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What is Generic Programming?
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What is Generic Programming?

[David Musserl:
Generic programming is "programming with concepts"

A concept is a family of abstractions that are all
related by a common set of requirements.

A type T Is a model of a concept ¢, If it satisfies all
the requirements of ¢.
Examples:

Sequences (list, vector, deque)
Forward, bidirectional, random acess iterators
NonCopyables (standard streams)
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Programming with Concepts

A concept consists of:
(syntactically) Valid Expressions
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Programming with Concepts

A concept consists of:

(syntactically) Valid Expressions Example: Tis a
model of EqualityComparable If both expressions x==y
and x! =y are syntatically valid and convertible to
bool
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Programming with Concepts

A concept consists of:
(syntactically) Valid Expressions
Expression semantics
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Programming with Concepts

A concept consists of:
(syntactically) Valid Expressions

Expression semantics Example: the expression
x! =y should be semantically equivalent to ! ( x==y)
whenever both are valid.
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Programming with Concepts

A concept consists of:
(syntactically) Valid Expressions
Expression semantics
Complexity requirements
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Programming with Concepts

A concept consists of:
(syntactically) Valid Expressions
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Programming with Concepts

A concept consists of:
(syntactically) Valid Expressions
Expression semantics
Complexity requirements

Invariants
ldentity: & == &y implies x ==
Symmetry: x == y impliesy == X

Transitivty: x == yandy == z impliesx == z
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Programming with Concepts

A concept consists of:
(syntactically) Valid Expressions
Expression semantics
Complexity requirements
Invariants

Note: Except for the first aspect which is statically verifi-
able, the last three are fundamentally runtime attributes.
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Programming with Concepts (cont’d)

In the same way subtypes are essential for an ordered
extension of large software systems, the notion of
concept refinement Is essential for an ordered
extension of generic components.

A concept 2 refines a concept ¢ if 2's set of
requirements Is a superset of that of ¥.

ACCU Spring Conference 2002, Warwick 2002-04-05 — p.5



Programming with Concepts (cont’d)

In the same way subtypes are essential for an ordered
extension of large software systems, the notion of
concept refinement Is essential for an ordered
extension of generic components.

A concept 2 refines a concept ¢ if 2's set of
requirements Is a superset of that of ¥.

Examples:
RandomAccesslterator refines Bidirectionallterator
UpperTriangularMatrix refines SquareMatrix
DrawingAreaWidget refines CoreWidget
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Current State of Affairs

Currently, concepts are not directly supported by C++.
Instead, they are described in an eventual
documentation.
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Current State of Affairs

Currently, concepts are not directly supported by C++.
Instead, they are described in an eventual
documentation.

As usual in practice, by Murphy’s law, the intent and
actual behaviour may disagree.
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Current State of Affairs

Currently, concepts are not directly supported by C++.
Instead, they are described in an eventual
documentation.

As usual in practice, by Murphy’s law, the intent and
actual behaviour may disagree.

Diagnostic messages may be hard to decipher.
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Current State of Affairs

Currently, concepts are not directly supported by C++.
Instead, they are described in an eventual
documentation.

As usual in practice, by Murphy’s law, the intent and
actual behaviour may disagree.

Diagnostic messages may be hard to decipher.

Concept refinement is emulated by meta-switches
(traits, tags + overloading)
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Unusual Semantics

Consider the program construct
std::vector<size t> v(2002, 4); /l#1

The set of constructor candidates includes:
1. vector(size t n, const T& t)

2. tenpl ate<class | n>
vector(ln first, In |ast)
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Unusual Semantics

Consider the program construct
std::vector<size t> v(2002, 4); /l#1

The set of constructor candidates includes:
1. vector(size t n, const T& t)

2. tenpl ate<class | n>
vector(ln first, In |ast)

A specialization of the template constructor (with

| n=i nt) Is selected because it makes the best
match.

How does #1 have the Right Semantics?
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Unusual Semantics (cont’d)

1. vector(size t n, const T& t)
2. tenpl ate<class | n>

vector(ln first, In |ast)
Magic:

Whenever the actual template-argument bound to I n is
an integral type, the effect should be as if

vector(static cast<size type>(first),
static _cast<T>(last))

were called.
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Unusual Semantics (cont’d)

1. vector(size t n, const T& t)
2. tenpl ate<class | n>

vector(ln first, In |ast)
Magic:

Whenever the actual template-argument bound to I n is
an integral type, the effect should be as if

vector(static cast<size type>(first),
static _cast<T>(last))

were called.

Does the above resolution repair the unplanned se-

mantics clash?
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Unusual Semantics (cont’d)

#1 ncl ude <vector>
struct A{ }; struct B{ };
struct X {

X() { }

X(B) { }

explicit X(int) { }
explicit X(A { }

b

I nt mai n()

{
std::vector<X> u(25, B()); // XK
std::vector<X> v(25, A()); // ERROR
std::vector<X> w25, 4); [/ OK - ?I

}
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A classical example

#1 ncl ude <l i1st>
#1 ncl ude <vector>
#1 ncl ude <al gorithnp

I nt mai n()
{
std::l1st<std::vector<int> > |;
[l ...
[/ put good stuff in ‘I’
[/

std::sort(l.begin(), I.end()); // Qops

ACCU Spring Conference 2002, Warwick 2002-04-05 — p.10



A classical example(cont’d)

/| codesourcery/include/ g++-v3/bits/stl _algo.h: It
std::sort(_RandomAccessliter, RandomAccesslt:«
std:: List iIterator<std::vector<int, std::all
std::allocator<int> >& std::vector<int, std:

| . C 11: l nstanti ated from here

[ codesourcery/include/ g++-v3/bits/stl al go. h: 21
std:: List Iterator<std::vector<int, std::all
std::allocator<int> >&, std..vector<|nt, st d;
std:: List Iterator<std::vector<int, std::all
std::allocator<int> >&, std vector<|nt st d:

/codesourceryllnclude/g++ v3/b|ts/stl bvector.h:
std::operator-(const std: _Blt_lterator_baseé
std:: Bit _iterator_ base&)
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A classical example(cont’d)

/| codesourcery/include/ g++-v3/bits/stl _algo.h: It
std:: _final i1nsertion _sort(_ RandonmAccesslt el
_RandomAccesslter = std:: List iterator<std::
> std::vector<int, std::allocator<int> >&
std::allocator<int> >*>]’

[ codesourcery/include/ g++-v3/bits/stl al go. h: 21

| . C 11: l nstanti ated from here

[ codesourcery/include/ g++-v3/bits/stl _al go. h: 20:
std:: List iterator<std::vector<int, std::all
std::allocator<int> >&, std..vector<|nt, st d;
std:: List Iterator<std::vector<int, std::all
std::allocator<int> >& std::vector<int, std:
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A classical example(cont’d)

/ codesourcery/include/ g++-v3/bits/stl bvector. h:
std::operator-(const std:: Bit iterator_ base
std:: Bit _iterator_ base&)

/| codesourcery/include/ g++-v3/bits/stl al go. h: 20:
std:: List iterator<std::vector<int, std::all
std::allocator<int> >& std::vector<int, std:
st d: : <anonynobus enun®’ oper at or

| codesourcery/include/ g++-v3/bits/stl bvector. h:
std:: Bit iterator std::operator+(int, const

/| codesourcery/include/ g++-v3/bits/stl bvector. h:
std:: Bit _const iterator std::operator+(int,
std:: Bit _const iteratoré&)

/| codesourcery/include/ g++-v3/bits/stl _al go. h: 20:
std:: List iIterator<std::vector<int, std::all
std::allocator<i nt> >& std: Ve&ector€ st d:




A classical example(cont’d)

| . C 11: l nstantiated from here

/ codesourcery/include/ g++-v3/bits/stl al go. h: 19
std:: List iIterator<std::vector<int, std::all
std::allocator<int> >& std::vector<int, std:
oper at or

[ codesourcery/include/ g++-v3/bits/stl bvector. h:
std:: Bit iterator std::operator+(int, const

| codesourcery/include/ g++-v3/bits/stl bvector. h:
std:: Bit _const iterator std::operator+(int,
std:: Bit _const iteratoré&)
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Emulating concept refinement

t enpl at e<t ypenane BiI >
Inline void reverse(BI first, Bi |ast)

{

}

t enpl at e<t ypenane BiI >
voi d
_reverse(Bi, Bi, bidirectional iterator _tag);

_reverse(first, |ast,
_Iterator _category(first));

t enpl at e<t ypenane Randon®
voi d
_reverse(Random Random
random access iterator _tag);
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What about this?

enum ShapeType { TRI ANGLE, SQUARE, Cl RCLE };
struct Shape { Type type; void* data; };

vol d rot at e( Shape* shape, doubl e angl e)

{
swtch (shape->type)
{
case TRI ANGLE:
[/
[/
}
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Wishlist for enhanced GP In C++

If Generic Programming Is programming with
concepts, then a better support for GP in C++ should
encompass a (better) support for concepts within the
language:
support to enforce statically verifiable
requirements

support to teach the compiler about dynamic
requirements — they may be used as "extra"
knowledge in code optimization.
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Wishlist for enhanced GP In C++

If Generic Programming Is programming with
concepts, then a better support for GP in C++ should
encompass a (better) support for concepts within the
language:
support to enforce statically verifiable
requirements

support to teach the compiler about dynamic
requirements — they may be used as "extra"
knowledge in code optimization.

More uniformity in rules governing control abstraction
(functions and function objects).
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#1 ncl ude <cnmat h>
#1 ncl ude <al gorithnp
struct Cos {

'

t enpl at e<t ypenane T>
T operator()(T x) const
{ return std::cos(x); }

I nt mai n()

{

float a[] = { 0.8f, 2.67f [*,
double b[] = { O. 345 9.4 [*,
std::transforma, a + S|ze(a)

std::transform b, b + size(b),

ODbjection

.*/ }i
a, Cos());
b, std::cos);
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Constrained templates

Experience has evidenced needs for some form of
expressing constraints on admissible values of template
arguments.
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Constrained templates

Experience has evidenced needs for some form of
expressing constraints on admissible values of template

arguments.

Basically there are two forms of contraints:

"Positive"” constraints: a template argument is
admissible Iff some expressions are well-formed.

"Negative" constraints: a template argument is
admissible Iff some expressions are not well-formed.

ACCU Spring Conference 2002, Warwick 2002-04-05 — p.19



Problems with classics

t enpl at e<typenane T>
struct EqualityConparable {
static void constraints(const T& X, const T& \
{
X::y;
X 1=y,
}
b

t enpl at e<typenane T>
void f(const T& a, const T& b)

{
&Equal 1 t yConpar abl e<T>: : constrai nts;

/1
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Problems with classics (cont’d)

struct X { };
I nt mai n()

{
} FOX(). X());

f.C. In static nenber function ‘static void
Equal i t yConpar abl e<T>::constrai nts(const T&,

f.C 13: Il nstantiated from‘void f(const T& cCt¢
f.C 21: l nstantiated from here

f.C.5. no match for ‘const X& == const X& oper:
f.C.6: no match for ‘const X& != const X& oper:
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Problems with classics (cont’d)

Depends on the compiler’s internal details.
Too coarse grained: either it compiles or it doesn't.

Things may get more complicated (semantics
mismatch).

No standard support (keep reinventing the wheel).
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Signatures: Concept static typing

Contrained templates may be achieved by a language
support for concept static requirements (valid
expressions) enforcement.
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Signatures: Concept static typing

Contrained templates may be achieved by a language
support for concept static requirements (valid
expressions) enforcement.

Signatures conceived as "types" of types: a set of
contraints imposed on template-arguments used to
Instantiate a template.

Signatures aren’t concepts. Signatures only tackle the
statically verifiable part of concepts: the syntactic validity
of expressions.
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Signatures

Each template parameter may be introduced by a
declaration that states its "constraints attribute".
Example: Instead of

t enpl at e<typenane In> ...
we may write
tenplate<linputlterator In> ...

where | nput | t er at or Is a known signature that
describes constraints for input iterators.
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Signatures

Each template parameter may be introduced by a
declaration that states its "constraints attribute".
Example: Instead of

t enpl at e<typenane In> ...
we may write
tenplate<linputlterator In> ...
where | nput | t er at or Is a known signature that

describes constraints for input iterators.

At Iinstantiation time (either partial or full), a specializa-
tion Is considered only if each template-argument con-
forms to the requirements specified by the corresponding

template-parameter signature. AL Sping Conferenos 2002, Wenick 2020405 p24



Signatures (cont’d)

No new major infrastructure is required In order to
support the conformance check of template
arguments.

Improved diagnostics.

The compiler can now check consistency between
"comments"” and implementations.

Signatures may be used to implement a form of
function template partial specialization (through
concept refinement).
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Signatures Formalization

New keywords:
_signature__ tointroduce a signature definition.
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Signatures Formalization

New keywords:
_signature__ tointroduce a signature definition.

Example:

_signature_ A{ /* ... *| };
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Signatures Formalization

New keywords:
_signature__ tointroduce a signature definition.

__this type _ (similartothet hi s keyword for
classes) Is an expression designating the actual type
for which conformance check is being conducted.
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Signatures Formalization

New keywords:

__Signhature__ tointroduce a signature definition.

__this type _ (similartothet hi s keyword for
classes) Is an expression designating the actual type
for which conformance check is being conducted.

Example:

'

~signature_  DefaultConstructible {
__this type ();
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Signatures Formalization

New keywords:
_signature__ tointroduce a signature definition.

__this type _ (similartothet hi s keyword for
classes) Is an expression designating the actual type
for which conformance check is being conducted.

New semantics:

t ypenane is a (built-in) signature: Is it the signature
of all types, pretty much in the same way voi d* Is
the generic type of pointers to data.
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Signatures Formalization (cont’d)

Once defined, a signature may appear wherever a
typename can be used to declare a type
template-parameter

tenpl ate<lnputlterator I|n,
Equal i t yConpar abl e T>
In find(In first, In last, const T& t);
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Signatures Formalization (cont’d)

Once defined, a signature may appear wherever a
typename can be used to declare a type
template-parameter

tenpl ate<lnputlterator I|n,
Equal i t yConpar abl e T>
In find(In first, In last, const T& t);

Concept refinement is implemented by signature
Inheritance

~signature__ UnaryPredicate
Unar yFuncti on {

typenane result type = bool;

'
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Signatures Formalization (cont’d)

It may not be necessary to prefix a dependent name
with the t ypename keyword
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Signatures Formalization (cont’d)

It may not be necessary to prefix a dependent name
with the t ypename keyword

_signature__ BinaryFunction {
typenane first _argunent type;
t ypenane second_argunent type;
typenne result _type;
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Signatures Formalization (cont’d)

It may not be necessary to prefix a dependent name
with the t ypename keyword

t enpl at e<Bi nar yFuncti on Op>
cl ass binderlst : UnaryFunction {
publ i c:
t ypedef Op::second argunent type
argunent _type;
typedef Op::result type result type;
bi nder 1st (const Op&,
Qp: . first_argunent type&);
result type

operator()(const argunent type& const,
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Conformance
A guiding principle:

It should be possible to "retro-type" existing
templates without changes.
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Conformance

A guiding principle:
It should be possible to "retro-type" existing
templates without changes.

Possible conformance strategies:

named conformance: require explicit conformance
declaration before use in a context where constraints
are enforced. Enables retargetting of types. Does not

seem to support retro-typing.
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Conformance

A guiding principle:
It should be possible to "retro-type" existing
templates without changes.

Possible conformance strategies:

named conformance: require explicit conformance
declaration before use in a context where constraints
are enforced. Enables retargetting of types. Does not
seem to support retro-typing.

structural conformance: Deduction from the type
structure. No conformance declaration required. Two
different signatures may specify identical (or
Isomorphic) constraints.
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Structural conformance

For each signature-member-specification sns in .7, the
compiler looks for a corresponding valid expression for T:

If sms names a type (or template) N, then the
expression T: : N should be valid; must match in kind.
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Structural conformance

For each signature-member-specification sns in .7, the
compiler looks for a corresponding valid expression for T:

If sms names a type (or template) N, then the
expression T: : N should be valid; must match in kind.

If sms declares a function-member f n, the compiler
checks for the validity of the postfix expression
expr. fn(args);the compiler synthetizes expr of
type T and ar gs of appropriate types.
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Structural conformance

For each signature-member-specification sns in .7, the
compiler looks for a corresponding valid expression for T:

If sms names a type (or template) N, then the
expression T: : N should be valid; must match in kind.

If sms declares a function-member f n, the compiler
checks for the validity of the postfix expression
expr. fn(args);the compiler synthetizes expr of
type T and ar gs of appropriate types.

If ss declares a friend function, then the compiler
looks for valid free function call with appropriate
argument types.

ACCU Spring Conference 2002, Warwick 2002-04-05 — p.30



Structural conformance

For each signature-member-specification sns in .7, the
compiler looks for a corresponding valid expression for T:

If sms names a type (or template) N, then the
expression T: : N should be valid; must match in kind.

If sms declares a function-member f n, the compiler
checks for the validity of the postfix expression
expr. fn(args);the compiler synthetizes expr of
type T and ar gs of appropriate types.

If ss declares a friend function, then the compiler
looks for valid free function call with appropriate
argument types.

Access Is checked in the context of the point of use.

ACCU Spring Conference 2002, Warwick 2002-04-05 — p.30



Allocator Requirements

~signature__ Allocator {
t ypenane val ue_type;
t ypenane pointer = value type*,;
t ypenane const _pointer = const val ue type*;
t ypenane reference = val ue_typeé&;
t ypenane const reference = const val ue typeé&;
Unsi gnedl nt egral size type;
Si gnedl ntegral difference type;
t enpl at e<t ypenanme> cl ass rebi nd;
Al | ocat or rebi nd<typenane>:: ot her;

__this type ();
__this type (rebind<typenane>::other);
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Allocator Requirements (cont’d)

voli d construct (pointer, value type);
vol d destroy(pointer);

poi nt er address(reference);

const _poil nter address(const_reference);

poi nter allocate(size type);

poi nter allocate(size type, const _pointer),;
voi d deal | ocate(pointer, size type);

Size type max_size();

friend bool

operator==(_this type , this type );
friend bool
operator!=(_this type , this type );
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Parametrized signatures

How to account for different but similar signatures,
conceptually parameterized? Jeremy Siek example: use
of st d: : conpl ex<doubl e> as

a real vector space (Euclidian inner product)
a complex vector space (Hermitian inner product)

ACCU Spring Conference 2002, Warwick 2002-04-05 — p.33



Parametrized signatures

How to account for different but similar signatures,
conceptually parameterized? Jeremy Siek example: use
of st d: : conpl ex<doubl e> as

a real vector space (Euclidian inner product)
a complex vector space (Hermitian inner product)

For parametrized signatures, then there ought to be a
way of making them effective in typing templates:

either, make them non-specializable;

or require every specialization has the same
structure as the primary template.
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Formal syntax

decl ar ati on:
bl ock-decl arati on
function-definition
t enpl at e- decl arati on
explicit-instantiation
explicit-specialization
| | nkage-speci fication
nanespace-definition
si gnature-specifier

si gnat ure-specifier:
si gnat ure-head { signature-nenber-specificati:¢
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Formal syntax (cont’d)

Si gnat ur e- head:
_signhature_

I dentifier base-clausegp

Si gnat ur e- nenber - speci fi cati on:
Si gnat ur e- nenber - decl arati on si gnat ur e- nenbel

Si gnat ur e- menber - decl arat i on:
signature-nane identifier;
decl -speci fier-seqept SI gnature-nenber-declar

si gnat ur e- nenber - decl arat or:
decl arat or val ue-specifi er gpt
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Formal syntax (cont’d)

val ue-specifier
= type-specifier

Si gnat ur e- nane:

t ypenane
| denti fi er
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