration;

inline constexpr struct time constant : quantity spec<duration> time constant;
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Removing abstractions

Proper implementation of the ISQ hierarchies superseded

quantity kind and quantity point kind class templates from the
V1 framework.
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Three levels of quantity conversions

implicit

explicit

cast
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Three levels of quantity conversions

implicit length
explicit width height
cast thickness
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Three levels of quantity conversions

static_assert(isq::width != isq::length);
static_assert(isq::width != 1sq::height);

| A . length
static_assert(implicitly convertible(isq::width, isq::length));

static_assert(!implicitly convertible(isq::length, isq::width)); / \

static_assert(explicitly convertible(isq::length, 1sq::width)); width height

static_assert(!implicitly convertible(isq::height, isq::width));
static_assert(!explicitly convertible(isq::height, 1sq::width));

static_assert(castable(isq::height, isq::width)); thickness

static_assert(!implicitly convertible(isq::time, isq::length));
static_assert(!explicitly convertible(isq::time, isq::length));
- static_assert(!castable(isq::time, isq::length));

42




Derived quantities

inline constexpr struct area : quantity spec<pow<2>(length)> area;
inline constexpr struct volume : quantity spec<pow<3>(length)> volume;
inline constexpr struct speed : quantity spec<length / time> speed;

inline constexpr struct velocity : quantity spec<speed, position_vector / duration> velocity;
inline constexpr struct acceleration : quantity spec<velocity / duration> acceleration;
inline constexpr struct frequency : quantity spec<l / period _duration> frequency;
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Derived quantities

inline constexpr struct area : quantity spec<pow<2>(length)> area;

inline constexpr struct volume : quantity spec<pow<3>(length)> volume;

inline constexpr struct speed : quantity spec<length / time> speed;

inline constexpr struct velocity : quantity spec<speed, position_vector / duration> velocity;
inline constexpr struct acceleration : quantity spec<velocity / duration> acceleration;

inline constexpr struct frequency : quantity spec<I / period duration> frequency;

static_assert(isq::area.dimension == pow<2>(i1sq::dim_length));
static_assert(isq::speed.dimension == isq::dim_length / isq::dim_time);
static_assert(isq::acceleration.dimension == isq::velocity.dimension / isq::dim_time);
static_assert(isq::frequency.dimension == dimension_one / isq::dim_time);
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What should be the result of the following equation?

autores=1*Hz+ 1 *Bq+ 1 * Bd;

Hz (hertz) - unit of
Bq (becquerel) - unit of
Bd (baud) - unit of
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What should be the result of the following equation?

autores=1*Hz+1*Bq+ 1 * Bd;

using namespace boost::units::si;
std::cout <<'1 * hertz + | * becquerel << "\n';
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What should be the result of the following equation?

autores=1*Hz+1*Bq+ 1 * Bd;

using namespace boost::units::si;
std::cout <<'1 * hertz + | * becquerel << "\n';
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What should be the result of the following equation?

autores=1*Hz+1*Bq+ 1 * Bd;

using namespace boost::units::si; using namespace boost::units::si;
std::cout << 1 * hertz + 1 * becquerel << "\n'; std::cout << 1 * becquerel + | * hertz << "\n';
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What should be the result of the following equation?

autores=1*Hz+1*Bq+ 1 * Bd;

using namespace boost::units::si; using namespace boost::units::si;
std::cout << 1 * hertz + 1 * becquerel << "\n'; std::cout << 1 * becquerel + | * hertz << "\n';

2 Hz 2 Hz

(EDH”]) ACCU 2023 | mp-units: Lessons learned and a new library design



What should be the result of the following equation?

autores=1*Hz+ 1 *Bqg+ 1 * Bd;

using namespace boost::units::si; using namespace boost::units::si;
std::cout << 1 * hertz + 1 * becquerel << "\n'; std::cout << 1 * becquerel + | * hertz << "\n';

2 Hz 2 Hz

using namespace units::literals;
std::cout<<1 Hz+ 1 Bq<<"\n';

<Euam> ACCU 2023 | mp-units: Lessons learned and a new library design



What should be the result of the following equation?

autores=1*Hz+ 1 *Bqg+ 1 * Bd;

using namespace boost::units::si; using namespace boost::units::si;
std::cout << 1 * hertz + 1 * becquerel << "\n'; std::cout << 1 * becquerel + | * hertz << "\n';

2 Hz 2 Hz

using namespace units::literals;
std::cout<<1 Hz+ 1 Bq<<"\n';

2 s"-1
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What should be the result of the following equation?

autores=1*Hz+1*Bq+ 1 * Bd;

print(1 * ureg.hertz + 1 * ureg.becquerel + | * ureg.baud)

(EDH”]) ACCU 2023 | mp-units: Lessons learned and a new library design



What should be the result of the following equation?

autores=1*Hz+1*Bq+ 1 * Bd;

print(1 * ureg.hertz + 1 * ureg.becquerel + | * ureg.baud)

3.0 Hz
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What should be the result of the following equation?

autores=1*Hz+1*Bq+ 1 * Bd;

print(1 * ureg.hertz + 1 * ureg.becquerel + | * ureg.baud)

3.0 Hz

System.out.println(Quantities.getQuantity(1, Units. HERTZ)
.add(Quantities.getQuantity(l, Units. BECQUEREL)));
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What should be the result of the following equation?

autores=1*Hz+ 1 *Bqg+ 1 * Bd;

print(1 * ureg.hertz + 1 * ureg.becquerel + | * ureg.baud)

3.0 Hz

System.out.println(Quantities.getQuantity(1, Units. HERTZ)
.add(Quantities.getQuantity(l, Units. BECQUEREL)));

Exception in thread "main" java.lang.Error: Unresolved compilation problem:
The method add(Quantity<Frequency>) in the type ComparableQuantity<Frequency> is not applicable for the arguments
(ComparableQuantity<Radioactivity>)
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Quantity kinds (ISO 80000)

Quantities may be grouped together into of quantities that are

Mutually comparable quantities are called
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Quantity kinds (ISO 80000)

Quantities may be grouped together into of quantities that are
Mutually comparable quantities are called
Two or more quantities cannot be unless they belong to the same category of

mutually comparable quantities
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Quantity kinds (ISO 80000)

Quantities may be grouped together into of quantities that are

Mutually comparable quantities are called

Two or more quantities cannot be unless they belong to the same category of
mutually comparable quantities

Quantities of the same kind within a given system of quantities

Quantities of the same dimension are
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ISQ quantities of dimension T1

angular_velocity

(angular_displacement / duration) frequency rotational_frequency angular_frequency damping_coefficient
sular_disp (1 / period_duration) (rotation / duration) (phase_angle / duration) (1 / time_constant)
[rad/s, 1/s] [Hz, 1/s] [1/5] [rad/s, 1/s] [1/s]
fvector} ’ ’

activity transfer_rate call_intensity, calling_rate modulation_rate, line_digit_rate
(neutron_number / time) (storage_capacity / duration) (1 / duration) (1 / duration)

[Bq, 1/s] [1/s, o/s, B/s] [1/s] [Bd, 1/s]

binary_digit_rate, bit_rate completed_call_intensity

equivalent_binary_digit_rate, equivalent_bit_rate
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Kind_of<QS> modifier

Denotes a

- such quantity
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Kind_of<QS> modifier

Denotes a

- such quantity
Can be

static_assert(get_kind(isq::width) == get kind(isq::height));

static_assert(get kind(isq::width) == kind_of<isq::length>);
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Kind_of<QS> modifier

Denotes a

- such quantity
Can be

static_assert(get_kind(isq::width) == get kind(isq::height));

static_assert(get kind(isq::width) == kind_of<isq::length>);

Quantity of kind_of<QS> is to any quantity from its tree

static_assert(implicitly convertible(kind of<isq::length>, isq::width));
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Kind_of<QS> modifier

Denotes a

- such quantity
Can be

static_assert(get_kind(isq::width) == get kind(isq::height));

static_assert(get kind(isq::width) == kind_of<isq::length>);

Quantity of kind_of<QS> is to any quantity from its tree

static_assert(implicitly convertible(kind of<isq::length>, isq::width));
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Derived quantity equations often do not automatically form a hierarchy
tree

energy
(mass * length? / time?)
mechanical_energy enthalpy active_energy

i N

} kinetic_energy . . . : .
otential_ener internal_energy, thermodynamic_ener Gibb , Gibbs_funct
P _ gy T L T— d2) N gy y o gy ibbs_energy, Gibbs_function

Helmholtz_energy, Helmholtz_function
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Derived quantity equations often do not automatically form a hierarchy
tree

energy
/ (mass * length? / time?)
mechanical_energy / enthalpy active_energy
potential_energy kinetic_energy internal_energy, thermodynamic_energy Gibbs_energy, Gibbs_function

(mass * speedz)

T

gravitational_potential_energy elastic_potential_energy
(mass * acceleration_of_free_fall * height) (spring_constant * amount_of_compression?2)

Helmholtz_energy, Helmholtz_function

fﬂpam“i ACCU 2023 | mp-units: Lessons learned and a new library design



Defining a hierarchy of derived quantities

inline constexpr struct energy : quantity spec<mass * pow<2>(length) / pow<2>(time)> {} energy;
inline constexpr struct mechanical energy : quantity spec<energy> {} mechanical energy;

inline constexpr struct potential energy : quantity spec<mechanical energy> {} potential energy;
inline constexpr struct kinetic_energy : quantity spec<mechanical energy, mass * pow<2>(speed)> {} kinetic_energy;

First template parameter
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Defining a hierarchy of derived quantities

inline constexpr struct energy : quantity spec<mass * pow<2>(length) / pow<2>(time)> {} energy;
inline constexpr struct mechanical energy : quantity spec<energy> {} mechanical energy;

inline constexpr struct potential energy : quantity spec<mechanical energy> {} potential energy;
inline constexpr struct kinetic_energy : quantity spec<mechanical energy, mass * pow<2>(speed)> {} kinetic_energy;

First template parameter

Second parameter (if provided)
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Defining a hierarchy of derived quantities

inline constexpr struct energy : quantity spec<mass * pow<2>(length) / pow<2>(time)> {} energy;
inline constexpr struct mechanical energy : quantity spec<energy> {} mechanical energy;

inline constexpr struct potential energy : quantity spec<mechanical energy> {} potential energy;
inline constexpr struct kinetic_energy : quantity spec<mechanical energy, mass * pow<2>(speed)> {} kinetic_energy;

First template parameter

Second parameter (if provided)
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Conversions to derived quantities

The result of a quantity equation is as a derived quantity

static_assert(isq::mass * pow<2>(isq::length) / pow<2>(isq::time) != isq::energy);
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Conversions to derived quantities

The result of a quantity equation is as a derived quantity

static_assert(isq::mass * pow<2>(isq::length) / pow<2>(isq::time) != isq::energy);

If the derived quantity that is compatible with the result of a quantity equation, then

such aresultis to this derived quantity

static_assert(implicitly convertible(isq::mass * pow<2>(isq::length) / pow<2>(isq::time), 1sq::energy));

static_assert(implicitly convertible(isq::mass * pow<2>(isq::speed), 1sq::kinetic_energy));
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Conversions to derived quantities

The result of a quantity equation is as a derived quantity

static assert(isq::mass * pow<2>(isq::length) / pow<2>(isq::time) != isq::energy);
a q I q g I q q gy

If the derived quantity that is compatible with the result of a quantity equation, then

such aresultis to this derived quantity

static_assert(implicitly convertible(isq::mass * pow<2>(isq::length) / pow<2>(isq::time), 1sq::energy));

static_assert(implicitly convertible(isq::mass * pow<2>(isq::speed), i1sq::kinetic_energy));

Otherwise, an

static_assert(!implicitly convertible(isq::mass * pow<2>(isq::length) / pow<2>(isq::time), isq::mechanical energy));
static_assert(explicitly convertible(isq::mass * pow<2>(isq::length) / pow<2>(isq::time), i1sq::mechanical energy));
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Simple user extensions and composability

Users can always easily to existing hierarchies

inline constexpr struct horizontal length : quantity spec<isq::length> {} horizontal length;

inline constexpr struct horizontal area : quantity spec<isq::area, horizontal length * 1sq::width> {} horizontal area;
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Simple user extensions and composability

Users can always easily to existing hierarchies

inline constexpr struct horizontal length : quantity spec<isq::length> {} horizontal length;
inline constexpr struct horizontal area : quantity spec<isq::area, horizontal length * isq::width> {} horizontal area;

static_assert(implicitly convertible(horizontal length, isq::length));
static_assert(!implicitly convertible(isq::length, horizontal length));

static_assert(implicitly convertible(horizontal area, isq::area));
static_assert(!implicitly convertible(isq::area, horizontal area));
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Simple user extensions and composability

Users can always easily to existing hierarchies

inline constexpr struct horizontal length : quantity spec<isq::length> {} horizontal length;
inline constexpr struct horizontal area : quantity spec<isq::area, horizontal length * isq::width> {} horizontal area;

static_assert(implicitly convertible(horizontal length, isq::length));
static_assert(!implicitly convertible(isq::length, horizontal length));
static_assert(implicitly convertible(horizontal area, isq::area));

static_assert(!implicitly convertible(isq::area, horizontal area));

static_assert(implicitly convertible(isq::length * isq::length, isq::area));
static_assert(implicitly convertible(horizontal length * isq::width, horizontal area));
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Simple user extensions and composability

Users can always easily to existing hierarchies

inline constexpr struct horizontal length : quantity spec<isq::length> {} horizontal length;
inline constexpr struct horizontal area : quantity spec<isq::area, horizontal length * isq::width> {} horizontal area;

static_assert(implicitly convertible(horizontal length, isq::length));
static_assert(!implicitly convertible(isq::length, horizontal length));
static_assert(implicitly convertible(horizontal area, isq::area));

static_assert(!implicitly convertible(isq::area, horizontal area));

static_assert(implicitly convertible(isq::length * isq::length, isq::area));
static_assert(implicitly convertible(horizontal length * isq::width, horizontal area));

static_assert(implicitly convertible(horizontal length * isq::width, isq::area));
static_assert(!implicitly convertible(isq::length * isq::length, horizontal area));
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SI units for ISQ base quantities

namespace mp::si {

inline constexpr struct second : named unit<"s", kind_of<isq::time>> {} second;
inline constexpr struct metre : named unit<"m", kind of<isq::length>> {} metre;
inline constexpr struct gram : named unit<"g", kind of<isq::mass>> {} gram;
inline constexpr struct kilogram : decltype(kilo<gram>) {} kilogram,;

inline constexpr struct ampere : named unit<"A", kind of<isq::electric_current>> {} ampere;

inline constexpr struct kelvin : named unit<"K", kind of<isq::thermodynamic temperature>> {} kelvin;
inline constexpr struct mole : named unit<"mol", kind of<isq::amount of substance>> {} mole;

inline constexpr struct candela : named unit<"cd", kind_of<isq::luminous_intensity>> {} candela;
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SI units for ISQ base quantities

namespace mp::si {

inline constexpr
inline constexpr
inline constexpr
inline constexpr
inline constexpr
inline constexpr
inline constexpr
inline constexpr

struct second : named unit<"s", kind of<isq::time>> {} second;

struct metre : named_unit<"m", kind_of<isq::length>> {} metre;

struct gram : named_unit<"g", kind of<isq::mass>> {} gram;

struct kilogram : decltype(kilo<gram>) {} kilogram;

struct ampere : named unit<"A", kind_of<isq::electric_current>> {} ampere;

struct kelvin : named unit<"K", kind of<isq::thermodynamic temperature>> {} kelvin;
struct mole : named unit<"mol", kind of<isq::amount of substance>> {} mole;

struct candela : named_unit<"cd", kind of<isq::luminous_intensity>> {} candela;
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SI named derived units

namespace mp::si {

inline constexpr struct radian : named unit<"rad", metre / metre, kind of<isq::angular measure>> {} radian;
inline constexpr struct steradian : named unit<"sr", square<metre> / square<metre>,

kind of<isq::solid angular measure>> {} steradian;

_ _ — S
inline constexpr struct hertz : named unit<"Hz", 1 / second, kind of<isq::frequency>> {! hertz;
. _ LS
inline constexpr struct newton : named_unit<"N", kilogram * metre / square<second>> {} newton;
inline constexpr struct pascal : named_unit<"Pa", newton / square<metre>> {} pascal;
inline constexpr struct joule : named unit<"J", newton * metre> {} joule;
inline constexpr struct watt : named unit<"W", joule / second> {} watt;
inline constexpr struct coulomb : named unit<"C", ampere * second> {} coulomb:;
— | §
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SI named derived units

namespace mp::si {

inline constexpr struct radian : named unit<"rad", metre / metre, kind_of<isq::angular measure>> {} radian;
inline constexpr struct steradian : named unit<"sr", square<metre> / square<metre>,
kind of<isq::solid angular measure>> {} steradian;
inline constexpr struct hertz : named unit<"Hz", 1 / second, kind_of<isq::frequency>> {} hertz;
inline constexpr struct newton : named unit<"N", kilogram * metre / square<second>> {} newton;
inline constexpr struct pascal : named_unit<"Pa", newton / square<metre>> {} pascal;
inline constexpr struct joule : named unit<"J", newton * metre> {} joule;
inline constexpr struct watt : named unit<"W", joule / second> {} watt;
inline constexpr struct coulomb : named unit<"C", ampere * second> {} coulomb;
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SI named derived units

namespace mp::si {

inline constexpr struct radian : named unit<"rad", metre / metre, kind of<isq::angular measure>> {} radian;
inline constexpr struct steradian : named _unit<"sr", square<metre> / square<metre>,
kind of<isq::solid angular measure>> {} steradian;
inline constexpr struct hertz : named unit<"Hz", 1 / second, kind of<isq::frequency>> {} hertz;
inline constexpr struct newton : named_unit<"N", kilogram * metre / square<second>> {} newton;
inline constexpr struct pascal : named_unit<"Pa", newton / square<metre>> {} pascal;
inline constexpr struct joule : named unit<"J", newton * metre> {} joule;
inline constexpr struct watt : named unit<"W", joule / second> {} watt;
inline constexpr struct coulomb : named unit<"C", ampere * second> {} coulomb;
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Unit symbols

namespace mp::si::unit_ symbols {

inline constexpr auto gqm = quecto<metre>;
inline constexpr auto rm = ronto<metre>;
inline constexpr auto ym = yocto<metre>;
inline constexpr auto zm = zepto<metre>;
inline constexpr auto am = atto<metre>;
inline constexpr auto fm = femto<metre>;
inline constexpr auto pm = pico<metre>;
inline constexpr auto nm = nano<metre>;
inline constexpr auto um = micro<metre>;
inline constexpr auto mm = milli<metre>;
inline constexpr auto cm = centi<metre>;
inline constexpr auto dm = deci<metre>;
inline constexpr auto m = metre;

<epam>
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inline constexpr auto dam = deca<metre>;
inline constexpr auto hm = hecto<metre>;
inline constexpr auto km = kilo<metre>;
inline constexpr auto Mm = mega<metre>;
inline constexpr auto Gm = giga<metre>;
inline constexpr auto Tm = tera<metre>;
inline constexpr auto Pm = peta<metre>;
inline constexpr auto Em = exa<metre>;
inline constexpr auto Zm = zetta<metre>;
inline constexpr auto Ym = yotta<metre>;
inline constexpr auto Rm = ronna<metre>;
inline constexpr auto Qm = quetta<metre>;
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Unit symbols

namespace mp::si::unit_symbols {

inline constexpr auto gqm = quecto<metre>;
inline constexpr auto rm = ronto<metre>;
inline constexpr auto ym = yocto<metre>;
inline constexpr auto zm = zepto<metre>;
inline constexpr auto am = atto<metre>;
inline constexpr auto fm = femto<metre>;
inline constexpr auto pm = pico<metre>;
inline constexpr auto nm = nano<metre>;
inline constexpr auto um = micro<metre>;
inline constexpr auto mm = milli<metre>;
inline constexpr auto cm = centi<metre>;
inline constexpr auto dm = deci<metre>;
inline constexpr auto m = metre;

<epam>
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inline constexpr auto dam = deca<metre>;
inline constexpr auto hm = hecto<metre>;
inline constexpr auto km = kilo<metre>;
inline constexpr auto Mm = mega<metre>;
inline constexpr auto Gm = giga<metre>;
inline constexpr auto Tm = tera<metre>;
inline constexpr auto Pm = peta<metre>;
inline constexpr auto Em = exa<metre>;
inline constexpr auto Zm = zetta<metre>;
inline constexpr auto Ym = yotta<metre>;
inline constexpr auto Rm = ronna<metre>;
inline constexpr auto Qm = quetta<metre>;
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Unit symbols

namespace mp::si::unit_ symbols {

inline constexpr auto gqm = quecto<metre>;
inline constexpr auto rm = ronto<metre>;
inline constexpr auto ym = yocto<metre>;
inline constexpr auto zm = zepto<metre>;
inline constexpr auto am = atto<metre>;
inline constexpr auto fm = femto<metre>;
inline constexpr auto pm = pico<metre>;
inline constexpr auto nm = nano<metre>;
inline constexpr auto um = micro<metre>;
inline constexpr auto mm = milli<metre>;
inline constexpr auto cm = centi<metre>;
inline constexpr auto dm = deci<metre>;
inline constexpr auto m = metre;
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inline constexpr auto dam = deca<metre>;
inline constexpr auto hm = hecto<metre>;
inline constexpr auto km = kilo<metre>;
inline constexpr auto Mm = mega<metre>;
inline constexpr auto Gm = giga<metre>;
inline constexpr auto Tm = tera<metre>;
inline constexpr auto Pm = peta<metre>;
inline constexpr auto Em = exa<metre>;
inline constexpr auto Zm = zetta<metre>;
inline constexpr auto Ym = yotta<metre>;
inline constexpr auto Rm = ronna<metre>;
inline constexpr auto Qm = quetta<metre>;
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Quantity

Quantity - property of a phenomenon, body, or substance, where
the property has a magnitude that can be expressed as a number

and a reference. A reference can be a measurement unit, ...
-- ISO/IEC Guide 99:2007
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https://www.iso.org/obp/ui#iso:std:iso-iec:guide:99:ed-1:v2:en

Quantity

template<Reference auto R,
RepresentationOf<get quantity spec(R).character> Rep = double>

class quantity {

public:
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Quantity

template<Reference auto R,
RepresentationOf<get quantity spec(R).character> Rep = double>
class quantity {
public:
static constexpr Reference auto reference = R;

<Epam> ACCU 2023 | mp-units: Lessons learned and a new library design 67




Quantity

template<Reference auto R,
RepresentationOf<get quantity spec(R).character> Rep = double>
class quantity {
public:
static constexpr Reference auto reference = R;
Rep number ;
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Quantity

template<Reference auto R,
RepresentationOf<get quantity spec(R).character> Rep = double>
class quantity {
public:
static constexpr Reference auto reference = R;
Rep number ;
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Quantity

template<Reference auto R,
RepresentationOf<get quantity spec(R).character> Rep = double>
class quantity {
public:
static constexpr Reference auto reference = R;
Rep number ;

constexpr const Rep& number() const& noexcept { return number ; }
constexpr Rep&& number() && noexcept { return std::move(number ); }
constexpr const Rep&& number() const&& noexcept { return std::move(number ); }
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Quantity

template<Reference auto R,
RepresentationOf<get quantity spec(R).character> Rep = double>
class quantity {
public:
static constexpr Reference auto reference = R;
Rep number ;

constexpr const Rep& number() const& noexcept { return number ; }
constexpr Rep&& number() && noexcept { return std::move(number ); }
constexpr const Rep&& number() const&& noexcept { return std::move(number ); }

template<Unit U>
constexpr Rep number in(U) const noexcept;
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Quantity

template<Reference auto R,
RepresentationOf<get quantity spec(R).character> Rep = double>
class quantity {
public:
static constexpr Reference auto reference = R;
Rep number ;

constexpr const Rep& number() const& noexcept { return number ; }
constexpr Rep&& number() && noexcept { return std::move(number ); }
constexpr const Rep&& number() const&& noexcept { return std::move(number ); }

template<Unit U>
constexpr Rep number in(U) const noexcept;
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Creating a quantity

By

quantity<si::metre> q1; quantity<m> ql;

quantity<si::metre, int> q2; quantity<m, int> q2;
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Creating a quantity

By

quantity<si::metre> q1; quantity<m> ql;

quantity<si::metre, int> q2; quantity<m, int> q2;

With

auto ql = * si::metre; auto ql = * m;

auto q2 = 42 * si::metre; auto q2 =42 * m;
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Creating a quantity

By

quantity<si::metre> q1; quantity<m> ql;

quantity<si::metre, int> q2; quantity<m, int> q2;

With

auto ql = * si::metre; auto ql = * m;
auto q2 = 42 * si::metre; auto q2 =42 * m;

quantity<st::metre> ql(42. * m); quantity<si::metre> ql = * m;
quantity<si::metre, int> q2(42 * m); quantity<<si::metre, int> q2 =42 * m;
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Creating a quantity

By

quantity<si::metre> ql;

quantity<si::metre, int> q2;

With

auto ql = * si::metre;
auto q2 = 42 * si::metre;

quantity<st::metre> ql(42. * m);
quantity<si::metre, int> q2(42 * m);

quantity<st::metre> ql(42. * km);
quantity<si::metre, int> q2(42 * km);
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quantity<m> ql;
quantity<m, int> q2;

auto ql =
auto q2 =

quantity<si:
quantity<si:

quantity<st:
quantity<si:

*m;
*m;

:metre> ql = * m;
:metre, int> q2 =42 * m;

:metre> ql = * km;
:metre, int> q2 =42 * km;




explicit is not explicit enough

struct X {
std::vector<std::chrono::milliseconds> vec;

X X;
x.vec.emplace back(42);
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explicit is not explicit enough

struct X { struct X {
std::vector<std::chrono::milliseconds> vec; std::vector<std::chrono::microseconds> vec;

X X;
x.vec.emplace back(42);
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explicit is not explicit enough

In V2 a quantity class template has no publicly available

constructor taking a raw value.
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What about quantity spec?
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What about quantity spec?

inline constexpr struct metre : named unit<"m", kind of<isq::length>> {} metre;

inline constexpr struct second : named unit<"s", kind of<isq::time>> {} second;
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What about quantity spec?

inline constexpr struct metre : named unit<"m", kind of<isq::length>> {} metre;
inline constexpr struct second : named unit<"s", kind of<isq::time>> {} second;

static_assert((42 * m).quantity spec == kind_of<isq::length>);
static_assert((60 * (km / h)).quantity spec == kind_of<isq::length / isq::time>);
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What about quantity spec?

inline constexpr struct metre : named unit<"m", kind of<isq::length>> {} metre;
inline constexpr struct second : named unit<"s", kind of<isq::time>> {} second;

static_assert((42 * m).quantity spec == kind_of<isq::length>);
static_assert((60 * (km / h)).quantity spec == kind_of<isq::length / isq::time>);
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What about quantity spec?

inline constexpr struct metre : named unit<"m", kind of<isq::length>> {} metre;
inline constexpr struct second : named unit<"s", kind of<isq::time>> {} second;

static_assert((42 * m).quantity spec == kind_of<isq::length>);
static_assert((60 * (km / h)).quantity spec == kind_of<isq::length / isq::time>);

Quantity-type-aware reference

static_assert((42 * 1sq::height[m]).quantity spec == isq::height);
static_assert((60 * 1sq::speed[km / h]).quantity spec == 1sq::speed);
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What about quantity spec?

inline constexpr struct metre : named unit<"m", kind of<isq::length>> {} metre;
inline constexpr struct second : named unit<"s", kind of<isq::time>> {} second;

static_assert((42 * m).quantity spec == kind_of<isq::length>);
static_assert((60 * (km / h)).quantity spec == kind_of<isq::length / isq::time>);

Quantity-type-aware reference

static_assert((42 * 1sq::height[m]).quantity spec == isq::height);
static_assert((60 * 1sq::speed[km / h]).quantity spec == 1sq::speed);

Conversion of a kind to a specific quantity type

static_assert(1sq::height(42 * m).quantity spec == 1sq::height);
static_assert(isq::speed(60 * (km / h)).quantity spec == isq::speed);

<Euam> ACCU 2023 | mp-units: Lessons learned and a new library design



How does it work without CRTP?

inline constexpr struct height : quantity spec<length> {} height;

static_assert(is_of type<42 * isq::height[m], quantity<reference<isq::height, si::metre>{}, int>>);
static_assert(is_of type<isq::height(42 * m), quantity<reference<isq::height, si::metre>{}, int>>);
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How does it work without CRTP?

inline constexpr struct height : quantity spec<length> {} height;

static_assert(is_of type<42 * isq::height[m], quantity<reference<isq::height, si::metre>{}, int>>);
static_assert(is_of type<isq::height(42 * m), quantity<reference<isq::height, si::metre>{}, int>>);

template<NamedQuantitySpec auto Q, auto... Args>
struct quantity spec<Q, Args...> : std::remove const t<decltype(Q)> {
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How does it work without CRTP?

inline constexpr struct height : quantity spec<length> {} height;

static_assert(is_of type<42 * isq::height[m], quantity<reference<isq::height, si::metre>{}, int>>);
static_assert(is_of type<isq::height(42 * m), quantity<reference<isq::height, si::metre>{}, int>>);

template<NamedQuantitySpec auto Q, auto... Args>
struct quantity spec<Q, Args...> : std::remove const t<decltype(Q)> {
template<typename Self, AssociatedUnit U>
consteval Reference auto operator[](this Self self, U u)
requires (implicitly convertible(self, get associated quantity(u)))

{

return reference<self, u>{};

}
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How does it work without CRTP?

inline constexpr struct height : quantity spec<length> {} height;

static_assert(is_of type<42 * isq::height[m], quantity<reference<isq::height, si::metre>{}, int>>);
static_assert(is_of type<isq::height(42 * m), quantity<reference<isq::height, si::metre>{}, int>>);

template<NamedQuantitySpec auto Q, auto... Args>
struct quantity spec<Q, Args...> : std::remove const t<decltype(Q)> {
template<typename Self, AssociatedUnit U>
consteval Reference auto operator[](this Self self, U u)
requires (implicitly convertible(self, get associated quantity(u)))

{

return reference<self, u>{};

}

template<typename Self, typename Q>
constexpr Quantity auto operator()(this Self self, Q&& q) const
requires Quantity<std::remove cvref t<Q>> &&
(explicitly convertible(std::remove cvref t<Q>::quantity spec, self))

{

return std::forward<Q>(q).number() * reference<self, std::remove cvref t<Q>:unit>{};
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Dimensional Analysis

static_assert(isq::power.dimension == isq::energy.dimension / isq::time.dimension);
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Dimensional Analysis

static_assert(isq::power.dimension == isq::energy.dimension / isq::time.dimension);

quantity<isq::power[ W]|> ql = isq::energy(84 * J) / (2 * s);

auto q2 = ql[J /s];
auto g3 = ql[N * m/s];
auto g4 = ql[kg * m2 / s3];
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Dimensional Analysis

static_assert(isq::power.dimension == isq::energy.dimension / isq::time.dimension);

quantity<isq::power[ W]|> ql = isq::energy(84 * J) / (2 * s);
auto q2 =ql[J/s];

auto g3 =ql[N *m/ s];

auto q4 = ql[kg * m2 / s3];

std::println(" {}", q1);
std::println(" {}", q2);
std::println(" {}", q3);
std::println("{}", q4);

42 W

42 J/s

42 N m/s
42 kg m?/s?
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Dimensional Analysis

static_assert(isq::power.dimension == isq::energy.dimension / isq::time.dimension);

quantity<isq::power[ W]|> ql = isq::energy(84 * J) / (2 * s);
auto q2 =ql[J/s];

auto g3 =ql[N *m/ s];

auto q4 = ql[kg * m2 / s3];

std::printin("{}", q1); std::println(" {:%dq}", ql);
std::println(" {}", q2); std::println(" {:%dq}", q2);
std::println(" {}", q3); std::println(" {:%dq}", q3);
std::printin(" {}", q4); std::println(" {:%dnq}", g4);

42 W Y

42 ]/s J/s

42 N m/s N-m/s

42 kg m?/s? kg-m?-s3
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TIP: Parametrized behavior

struct unit_symbol formatting {
text_encoding encoding = text_encoding::default encoding;
unit_symbol solidus solidus = unit_symbol solidus::default denominator;
unit symbol separator separator = unit symbol separator::default separator;

f s

template<typename CharT = char, Unit U>
constexpr std::basic_string<CharT> unit_symbol(U u, unit_symbol formatting fmt = unit symbol formatting{}
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TIP: Parametrized behavior

struct unit_symbol formatting {
text_encoding encoding = text_encoding::default encoding;
unit_symbol solidus solidus = unit_symbol solidus::default denominator;
unit symbol separator separator = unit symbol separator::default separator;

55

template<typename CharT = char, Unit U>
constexpr std::basic_string<CharT> unit symbol(U u, unit symbol formatting fmt = unit symbol formatting{})

static_assert(unit_symbol(kilogram * metre / square<second>) == "kg m/s*");

static_assert(unit_symbol(kilogram * metre / square<second>, {.separator = dot}) == "kg-m/s*");
static_assert(unit_symbol(kilogram * metre / square<second>, {.encoding = ascii}) == "kg m/s"2");
static_assert(unit_symbol(kilogram * metre / square<second>, {.solidus = always}) == "kg m/s?*");
static_assert(unit_symbol(kilogram * metre / square<second>, {.encoding = ascii, .solidus = always}) == "kg m/s"2");
static_assert(unit_symbol(kilogram * metre / square<second>, {.solidus =never}) == "kg m s2");
static_assert(unit_symbol(kilogram * metre / square<second>, {.encoding = ascii, .solidus = never}) == "kg m s"*-2");
static_assert(unit_symbol(kilogram * metre / square<second>, {.solidus = never, .separator = dot}) == "kg-m-s2");
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TIP: Parametrized behavior

struct unit_symbol formatting {
text_encoding encoding = text_encoding::default encoding;
unit_symbol solidus solidus = unit_symbol solidus::default denominator;
unit_symbol separator separator = unit symbol separator::default separator;

55

template<typename CharT = char, Unit U>
constexpr std::basic_string<CharT> unit symbol(U u, unit symbol formatting fmt = unit symbol formatting{})

static_assert(unit_symbol(kilogram * metre / square<second>) == "kg m/s*");

static_assert(unit_symbol(kilogram * metre / square<second>, {.separator = dot}) == "kg-m/s*");
static_assert(unit_symbol(kilogram * metre / square<second>, {.encoding = ascii}) == "kg m/s"2");
static_assert(unit_symbol(kilogram * metre / square<second>, {.solidus = always}) == "kg m/s*");
static_assert(unit_symbol(kilogram * metre / square<second>, {.encoding = ascii, .solidus = always}) == "kg m/s"2");
static_assert(unit_symbol(kilogram * metre / square<second>, {.solidus = never})=="kg m s2");
static_assert(unit_symbol(kilogram * metre / square<second>, {.encoding = ascii, .solidus = never}) == "kg m s"*-2");
static_assert(unit_symbol(kilogram * metre / square<second>, {.solidus = never, .separator = dot}) == "kg-m-s2");
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Quantity arithmetics

Mutually comparable quantities are called quantities of the same
kind. Two or more quantities cannot be added or subtracted
unless they belong to the same category of mutually comparable

guantities.

el NYORT010]0]0,
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Quantity arithmetics

static assert(isq::width(1 * m) == 1sq::height(1 * m));
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Quantity arithmetics

static assert(isq::width(1 * m) == 1sq::height(1 * m));

static_assert(isq::width(1 * m) + isq::height(1 * m) == 2 * m);
static_assert((1sq::width(1 * m) + 1sq::height(] * m)).quantity spec == isq::length);
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Quantity value conversions
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Quantity value conversions

auto ql =5 * km;

std::println(" {}", q2[m]);
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Quantity value conversions

auto ql =5 * km; auto ql =5 * km;

std::println(" {}", g2[m]); quantity<si::metre, int>q2 = ql;
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Quantity value conversions

auto ql =5 * km; auto ql =5 * km;
std::println(" {}", g2[m]); quantity<si::metre, int> q2 = ql;

auto ql = 2.5 * m;
auto g2 = value cast<int>(ql);
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Quantity value conversions

auto ql =5 * km; auto ql =5 * km;
std::println(" {}", g2[m]); quantity<si::metre, int> q2 = ql;

auto ql = * m; auto ql = * m;
auto g2 = value cast<int>(ql); auto g2 = value cast<km>(ql);
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Quantity type conversions

quantity<isq::length[m]> q = isq::height(42 * m);
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Quantity type conversions

quantity<isq::length[m]> q = isq::height(42 * m);

quantity<isq::length[m]> ql =42 * m;
quantity<isq::height[m]> q2 = 1sq::height(q1);
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Quantity type conversions

quantity<isq::length[m]> q = isq::height(42 * m);

quantity<isq::length[m]> ql =42 * m;
quantity<isq::height[m]> q2 = 1sq::height(q1);

quantity<isq::width[m]> ql =42 * m;
quantity<isq::height[m]> g2 = quantity cast<isq::height>(ql);
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Initializing compound types

using state = kalman::state<quantity<isq::position vector[m]>,
quantity<isq::velocity[m / s]>,
quantity<isq::acceleration[m / s2]>>;

const state initial = {30 * km, 50 * (m/s), 0 * (m /s2)};

const quantity<isq::position_vector[m], int> measurements|] = {
* m, * m, * m, * m,
*m, *m, *m, * m,
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Initializing compound types

using state = kalman::state<quantity<isq::position_vector[m]>,
quantity<isq::velocity[m / s]>,
quantity<isq::acceleration[m / s2]>>;

const state initial = {30 * km, 50 * (m /s), 0 * (m / s2)};

const quantity<isq::position_vector[m], int> measurements|] = {
30'160 * m, 30'365 * m, 30'890 * m, 31'050 * m, 31'785 * m,
32215 *m, 33'130 * m, 34'510 * m, 36'010 * m, 37265 * m

55
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Explicit quantity type casts with quantity cast

template<typename T>
distance spherical distance(position<T> from, position<T> to)

{

constexpr auto earth radius = * 1sq::radius[si::kilo<si::metre>];

using isq::sin, 1sq::cos, 1sq::asin;

const auto sin_lat = sin((to.lat - from.lat) / 2);

const auto sin_lon = sin((to.lon - from.lon) / 2);

const auto central angle =2 * asin(sqrt(sin_lat * sin_lat +
cos(from.lat) * cos(to.lat) * sin_lon * sin_lon));

return quantity cast<isq::distance>(earth _radius * central angle);

b
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Explicit quantity type casts with quantity cast

template<typename T>
distance spherical distance(position<T> from, position<T> to)

{

constexpr auto earth radius = * 1sq::radius[si::kilo<si::metre>];

using isq::sin, isq::cos, isq::asin;

const auto sin_lat = sin((to.lat - from.lat) / 2);

const auto sin_lon = sin((to.lon - from.lon) / 2);

const auto central angle =2 * asin(sqrt(sin_lat * sin_lat +
cos(from.lat) * cos(to.lat) * sin_lon * sin_lon));

return quantity cast<isq::distance>(earth radius * central angle);

b

template<typename T = double>

using latitude = quantity<isq::angular measure[si::degree], ranged representation<T, >>
template<typename T = double>

using longitude = quantity<isq::angular measure[si::degree], ranged representation<T, >>
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For each argument type T in the function call, there is a

and a set of zero or more associated entities (other than namespaces)
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https://eel.is/c++draft/basic.lookup.argdep#3.2

[basic.lookup.argdep]

- For each argument type T in the function call, there is a set of zero or more associated namespaces
and a set of zero or more associated entities (other than namespaces) to be considered
- The sets of namespaces and entities are determined in the following way

- if Tis aclass template specialization, its associated namespaces and entities also include

« the namespaces and entities associated with the types of the template arguments provided for
template type parameters (excluding template template parameters)

« the templates used as template template arguments

« the namespaces of which any template template arguments are members

« the classes of which any member templates used as template template arguments are members
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https://eel.is/c++draft/basic.lookup.argdep#3.2

[basic.lookup.argdep]

- For each argument type T in the function call, there is a set of zero or more associated namespaces
and a set of zero or more associated entities (other than namespaces) to be considered

- The sets of namespaces and entities are determined in the following way

- if Tis aclass template specialization, its associated namespaces and entities also include
« the namespaces and entities associated with the types of the template arguments provided for
template type parameters (excluding template template parameters)
« the templates used as template template arguments
« the namespaces of which any template template arguments are members
« the classes of which any member templates used as template template arguments are members

[Note 1 : Non-type template arguments do not contribute to the set of associated namespaces. —end
note]
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Strong angular system

Angles in the SI: a detailed proposal for solving the problem

Paul Quincey
National Physical Laboratory', Hampton Road, Teddington, TW11 OLW, United Kingdom.
paulgquincey@gmail.com

Published in Metrologia 2021

Abstract

A recent Letter [1] proposed changing the dimensionless status of the radian and steradian within the
SI, while allowing the continued use of the convention to set the angle 1 radian equal to the number 1
within equations, providing this is done explicitly. This would bring the advantages of a physics-based,
consistent, and logically-robust unit system, with unambiguous units for all physical quantities, for the
first time, while any upheaval to familiar equations and routine practice would be minimised. More
details of this proposal are given here. The only notable changes for typical end-users would be:
improved units for the quantities torque, angular momentum and moment of inertia; a statement of the
convention accompanying some familiar equations; and the use of different symbols for A the action
and h the angular momentum, a small step forward for quantum physics. Some features of the
proposal are already established practice for quantities involving the steradian such as radiant
intensity and radiance.
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Strong angular system

namespace mp::angular {
inline constexpr struct dim_angle : base dimension<"A"> {} dim_angle;

inline constexpr struct angle : quantity spec<dim_angle> {} angle;
inline constexpr struct solid angle : quantity spec<pow<2>(angle)> {} solid angle;

inline constexpr struct radian : named unit<"rad", kind of<angle>> {} radian;

inline constexpr struct revolution : named unit<"rev", mag<2> * mag_pi * radian> {} revolution;

inline constexpr struct degree : named unit<basic_symbol text{"°", "deg"}, mag<ratio{l, +> * revolution> {} degree;
inline constexpr struct gradian : named unit<basic symbol text{"¢", "grad"}, mag<ratio{l, }> * revolution> {} gradian;
inline constexpr struct steradian : named_unit<"sr", square<radian>> {} steradian;
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Strong angular system

namespace mp::angular {
inline constexpr struct dim_angle : base dimension<"A"> {} dim_angle;

inline constexpr struct angle : quantity spec<dim_angle> {} angle;
inline constexpr struct solid angle : quantity spec<pow<2>(angle)> {} solid angle;

inline constexpr struct radian : named unit<"rad", kind of<angle>> {} radian;
inline constexpr struct revolution : named unit<"rev", mag<2> * mag pi * radian> {} revolution;
inline constexpr struct degree : named unit<basic_symbol text{"°", "deg"}, mag<ratio{l, }> * revolution> {} degree;

Ngn N

inline constexpr struct gradian : named unit<basic symbol text{"¢", "grad"}, mag<ratio{l, }> * revolution> {} gradian;

inline constexpr struct steradian : named_unit<"sr", square<radian>> {} steradian;

}

namespace mp::isq_angle {
using namespace isq;

inline constexpr struct cotes_angle constant : quantity spec<angular::angle> {} cotes angle constant;
inline constexpr struct angular measure :

quantity spec<angular::angle, cotes angle constant * arc length / radius> {} angular measure;
inline constexpr struct solid _angular measure :

quantity spec<pow<2>(cotes angle constant) * area / pow<2>(radius)> {} solid angular measure;
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Two sets of overloads

namespace 18q {

template<QuantityOf<angular measure> Q>
requires treat_as_floating point<typename Q::rep>
inline QuantityOf<dimensionless> auto sin(const Q& q) noexcept;

template<QuantityOf<dimension_one> Q>
requires treat _as_floating point<typename Q::rep>
inline QuantityOf<angular measure> auto asin(const Q& q) noexcept;

namespace angular {

template<QuantityOf<angle> Q>
requires treat_as_floating point<typename Q::rep>
inline QuantityOf<dimensionless> auto sin(const Q& q) noexcept;

template<QuantityOf<dimension one> Q>
requires treat_as_floating point<typename Q::rep>
inline QuantityOf<angle> auto asin(const Q& q) noexcept;
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Two sets of overloads

namespace isq {

template<QuantityOf<angular measure> Q>
requires treat_as_floating point<typename Q::rep>
inline QuantityOf<dimensionless> auto sin(const Q& q) noexcept;

template<QuantityOf<dimension _one> Q>
requires treat _as_floating point<typename Q::rep>
inline QuantityOf<angular measure> auto asin(const Q& q) noexcept;

namespace angular {

template<QuantityOf<angle> Q>
requires treat_as_floating point<typename Q::rep>
inline QuantityOf<dimensionless> auto sin(const Q& q) noexcept;

template<QuantityOf<dimension one> Q>
requires treat_as_floating point<typename Q::rep>
inline QuantityOf<angle> auto asin(const Q& q) noexcept;
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ADL rules are incomplete

ADL rules are incomplete! It was quite fine before C++20, but now

we have new exciting use cases for NTTPs.
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ADL rules are incomplete

ADL rules are incomplete! It was quite fine before C++20, but now
we have new exciting use cases for NTTPs.

quantity<si::metre / si::second> q;
foo(q);

- Nice syntax and usability

« ADL doesn't use namespaces of units for lookup
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ADL rules are incomplete

ADL rules are incomplete! It was quite fine before C++20, but now
we have new exciting use cases for NTTPs.

quantity<si::metre / si::second> q; quantity< (si::metre / si::second)> q;
foo(q); foo(q);

- Nice syntax and usability » Really inconvenient

« ADL doesn't use namespaces of units for lookup « ADL works as expected
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ADL rules are incomplete

ADL rules are incomplete! It was quite fine before C++20, but now
we have new exciting use cases for NTTPs.

quantity<si::metre / si::second> q; quantity< (si::metre / si::second)> q;
foo(q); foo(q):

+ Nice syntax and usability - Really inconvenient

« ADL doesn't use namespaces of units for lookup « ADL works as expected

Uhysootenwecnthoriceting?
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ADL rules are incomplete

ADL rules are incomplete! It was quite fine before C++20, but now

we have new exciting use cases for NTTPs.

A BREAKING CHANGE

<auto>
MyClass {};

foo(MyClass<my::E::el>{});
foo(MyClass<&my::x>{});
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ADL rules are incomplete

ADL rules are incomplete! It was quite fine before C++20, but now
we have new exciting use cases for NTTPs.

namespace my { template<auto>
class MyClass {};

static constexpr struct X {} Xx;

enum class E { el, e2 }; foo(MyClass<my::E::el1>{});
foo(MyClass<&my::x>{});
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Strong interfaces

class Box {
quantity<horizontal area[m2]> base ;
quantity<isq::height[m]> height ;
public:

Box(quantity<horizontal length[m]> I, quantity<isq::width[m]> w, quantity<isq::height[m]> h):
base (1 * w), height (h)

IR
&)

55
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Strong interfaces

class Box {
quantity<horizontal area[m2]> base ;
quantity<isq::height[m]> height ;
public:
Box(quantity<horizontal length[m]> I, quantity<isq::width[m]> w, quantity<isq::height[m]> h):
base (1 * w), height (h)
%

55

Box my box1(2 *m, 3 *m, 1 * m);
Box my box2(2 * horizontal length[m], 3 * isq::width[m], 1 * isq::height[m]);
Box my box3(horizontal length(2 * m), 1sq::width(3 * m), 1sq::height(1 * m));
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Strong interfaces

class Box {
quantity<horizontal area[m2]> base ;
quantity<isq::height[m]> height ;
public:
Box(quantity<horizontal length[m]> I, quantity<isq::width[m]> w, quantity<isq::height[m]> h):
base (1 * w), height (h)
%

55

Box my box1(2 *m, 3 *m, 1 * m);
Box my box2( * horlzontal _length[m], 3 * isq: Wldth[m] * 1sq helght[m])

o W4 | 41 1 1 L N B S 1.1 L * 1 L
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Generic interfaces

QuantityOf<isq::speed> auto avg_speed(QuantityOf<isq::length> auto 1,

QuantityOf<isq::time> auto d)

d

return 1sq::speed(l / d);

j
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Generic interfaces

QuantityOf<isq::speed> auto avg_speed(QuantityOf<isq::length> auto 1,

QuantityOf<isq::time> auto d)

d

return 1sq::speed(l / d);
1
s

auto s1 = avg_speed( *km, 2 * h);
auto s2 = avg_speed(140 * mi, 2 * h);
auto s3 = avg speed(isq::altitude(2. * km), isq::duration(10 * min));
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Generic interfaces

QuantityOf<isq::speed> auto avg_speed(QuantityOf<isq::length> auto 1,
QuantityOf<isq::time> auto d)
{
return 1sq::speed(l / d);
)

auto s1 = avg_speed(220 * km, 2 * h);
auto s2 = avg_speed(140 * mi, 2 * h);
auto s3 = avg speed(isq::altitude(2. * km), isq::duration(

std::println(" {}", s1);
std::println(" {}", s2);
std::println(" {}", s3);
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Generic interfaces

QuantityOf<isq::speed> auto avg_speed(QuantityOf<isq::length> auto 1,
QuantityOf<isq::time> auto d)
{
return 1sq::speed(l / d);
)

auto s1 = avg_speed(220 * km, 2 * h);
auto s2 = avg_speed(140 * mi, 2 * h);
auto s3 = avg speed(isq::altitude(2. * km), isq::duration(

std::println(" {}", s1);
std::println(" {}", s2);
std::println(" {}", s3);

110 km/h
70 mi/h
0.2 km/min
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Custom representation types

template<typename T>
class measurement {
public:

using value type =T;

measurement() = default;
constexpr explicit measurement(value type val, const value type& err = {});

constexpr const value type& value() const { return value ; }
constexpr const value type& uncertainty() const { return uncertainty ; }

constexpr value type relative uncertainty() const { return uncertainty() / value(); }
constexpr value type lower bound() const { return value() - uncertainty(); }
constexpr value_type upper_bound() const { return value() + uncertainty(); }

private:
value type value {};
value type uncertainty {};

}3
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Custom representation types

const auto length = measurement { , 1.} *m;

std::cout <<"10 * " <<length <<" =" << 10 * length << "\n';

10* 123+ I m=1230+ 10 m
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Custom representation types

const auto length = measurement { , 1.} *m;

std::cout << "10 * " << length <<" =" << 10 * length << "\n';

10* 123+ I m=1230+ 10 m

const auto a = 1sq::acceleration(measurement{9.8, 0.1} * (m/ s2));
const auto t = measurement{1.2, 0.1} *s;

const QuantityOf<isq::velocity> auto v =a * t;
stdi:cout <<a<<"*#'"<<Kt<<"="<<y<<" =" <<vy[km /h] <<'\n';

98+0.1m/s**1.2+0.1s=11.76 = 0.98732 m/s =42.336 = 3.55435 km/h
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What should the result be?

auto res = la_vector<int, 3>{1, 2, 3} * m;
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What should the result be?

auto res = la_vector<int, 3>{1, 2, 3} * m;

Checks ifint can be multiplied with m
Tries to produce la_vector<quantity<si::metre,

int>, 3>
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What should the result be?

auto res = la_vector<int, 3>{1, 2, 3} * m;
Checks if int can be multiplied with m Treatsla_vector<int, 3> as Rep
Tries to produce la_vector<quantity<si::metre, Tries to produce
int>, 3> quantity<si::metre, la_vector<int, 3>>
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What should the result be?

auto res = la_vector<int, 3>{1, 2, 3} * m;

to use in case of such a collision

auto res = make quantity<si::metre>(la_vector<int, 3>{1, 2,
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What should the result be?

auto res = la_vector<int, 3>{1, 2, 3} * m;

to use in case of such a collision

auto res = make quantity<si::metre>(la_vector<int, 3>{1, 2,

When reasonable, a of an operator can be provided

template<typename Rep, size t N, Reference R>

quantity<R {}, la_vector<Rep, N>> operator*(const la_vector<Rep, N>& lhs, R)
{
!

return make quantity<R{}>(lhs);

!
S
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Custom representation types

template<typename T>
class measurement {
public:

using value type =T;

measurement() = default;

constexpr explicit measurement(value type val, const value type& err = {}) : value (std::move(val))
{

using namespace std;

uncertainty = abs(err);

}

private:
value type value {};
value type uncertainty {};

}7
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Proper math for wrapping types

template<Quantity Q>
inline Q abs(const Q& q) noexcept
requires requires { abs(q.number()); } || requires { std::abs(q.number()); }

f
Lt

using std::abs;
return make quantity<Q::reference>(abs(g.number()));

h
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Should we have CPOs for mathematical functions?

Many people work now on custom "smart" numeric

representation types/wrappers.
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The affine space

inline constexpr struct mean_sea_level : absolute point_origin<isq::height> {} mean_sea level;
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The affine space

inline constexpr struct mean_sea_level : absolute point_origin<isq::height> {} mean_sea level;

constexpr quantity point<isq::height[m], mean sea level> ZRH ground level = * m;
constexpr quantity point<isq::height[m], mean sea level> GDN ground level = * m;
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The affine space

inline constexpr struct mean_sea_level : absolute point_origin<isq::height> {} mean_sea level;

constexpr quantity point<isq::height[m], mean sea level> ZRH ground level = * m;
constexpr quantity point<isq::height[m], mean sea level> GDN ground level = * m;

constexpr quantity point<isq::heightfm], ZRH ground level> ZRH afe = * m;
constexpr quantity point<isq::heightim], GDN ground level> GDN afe = * m;
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The affine space

inline constexpr struct mean_sea_level : absolute point_origin<isq::height> {} mean_sea level;

constexpr quantity point<isq::height[m], mean sea level> ZRH ground level = * m;
constexpr quantity point<isq::height[m], mean sea level> GDN ground level = * m;

constexpr quantity point<isq::height[m], ZRH ground level> ZRH afe = * m;
constexpr quantity point<isq::heightim], GDN ground level> GDN afe = * m;
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The affine space

inline constexpr struct mean_sea_level : absolute point_origin<isq::height> {} mean_sea level;

constexpr quantity point<isq::height[m], mean sea level> ZRH ground level = * m;
constexpr quantity point<isq::height[m], mean sea level> GDN ground level = * m;
constexpr quantity point<isq::heightfm], ZRH ground level> ZRH afe = * m;
constexpr quantity point<isq::heightim], GDN ground level> GDN afe = * m;
static_assert(ZRH_afe.relative() == * m);

static_assert(GDN _afe.relative() == * m);

static_assert(ZRH_afe.absolute() == * m);

static_assert(GDN _afe.absolute() == * m);

static_assert(GDN _afe - ZRH afe == * m);

static_assert(GDN_ground level - ZRH ground level == *m);
static_assert(ZRH_afe - GDN_ground level == * m);
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Faster than lightspeed constants

inline constexpr auto g = 1 * si::standard gravity;
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Faster than lightspeed constants

inline constexpr auto g = 1 * si::standard gravity;

class StorageTank {
public:
constexpr QuantityOf<isq::weight> auto filled weight() const

{
const QuantityOf<isq::mass> auto mass = density * isq::volume(base * height );
return isq::weight(mass * g);

j

constexpr quantity<isq::height[m]> fill level(const quantity<isq::mass[kg]>& measured mass) const

return height * measured mass * g/ filled weight();
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Faster than lightspeed constants

inline constexpr auto g = 1 * si::standard gravity;

class StorageTank {
public:
constexpr QuantityOf<isq::weight> auto filled weight() const
{
const QuantityOf<isq::mass> auto mass = density * isq::volume(base * height );
return isq::weight(mass * g);

b

constexpr quantity<isq::height[m]> fill level(const quantity<isq::mass[kg]>& measured mass) const

return height * measured mass * g/ filled weight();

const auto filled weight = tank.filled weight();

const auto fill level = tank.fill level(measured mass);

std::printin("fill weight at {} = {} ({})", fill_time, filled weight, filled weight[N]);
std::printIn("fill height at {} = {} ({} full)", fill_time, fill level, fill percent);
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Faster than lightspeed constants

inline constexpr auto g = 1 * si::standard gravity;

class StorageTank {
public:
constexpr QuantityOf<isq::weight> auto filled weight() const
{
const QuantityOf<isq::mass> auto mass = density * isq::volume(base * height );
return isq::weight(mass * g);

b

constexpr quantity<isq::height[m]> fill level(const quantity<isq::mass[kg]>& measured mass) const

return height * measured mass * g/ filled weight();

const auto filled weight = tank.filled weight();

const auto fill level = tank.fill level(measured mass);

std::printin("fill weight at {} = {} ({})", fill_time, filled weight, filled weight[N]);
std::printIn("fill height at {} = {} ({} full)", fill_time, fill level, fill percent);
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Simpler

No more and idiom

User-facing

- exponent

— prefix

- quantity kind and quantity point_kind
named_unit and quantity spec to rule them all

Much systems definitions

ISQ dimensions are anymore
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Better

Consistent improves readability and usability

improve readability of types

Robust helpers

to improve quantity definitions
Support for
Proper support

Faster than lightspeed

Much more ...
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