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Abstract. Concepts — sets of abstractions related by common requirements —
have a central role in generic programming. This paper proposes a general frame-
work for using concepts to control polymorphism in different ways. First, con-
cepts can be used to constrain parametric polymorphism, as exemplified by type
classes in Haskell. Second, concepts can be used to provide fine-grained con-
trol of function and operator overloading. Finally, generic functions can be over-
loaded (specialized) based on concepts, rather than simply on types. We describe
a C+ implementation of a new mechanism, which we call enable_if, and its role
in concept-controlled polymorphism.

1 Introduction

A definition of generic programming from [17] states that its goal is the expression of
algorithms and data structures in a broadly adaptable, interoperable form that allows
their direct use in software construction. Fundamental to realizing generic algorithms is
the notion of abstraction: generic algorithms are specified in terms of abstract properties
of types, not in terms of particular types. Following Stepanov and Austern, we use the
term concept to mean the formalization of an abstraction as a set of requirements on a
type (or on a set of types) [4]. Types that meet the requirements of a concept are said to
model the concept. Ideally, a generic algorithm is defined only (and exactly) for those
argument types that are models of the concepts in its interface; types that do not model
the specified concept are constrained from use with the function.

Constraining (bounding) polymorphism is one important application of concepts to
generic programming. However, concepts can be used to direct the operation of poly-
morphism in different ways as well, a property we refer to as concept-controlled poly-
morphism. Besides constraining parametric polymorphism, concepts can be used to
provide fine-grained control of function and operator overloading. In addition, generic
algorithms can be overloaded (specialized) based on concepts, rather than simply on
types.

This paper applies results of research on type classes [21,24,41] to get closer to
the ideal of constrained polymorphism. Type classes were first introduced to Haskell
to control ad-hoc polymorphism, and are now found in several languages, including
Gofer [19], Isabelle [43], and Mercury [18]. This paper demonstrates that type classes
can to a large extent be emulated in C+ as well. Type classes are closely related to
concepts in generic programming [4,28]. Like concepts, type classes encapsulate re-
quirements for a type, or for a set of types collectively. In C+, concepts are merely
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part of documentation whereas type classes in Haskell are explicit representations of
concepts.

The presented type class emulation builds on the work on static interfaces in C++
[27]. The main focus of static interfaces is in checking concept requirements for im-
proved error diagnostics, but they also provide a mechanism for concept-based dis-
patching. This technique uses a generic forwarding function, which dispatches to a set
of different implementation functions. Recent findings in the C+ template system let
us go further in this direction, allowing concept-based overloading without any for-
warding functions. In short, a class template specialization can be augmented with a
static metaprogram that examines properties of the template arguments and condition-
ally enables or disables the specialization. Analogously, such guards can be attached to
function templates.

We describe a new mechanism, which we call enable_if, for supporting concept-
controlled polymorphism in Section 2. Section 3 describes Haskell type classes and
means for emulating them in C+. As an application of emulated type classes in C+,
Section 4 suggests a replacement for the “Barton-Nackman” technique [5]. Section 5
discusses concept-based overloading using the infamous swap function as a motivat-
ing example!. Related approaches are described in Section 6. Finally, we discuss our
conclusions in Section 7.

2 Background

Since the discovery [36] and early applications [38,39] of C+’s template-based sublan-
guage for static metaprogramming, a notable amount of effort has been put into the de-
velopment of metaprogramming tools and techniques [3, 8, 14,37], and several C+ tem-
plate libraries [15,32,33,40] use static metaprogramming extensively. Consequently,
C+ has become a popular and readily available platform for generic and generative pro-
gramming. The primary use of static metaprogramming in generative programming is
in the assembly of components; static metaprograms allow fine-grained control over
how code fragments are welded together to form concrete components. In this paper,
we use static metaprogramming to attain this level of fine-grained control over function
overloading.

In G+, a complex set of rules determines which function definition is invoked for a
particular function call expression. As a part of these rules, argument dependent lookup
brings functions from many namespaces into the overload resolution set. Functions
from namespaces that define any of the argument types, or any classes that the argument
types derive from, are included. For argument types that are instances of a template, the
namespaces containing the definitions of the template argument types are considered
as well. As these rules apply transitively, the set of functions considered for overload
resolution can contain functions defined for unrelated purposes, coincidentally sharing
the same name. This can lead to compilation errors due to ambiguous function defini-
tions residing in different, and seemingly unrelated, modules. Worse, the best matching
function can be different from what the programmer intended, producing no compiler

! Allowing a safe mechanism for users to provide a specialized swap function to be used by
standard algorithms has been a topic of long discussions in the C+ standards committee.
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diagnostic but an erroneous program [1]. The term ad-hoc polymorphism [35] for func-
tion overloading is well justified for C++.

Sensible operation of template function overloading in C+ relies on the SFINAE
(substitution-failure-is-not-an-error) principle [37]: if an invalid argument type or re-
turn type is formed during the instantiation of a function template, the instantiation is
removed from the overload resolution set instead of causing a compilation error. This
section describes the SFINAE principle and tools to take advantage of it, summarizing
the discussion in [16].

When multiple definitions of a function template exist in a program, it is often the
case that some of them are invalid for particular argument types. For example, consider
the following simple function:

int negate(int i) { return —i; }
int i; ...; negate(i);

Assume further, that another overload defining negate for nullary functions exists in
some visible namespace:

template <class F>
typename F::result_type negate(const F& f) { return —f(); }

Overload resolution must consider both definitions to select the better match. Attempt-
ing to instantiate the latter definition for a call with an argument of type int would result
in the prototype:

int::result_type negate(const int&);

The return type int::result_type is invalid; int has no nested types. By applying the SFI-
NAE principle, however, the function definition is removed from the overload resolution
set, the error is avoided, and the former definition of negate is selected. A template sys-
tem without SFINAE would be fragile; adding a function template that was never called
could break existing working code.

Conditions where the SFINAE principle applies can be created intentionally. SFI-
NAE is a crucial ingredient for many compile-time reflection tools in C+. For example,
it is possible to check at compile-time whether a class has a given member type, or
whether a given type is a class or not [37]. The uses of SFINAE are, however, not
limited to compile-time reflection. Any function template can be accompanied with a
compile-time predicate that determines whether the function is to be considered as a
candidate for the best matching definition [16]. Furthermore, matching partial special-
izations of class templates is performed with the same set of rules as function template
argument deduction. This means that a partial specialization of a class template can only
match if template argument deduction does not fail, and thus the SFINAE principle can
be exploited to enable and disable class template specializations [34].

The following simple template provides a controlled mechanism to create the SFI-
NAE conditions:

template <bool B, class T = void>
struct enable_if { typedef T type; };

template <class T>
struct enable_if<false, T> {};
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The enable _if template selectively includes or fails to include a member type type based
on the value of the parameter B. If B is true, the fype member will be defined to be the
T parameter to enable_if. If B is false, no member will be defined. Thus, a reference
to enable_if <B, T>::type is either valid or invalid depending on whether B is true or
false.

Wrapping the actual return type of a function in the enable_if template adds a guard
to the function. For example, this code defines a function foo whose condition is always
true, and is thus always enabled; and another function bar whose condition is always
false, and is thus always disabled:

template<class T>
typename enable_if<true, T>::type foo(T' t) { return t; }

template<class T>
typename enable_if <false, T>>::type bar(T t) { returnt; }

For any copy constructible argument type, a call to foo will always succeed, while
a call to bar will always cause an error, because it is not possible to create a valid
instance of bar for any argument type. Instead of constant truth values, the condition
can be a compile-time function that depends on the properties of one or more template
arguments.

The same enable_if template can be applied to enabling and disabling class template
specializations [34]. One extra template parameter is needed for the guard. Each spe-
cialization inserts the guard as the value of this extra argument. The template parameter
has a default value void and thus the guard is not visible for the client of the template.
In the following example, we use traits classes is_integral and is_float from the Boost
type-_traits library [26] as the predicates. For example:

template<class T, class Enable = void> class A;

template<class T>
class A<T, typename enable_if<is_integral <T>::value>::type> { ... };

template<class T>
class A<T, typename enable_if<is float<T>::value>::type> { ... };

Instantiating A with any integral type matches the first specialization, whereas any float-
ing point type matches the second one. As with function templates, the condition can
be any expression that depends on the template arguments of the class, and that can be
evaluated at compile-time.

3 Emulating Type Classes
3.1 Haskell Type Classes

Type classes were introduced to Haskell to allow controlled function overloading [41].
A type class definition contains a set of function signatures (and possibly their default
implementations). The type class represents the collection of types for which that set
of functions is defined. As an example, the following type class Showable represents
the collection of all types ¢ for which the show function is defined (the instances of
Showable):
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class Showable t where
show ::t — String

This is a simplification of the Show type class in the Haskell Prelude [23]. The presen-
tation of the various instances of Showable is also similar to the presentation in [41].

Types are not automatically instances of Showable. Instead, an explicit instance
declaration is required:

instance Showable Int where
showi=...

The ellipsis stands for the definition of the show function for Int values. The instance
declaration thus makes Int values Showable and attaches an implementation to the show
function for Ints. A single instance declaration can apply to more than one type. Ac-
cording to the following declaration, for any type ¢ that is an instance of Showable, lists
containing elements of type ¢ are also instances of Showable:

instance Showable t = Showable [t] where
show [ =...

Haskell constrains the type arguments of polymorphic functions using type classes.
These constraints ensure that the body of the polymorphic function does not refer to
any function that is not defined for the argument types. For example, the print function
below outputs a value of any Showable type. The context Showable t, before the =
symbol, expresses the constraint on the argument type of the print function:

print :: Showable t =t — 10 ()
print x = putStr (show x)

Type classes are a rich formalism and provide more features than these simple exam-
ples show. Functions declared in type classes can have default implementations, which
are applied if no definition is given in an instance declaration. A type class A can in-
herit from one or more other classes: all instances of A must first be instances of its
superclasses, and also meet the requirements of A. Higher-order type classes act as
constraints on type constructors (analogous to templates) rather than on concrete types.
In addition to these features defined in Haskell 98 [23], widely available implemen-
tations include several extensions to type classes. These include multi-parameter type
classes to allow constraints on multiple related types, and functional dependencies that
can express a requirement that one type is accessible from another type, serving the
same purpose as associated types and traits classes in C++ [22,24].

3.2 Type Classes in C++

The C+ representation of a type class consists of two separate C+ class templates. The
following two templates correspond to the Haskell version of the Showable type class
(sans-serif text is used when referring to a type class abstractly, as opposed to its repre-
sentation as C+ code):

template <class T, class Enable = void>
struct showable traits { static const bool conforms = false; };
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template <class T>

struct showable {
BOOST _STATIC_ASSERT(showable traits<T>::conforms);
string show(const T& x) {return showable_traits<T>::show(x);}

5

The parameter T in both classes is the actual type class parameter. The first class en-
codes whether the type T is an instance of the type class; each specialization of this
traits class must contain a boolean constant to indicate this. By convention, we name
this constant conforms. The Enable parameter is for compile-time predicates that en-
able conditional instance declarations. The second class template contains the functions
that the instance types must implement. Unlike in Haskell, the existence of implemen-
tations for these functions are not checked at the point of an instance declaration.

Note that the functions are not just signatures, but define bodies that forward the
calls to the implementation functions which are defined within the instance declara-
tions. This forwarding helps to ensure that generic functions do not accidentally rely
on functions not listed in type classes that constrain template arguments. The compile-
time assertion (see [25] for the definition of BOOST_STATIC_ASSERT) prevents in-
stantiations on types that are not instances of the type class (according to the conforms
constant). This could be extended to include an invocation of a concept checking li-
brary [27,30,31] to ensure that the instance declaration contains all of the required
functions. Such solutions are not part of our framework yet.

The primary template showable_traits defines the conforms constant with the value
false. Thus, the default is that no type is an instance of Showable. As in Haskell, an
explicit instance declaration is used to express that a type is an instance of a certain type
class. The C+ counterparts for instance declarations are class template specializations.
For example, the following specialization declares that int is Showable:

template <>

struct showable_traits <int> {

static const bool conforms = true; (3.1)
string show(int x) { /x ... */ }

}y

The conforms constant has the value frue, stating the intent that int conforms to the
requirements of the Showable type class. The specialization also provides the imple-
mentation of all the required functions (just show in this example) for integers.

As in Haskell type classes, a single instance declaration can apply to more than one
type. C+ can readily express sets of types with one expression, but they are limited to
certain kinds of sets, such as all instances of a given template, all pointer types, and
all const-qualified types. Creating instance declarations that cover such sets of types
requires nothing more than partial template specialization. For example, the following
instance declaration makes all pointer types showable:

template <class T>

struct showable_traits <Tx> {
static const bool conforms = true;
string show(Tx x) { /% ... +/ }

5
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Traditional partial specialization cannot, however, express instance declarations for ar-
bitrary sets of types. Section 3.1 showed the Haskell version of an instance declaration
covering all lists where the element type is an instance of Showable. To be able to sup-
port instance declarations on such sets of types, the enable_if template can be used as a
predicate to guard template specializations. This is where the Enable template parame-
ter is needed. As a concrete example, the following instance declaration adds list<T>
to Showable types, but only when the element type T is an instance of Showable:

template <class T>
struct showable _traits <

list<T>,

typename enable_if<showable_traits <T>::conforms>::type> (32)
{ .
static const bool conforms = true;
string show(const list<T>& x) { /x ... #/ }

}y

Without the predicate, all types of the form list<7T> would match the specialization,
even lists with non-showable element types. The predicate guarantees that the special-
ization is only considered for lists with showable element types. The instance declara-
tion does not say anything about lists of non-showable elements. Other instance decla-
rations are free to make lists of certain non-showable types showable using a different
implementation of the show function.

The above definitions create a representation of the Showable type class, and make
int, all pointers, and all lists with showable element types showable. The Showable type
class can now be used to constrain parameters of function templates. The C++ equivalent
of the Haskell print function shown in Section 3.1 is defined as:

template <class T>
typename enable_if <showable traits <T>::conforms, void>::type
print(const T& t) {

typedef showable <T> st;

std::cout << st::show(t);

}

The enabler causes the function to exist only for types that are showable. An attempt to
call it with a non-showable type causes a “no function found” error rather than an error
in the function’s body. The function gains access to the functions from the Showable
type class by instantiating the showable class with T as the argument. The print function
uses a qualified name in the show invocation to ensure that the show function defined
in the instance declaration showable traits<T> is called. Thus we can avoid all the
subtleties of C+ argument dependent lookup of functions [1].
The print function can be called without any extra syntax for the user:

int a = 5; print(a);
list<int> b; print(b);

In the first call to print, showable will be instantiated with inf as the showable type, and
so the instance declaration in Listing (3.1) will be used to define the show function. In
the second call, int is again a showable type, and so list<int> is also showable. In this
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case, the definition of show for lists in Listing (3.2) will be used, and each element will
be printed using the definition of show for integers.

The C+ type class simulation can readily implement many of the advanced features
of type classes discussed in Section 3.1. The class templates can have more than one
template parameter, thus allowing multi-parameter type classes. It is also possible to
use template template parameters to allow the equivalent of higher-order type classes.
Defaults can be provided for the implementations of type class functions by providing a
class template containing default implementations from which the instance declarations
can inherit. Type classes can also inherit from other type classes, which requires that
each instance of the subclass first be an instance of the superclass. This can be emulated
in C+ by adding another static assertion into the subclass’s wrapper class, ensuring that
instance declarations for the superclasses have been created. This check occurs only
when the instance declaration is used; there does not seem to be a way to ensure that a
type is an instance of the superclasses at the time of an instance declaration.

The original type class proposal [41] outlined an implementation where type classes
and their instance declarations are translated into “method dictionaries” and functions
to access the methods in the dictionary. The C+ type classes are a direct translation
of this dictionary technique. Unlike the original Haskell version, however, the C+ type
class simulation does not require any extra run-time computation.

3.3 Discussion

The type class emulation in C+ is only partial. Most importantly, C+ type classes lack
structural conformance checking. At the point of an instance declaration, no checks are
made to ensure that the required functions exist, or that they conform to the required
signatures. Errors are thus caught later, at the call sites to the functions defined in the
type class. This decreases the quality of error diagnostics. There are library solutions
for structural conformance checking [27, 31] which, however, are not yet incorporated
into our type classes. Conditional instance declarations, however, remain a problem.
Concept checking occurs at the time of instantiating a template with concrete types;
conditional instance declarations describe properties of unbounded sets of types, not
any particular type, resulting in an unlimited number of concrete instances to check.

The C+ type class emulation is syntactically heavier than Haskell type classes. A
generic function in Haskell can call functions defined in other type classes without any
extra qualification, whereas in C+ the type class must be explicitly specified. Further-
more, Haskell can infer the type class constraints for a generic function from the uses
of the parameters in the body of the function.

G+ type classes provide features not found in Haskell type classes. The conditions
on function and traits class overloads in C+ can be any boolean expressions, including
negations and disjunctions. Thus, a function overload can be enabled only when some
type is not an instance of a type class, as demonstrated by the examples in Sections 4
and 5. A C+ type class can contain other kinds of members besides function signatures,
including member types and member templates.

In Haskell, each function name must only appear in a single type class, which is a
prerequisite for being able to infer type class constraints from expressions in the bodies
of functions. In C+, the same function name can occur in more than one type class, even
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within the same module of the program. Constraints cannot obviously be inferred but,
on the other hand, unrelated parts of a program do not need to handle possible name
conflicts between function names in type classes. Allowing overlapping type classes
adds to the flexibility of the C+ type class emulation. For example, assume the type
classes Less Than Comparable with the less function, Greater Than Comparable with
the greater function, and Minimizable with the min function. The min function can
be implemented using either the less or greater function, but instance declarations to
express this cannot be defined in Haskell; a type could be an instance of both Less Than
Comparable and Greater Than Comparable, leading to an ambiguity.

Type classes are an explicit, though partial, representation of concepts in generic
programming. The relationship of types modeling concepts is represented by the in-
stance relationship between types and type classes, and type class inheritance corre-
sponds to concept refinement. Haskell type classes can only describe requirements on
functions, whereas C+ type classes can contain types and class templates. This gives a
direct representation for associated types.

4 A Replacement for the “Barton-Nackman Trick”

The “Barton-Nackman trick” [5], also known as the Curiously recurring template pat-
tern [7], enables a strategy for creating controlled overloads for functions and opera-
tors. In this section we show how type classes provide a simpler and safer alternative to
achieve the benefits of the Barton-Nackman technique.

In the Barton-Nackman technique, a template class derives from an instantiation
of another template, passing itself as a template parameter to that other template as
follows:

class A : public base<A> { ... };

The important application of this technique is to give a common “base template” for
a set of template classes. One can overload operators and other non-member functions
for the common base template; the derived classes will match the definitions. Because it
avoids run-time dispatching, this technique is often used in the numerical domain [11-
13,42],

The usage of the Barton-Nackman trick is best explained with an example, which we
take from the domain of linear algebra. Matrix types (dense_matrix, diagonal_matrix,
and triangular_matrix) represent different kinds of matrices. Each of these matrix types
has a common interface which can be exploited to define functions and operators that
work for any matrix type. In this example, our interface is just one function. We overload
the function call operator that gives the syntax A(i,j) for accessing the element at row i
and columnj of matrix A. This interface is defined in the common base template matrix:

template <class Derived>
class matrix {
public:
double operator()(int i, int j) const {
return static_cast<const Derived& >(xthis)(i,j);

}
5
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The matrix template will always be instantiated in such a way that the template pa-
rameter Derived is the type of a derived class. Note the static cast in the definition of
operator(). As long as Derived is the actual type of the object, this is a safe downcast
to a derived class. The function call operator thus invokes the function call operator of
the derived class without dynamic dispatching.

Each specialized matrix type must pass itself as a template argument to the matrix
template and define the actual implementation of operator():

class dense_matrix : public matrix <dense_matrix> {

public:
double operator()(int i, intj) { ... }
b
class diagonal_matrix : public matrix<diagonal_matrix> {
public:
double operator()(int i, intj) { ... }
5
class triangular _matrix : public matrix <triangular_matrix> {
public:
double operator()(int i, intj) { ... }
5

With this arrangement, one can overload generic functions for the matrix template,
instead of separately for each matrix type. For example, the multiplication operator
could be defined as:

template<class A, class B>
typename product_traits<A, B>::type
operatorx(const matrix <A >& a, const matrix<B>& b);

The product_traits template is a traits class to determine the result type of multiplying
matrices of types A and B. Such traits classes for deducing return types of operations
are common in C++ template libraries [15,40,42].

We can observe many benefits in this approach. The run-time overhead of virtual
function calls is avoided. Several implementation types can be grouped under a common
base template, allowing one operator implementation to cover many separate types. We
can also identify several problems with the approach:

— One needs to be careful not to slice objects. Taking the matrix arguments by copy
in the above operator+ function would not copy the whole object, but only the base
class matrix. Thus some data would be lost, leading to undefined behavior at run-
time when the object was cast to the actual matrix type in the function call operator
of the matrix class.

— It is difficult to get the desired overloading behavior if some parameters of a func-
tion are instances of “Barton-Nackman powered” types, but others are not. For
example, one might want to define multiplication between two matrices, and ad-
ditionally between a matrix and a scalar with the scalar as either the left or right
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argument. The straightforward solution is to define three function templates (we
leave the return types unspecified):

template<class A, class B>
... operatorx(const matrix<A>& a, const B& b);

template <class A, class B>
... operatorx(const A& a, const matrix<B>& b);

template<class A, class B>
... operatorx(const matrix<A>& ml, const matrix<B>& m2);

The following code demonstrates why this approach does not work:

diagonal_matrix A; dense_matrix B;
A x B; // error, ambiguous call

The third function is not the best match; instead, the call is ambiguous. The first
two definitions are both better than the third definition, but neither is better than the
other. Thus, a compiler error occurs. Even though the type matrix <A > is more spe-
cialized than A, the actual argument type is not matrix <A > but diagonal_matrix,
which derives from matrix <A > where A is diagonal _matrix. Therefore, matching
diagonal_matrix with matrix <A > requires a cast, whereas matching it with A does
not, making the latter a better match. Thus, the second definition provides a better
match for the first argument, and the first definition provides a better match for the
second argument; this makes the call ambiguous.
There are two immediate workarounds: providing explicit overloads for all com-
mon scalar types, or overloading for the element types of the matrix arguments.
The first solution is tedious and not generic because one cannot know all the possi-
ble (user-defined) types that might be used as scalars. The second solution is limit-
ing, as it prevents sensible combinations of argument types, such as multiplying a
matrix with elements of type double with a scalar of type int.

— The curiously recurring template pattern is quite a mind-teaser; it significantly adds
to the complexity of the code.

Type classes and the enable_if template solve the above problems. We rewrite our
matrix example using type classes. First, all matrix types must be instances of the fol-
lowing type class:

template <class T, class Enable = void>
struct matrix traits {
static const bool conforms = false;

5

template <class T>
struct matrix {
BOOST _STATIC_ASSERT (matrix _traits<T>::conforms);
static double index(const T& M, int i, int j) {
return matrix traits <T>::index(M, i, j);
}
5
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The element access operator operator() in the type class is renamed to index, because
type classes cannot contain non-static member functions. The concrete matrix classes
can still use operator(); instance declarations can forward the call to an arbitrary func-
tion or operator. The instance declaration for dense_matrix is (the other matrix types
are analogous):

class dense_matrix {
double operator()(int i, intj) { ... }

5

template <>
Struct matrix_traits <dense_matrix> {
static const bool conforms = true;
static double index(const dense_matrix& M, int i, int j) {
return M(i,j);

}
5

Now the multiplication operator can be defined on any pair of argument types where at
least one is a matrix type. Using type classes, one definition is enough to cover exactly
the valid cases:

template<class A, class B>
typename enable_if <
matrix_traits <A>::conforms || matrix_traits <B>::conforms,
typename product _traits<A, B>::type>::type
operator+(const A& a, const B& b);

This operator is only enabled if at least one of the arguments is an instance of the Matrix
type class.

Regarding the three drawbacks of overloading based on the Barton-Nackman trick,
type classes solve the ambiguity problem. Slicing is also not a problem as A and B
are unconstrained template parameters that are deduced to the actual types of the func-
tion arguments, rather than base classes of these types. Hence, parameter passing could
safely be by copy as well. Third, the code is more direct.

Note also, that adding new types to the type class is non-intrusive. The class dense-
_matrix contains no reference to the representation of the Matrix type class, and it does
not even use the function names required by the type class. Any matrix type supporting
element access in some form can be added to the type class without modifications to
the definition of the matrix type, giving it all the operators and functions defined for the
type class.

5 Concept-Based Overloading

Function enabler predicates can be arbitrary boolean expressions. Functions can thus be
overloaded for types that are not members of a given type class. For example, suppose
that there is a generic swap function that works for any type supporting assignment.
Certain types can also define a specialized swap for better efficiency. The traditional
approach to this problem, used in the C++ Standard Library, is to define a generic swap
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function that uses assignment, and to provide the specialized implementations as over-
loads. Without erable_if and type class emulation, overloading is limited. For example,
it is not possible to define a swap function for all types that derive from a particular
class; the generic swap is a better match if the overloaded function requires a conver-
sion from a derived class to a base class (see section 4). Type classes allow us to express
the exact overloading rules.

First, two type classes are defined. Assignable represents types with assignment and
copy construction (as in the Standard Library), and User Swappable is for types that
overload the generic swap function:

template <class T, class Enable = void>
struct assignable_traits { static const bool conforms = false; };

template <class T>
struct assignable {
BOOST_STATIC_ASSERT((assignable_traits<T>::conforms));

b

template <class T, class Enable = void>
struct user_swappable _traits { static const bool conforms = false; };

template <class T>
struct user_swappable {
BOOST_STATIC_ASSERT (user_swappable _traits <T>::conforms);
static void swap(T& a, T& b) {
user_swappable_traits <T>::swap(a,b);
}
5

The Assignable requirements are assignment and copy construction, which are not sub-
ject to overload resolution, and thus need not be routed via the type class mechanism.

Second, two overloaded definitions of generic_swap are provided. The first is for
types that are instances of User Swappable. The function forwards calls to the swap
function defined in the User Swappable type class:

template <class T>
typename enable_if <user_swappable_traits <T>::conforms, void>::type
generic_swap(T& a, T& b) {

user_swappable <T>::swap(a,b);

}

The second overload is used for types which are instances of Assignable but not in-
stances of User Swappable. The exclusion is needed to direct types that are both Assign-
able and User Swappable to the customized swap:

template <class T>

typename enable_if <
assignable _traits<T>::conforms && !user_swappable_traits <T>::conforms,
void>::type

generic_swap(T& a, T& b) {
T temp(a); a = b; b = temp;
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Thus, the generic_swap function can be defined in the most efficient way possible for
each type. There is no fear of overload resolution accidentally picking a function other
than that the programmer intended.

6 Related Approaches

Our type class approach shares many of the goals with previous work on concept check-
ing, which allows earlier detection of invalid template parameters, and more direct er-
ror messages. In particular, the work of McNamara and Smaragdakis uses a system of
named conformance using traits classes, as well as structural concept checking [27].
Their work also includes a technique for concept-based dispatching, which is a use-
ful alternative to the enabler-based technique used in this paper. The concept checking
library by Siek and Lumsdaine [31] provides pure structural conformance checking,
and allows arbitrary expressions as requirements. Either of the structural conformance
checking approaches can be added to a type class implementation in the future to check
that instance declarations for type classes contain all of the required functions. The
work on C++ signatures [6] provided a mechanism to specify a set of required member
prototypes as an interface as an extension to the GNU C+ compiler. The signature ex-
tension was originally intended for object-oriented programming, but could probably
serve as a useful form of static interfaces for concept-based overloading as well. Early
work suggesting concept-like structures as extensions to C or C+ includes Kind-C+ [29]
and Cforall [10].

An alternative to the curiously recurring template pattern is to use friend declara-
tions to force the instantiation of particular non-member functions. The Boost.Operators
library applies this technique to provide default definitions for common operators (in
terms of other operators) [2]. This technique allows non-member functions to be de-
fined for particular types, but not easily for more than one type at a time, because it
normally relies on explicit instantiation of templates.

Tag dispatching, a form of concept-based dispatching is a relatively common tech-
nique in C++. This involves a generic implementation of a function which looks up a
particular tag type in a traits class and passes an object of this tag type together with
its original arguments to a set of implementation functions. Concept-based overloading
with the enable_if template avoids some of the problems of tag dispatching. The dis-
patcher function must be applicable for all tags, e.g., its return type expression must
compute the return type for all cases. Furthermore, the language imposes restrictions
on forwarding functions. It is not possible to define a generic forwarding function that
accepts both non-const lvalues and rvalues and forwards them unchanged to another
function [9]. Tag dispatching commonly uses inheritance relationships among the tags
to implement a priority for each overload. McNamara and Smaragdakis proposed a dif-
ferent priority system, which uses a sequence of compile-time if statements to select
among enumeration values to determine which implementation to use [27]. Our ap-
proach is closer to the latter. The enable_if approach allows the dispatching logic to be
defined within the function definitions, instead of a separate rule set.

Lastly, qualified types present a theory for parametric polymorphism constrained
using an arbitrary predicate [20]. This work also includes mappings from predicates to
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program structures, such as the function definitions in a type class instance declaration,
that show why a particular predicate is true. This approach is somewhat similar to the
use of a traits class by a generic algorithm to look up type class function definitions for
a particular instance. On the other hand, [20] does not have sets of functions which are
overloaded based on predicate values, as can be done in C++.

7 Conclusion

Concepts are an important idea in generic programming, as they provide the main mech-
anism for constraining parameters to generic algorithms. Because concepts do not exist
explicitly in G+, however, there is no easy way to select function overloads based on
concept modeling relationships. This paper provides a technique for controlling func-
tion overload resolution based on concept conformance.

Type classes are an existing approach, used in several languages, for concept rep-
resentation. A type class provides an encapsulation of a set of functions on a particular
type, and can thus be seen as an explicit representation of a concept. Instance declara-
tions add types into type classes; they declare that a type models the concept described
by the type class. Instance declarations are non-intrusive; a type can be made to be an
instance of a type class without modifying the type’s definition.

Building on previous work on static interfaces [27] and recent template program-
ming techniques [16], this paper describes a framework for emulating type classes in
C+ to provide concept-controlled overloading. Generic functions can thus be defined
for exactly those types that model the required concepts. Definitions cannot cause am-
biguities with functions overloaded for different concepts. As a concrete application of
the type class emulation, we described an improved alternative for library designs based
on the curiously recurring template pattern.

The proposed type class emulation does not provide full-fledged support for type
classes. Most notably, structural conformance is not enforced at the point of instance
declarations. Leveraging on previous work on C+ concept checking, partial support for
structural conformance can be added, but conditional instance declarations remain as a
problem.
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