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ABSTRACT

This paper presents the design@fa new language specifically
created for generic programming. We review and identify impor-
tant language features of«@nd Haskell in light of the past decade

of generic library research and development. Based on this anal-
ysis we propose and evaluate relevant language design decision
for G. Generic programming is concerned with the construction of
libraries of reusable software components and is inherently about
programming “in the large.” Thus, the design®places its great-

est emphasis on modularity and safety, while also providing run-
time efficiency and programmer convenience. This paper focuses
on name scoping and type checking for generic functions, support
for dispatching to algorithm specializations, support for type asso-
ciations among abstractions, and separate compilation. The result;
ing design forG includes three novel aspects: scoped models dec-
larations, nested types in concepts, and optional type constraints on
generic functions.

Categories and Subject Descriptors

D.2.13 [Software Engineerind: Reusable Software+eusable li-
braries D.3.3 [Programming Language$: Language Constructs
and Features-abstract data types, constraints, polymorphism

General Terms
Languages, Design, Standardization
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1. INTRODUCTION

Generic programming is an increasingly popular and important
paradigm for the development of software libraries. David Musser
and Alexander Stepanov developed the methodology of generic
programming in the late 1980's [21,32,33] and applied it to the con-

struction of sequence and graph algorithms in Scheme, Ada, and C.

Generic programming is a sub-discipline of computer scie

that deals with finding abstract representations of efficien

gorithms, data structures, and other software concepts,

with their systematic organization. The goal of generic g

gramming is to express algorithms and data structures

L broadly adaptable, interoperable form that allows their di
use in software construction. Key ideas include:
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e Expressing algorithms with minimal assumptions abput
data abstractions, and vice versa, thus making them as
interoperable as possible.

Lifting of a concrete algorithm to as general a level
possible without losing efficiency; i.e., the most abstr
form such that when specialized back to the conc
case the result is just as efficient as the original al
rithm.
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When the result of lifting is not general enough to co
all uses of an algorithm, additionally providing a mq
general form, but ensuring that the most efficient s
cialized form is automatically chosen when applicabl
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Providing more than one generic algorithm for the sa
purpose and at the same level of abstraction, when
dominates the others in efficiency for all inputs. Tk
introduces the necessity to provide sufficiently preg
characterizations of the domain for which each al
rithm is the most efficient.

Figure 1: Definition of Generic Programming

formalization of an abstraction as a set of requirements on a type
(or several types). These requirements may be semantic as well as
syntactic. A concept may incorporate the requirements of another
concept, in which case the first concept is saitefine the second.
A type (or list of types) that meets the requirements of a concept is
said tomodelthe concept.

Concepts are used to specify interfaces to generic algorithms by

Since then the methodology has evolved to meet the needs of newconstrainingthe type parameters of an algorithm. A generic algo-

algorithms and problem domains, and to take advantage of new
programming language features, such as templates ii3€ 46].

Terminology

Figure 1 gives the definition of generic programming from [16].
Here we review the standard terminology from [4] for the key ele-
ments of generic programming.

The notion of abstraction is fundamental to generic program-
ming: generic algorithms are specified in terms of abstract prop-
erties of types, not in terms of particular types.cénceptis the

rithm may only be used with type arguments that model its con-
straining concepts.

Traditionally, a concept consists of associated types, operations,
semantic invariants, and complexity guarantees. The associated
types of a concept specify mappings from the modeling type to
other collaborating types. The operations specify the functionality
that must be implemented for the modeling type. At this point in
the state of the art, type systems typically do not include semantic
invariants and complexity guarantees. In this paper we adopt the
convention that for a type to properly model a concept, the associ-



ated types and operations specified by the concept must be definedimportant for library developers because it aids in catching bugs

. . before the library is distributed to clients. Separate type checking
Progress in Generic Library Development is important for clients because it catches misuses of the library that

Generic programming has become an integral part of modern C Might otherwise require knowledge of library internals to debug.
programming, especially in the area of library design and imple- ~ Type checking and name lookup are intertwined. Various forms
mentation. The Standard Template Library (STL) was the first of Of overloading require name lookup to be dependent on type check-
such G- libraries [45], and now there are numerous generic C ing, and type checking is of course dependent on name lookup since
libraries covering domains as diverse as computer vision [22], reg- the type system must assign types to variables in a way that mirrors
ular expressions [28], numerical linear algebra [27, 44, 53], graph the run-time behavior. In Section 2 we analyze the name scoping
theory [42, 43], computational geometry [5], bioinformatics [40], and type checking rules for generic functions in @nd Haskell
and physics [6, 50]. and then present the rules Gr

In Haskell, type classes [52] are used to write generic functions . . o
and have become an important tool for reuse and the organizationGeneric Algorithm Specialization
of abstractions within the Haskell community. They have found The definition of generic programming in Figure 1 requires pro-
use in libraries for domains such as sequence algorithms [1, 38], yiding more than one generic algorithm for the same purpose when
databases [25], graphs [10], graphical user interfaces [24], sym-none dominates the others in efficiency for all inputs. These generic
bolic mathematics [29], and micro-architecture design [23]. algorithms differ in which concepts the input types are required to

model. The most efficient algorithm typically requires more refined

Language Support concepts. Beyond being simply a programming convenience, auto-
When constructing generic libraries, the primary elements of generiamatic algorithm selection is an important control on the complexity
programming—i.e., generic algorithms, concepts, refinement, mod- of implementing large generic algorithms that use other generic al-
eling, and constraints—are mapped to programming language fea-gorithms. Section 3 discusses a commonly usedd@®m for auto-

tures. Table 1 shows these mapping for &d Haskell. matic algorithm selection and considers the ramifications to library
construction if automatic algorithm selection is not used. We then

[ Role [ Cr [ Haskell | discuss how automatic algorithm selection is supported in
Generic algorithm| function template| polymorphic function .
Concept documentation type class Associated types
Refinement documentation subclass£>) Concepts often include operations that involve more than one type.
Modeling documentation instance Typically, some of these types are helper types that are determined
Constraint documentation context &) by the other types. For example, tBentainer concept of the STL

includesbegin() andend() operations that return iterators. The
iterator type is amssociated typdetermined by the container type.
In Section 4 we discuss the support for associated types-iard

In [12] we compared the support for generic programming of Haskell, point out disadvantages of those approaches, and propose
several languages. We concluded that while many languages of-2 language feature to support associated typgs in
fered some support,-€and Haskell had the best support for generic o o
programming. Therefore, in this paper we present our desigd for  Separate Compilation and Efficiency

Table 1: The roles of language features for generic programming.

and show how the design gfbuilds on those strengths while elim-  yles can be independently compiled to object files and then linked
Inating weakngsses. o together to form an executable. If a change is made in the imple-

The analysis centers on the following issues that have proven mentation of one module that does not affect its interface, then a
critical for supporting generic programming. client module need not be recompiled but instead can simply be re-

N . d hecki linked with the updated object file. All of the information needed
ame Scoping and Type Checking to compile the client is contained in a header or interface file. Sep-
One of the primary ways that a language can support modularity arate compilation can reduce compilation times for large programs
is to provide a means for creating separate name scopes. When and allows software library vendors to distribute binaries instead of
language fails to provide such features, programming in the large source, thereby protecting the intellectual property of the vendor.
becomes highly error prone. For instance, the C preprocessor pro- In many application areas run-time efficiency is a primary con-
vides no name scoping and thus name clashes between separatelgern. We would like the use of generic libraries to be a viable option
developed libraries are common. Another example is dynamic scop-in such scenarios. To accomplish this, a generic function must be
ing in Lisp and the resulting FUNARG problem [30]. In this pa- just as efficient as a normal function. One of the reasons for the
per we are concerned with hame scoping rules for generic func- success of generic programming in- @ that several production
tions. Generic functions present a special challenge because someompilers allow generic libraries to approach this ideal.
calls within a generic function are intended to resolve to functions  There is often a tension between separate compilation and effi-
provided by the client, while other calls are intended to resolve to ciency. Separate compilation requires indirection for function calls
helper functions in the generic library. that are resolved at link or run-time and indirection has a cost. The
Type checking can also improve modularity. The use of types to ideal is to let the programmer decide which is more important on a
describe interfaces facilitates the discovery of errors at the bound- case by case basis. We discuss these issues in Section 5 and present
aries between modules. We say that a language supgeptsate a straightforward compilation off to C+ that supports separate
type checkingf the body of a function is type checked with respect compilation of generic functions.
to its interface and if a call to that function is type checked with Related work is discussed in Section 6, future directions in Sec-
respect to the interface of the function. Separate type checking istion 7, and Section 8 concludes.



Contribution
The following are novel aspects to the desigrjof

int main() {
B::point array[] = { {1,1}, {2,2}, {3.3} };
std::list<B::point> points(array, array + 3);
B::point zero = { 0, 0 };
B::point s = A:accumulate(points, zero);
stdi:cout << "(" << s.x << """ << sy << ")\n";

Scoped models declarationgrovide better modularity, by prevent-
ing accidental clashes, and allow for intentional overlapping
of models § 2). }

Optional constraints together with concept-based function over-
loading enable generic algorithm specializati§3).

Nested types in conceptrovide support for associated typé<lj.

The problem with ADL is that it does not distinguish between
calls to functions that are intended to be provided by the client, and
calls to internal helper functions. As a result, a call that was in-

tended for an internal helper function can be hijacked by a function
with the same name in a different namespace. TheS@ndard
Library defect report 225 gives the following example [3]. The
unique function of the Standard Library replaces a subrange of
duplicate elements with the first element in the subrange. A typi-
cal implementation ofinique calls another Standard Library func-
tionunique_copy thatis similar tounique , except that instead of
working in-place it copies the result to another range specified by
the third iterator argument.

2. NAME SCOPING AND
TYPE CHECKING

This section reviews the name lookup and type checking rules
with regards to generic functions in+Gnd Haskell and discusses
problems that arise. The rules f@rare introduced and shown to
address these problems.

2.1 Scoping and Typing in C++

The type checking of a function template occurs in two phases,
the first phase at the point of definition and the second at the point
of instantiation (at a call to the function). The first phase resolves
names and type check_s expressions that do not depend on the tem- template <class Fwdlter>
plate parameters. Typically there are not many of these, so phase fyqiter unique(Fwditer first, Fwditer last) {
two is of greater interest. first = adjacent_find(first, last);

In phase two the function template is instantiated and concrete return unique_copy(first, last, first);
types are substituted for the template parameters. After that, the }
body is type checked, during which overload resolution is per- }
formed for function applications. Overload resolution considers
functions defined in the lexical scope of the function template and
also functions defined in namespaces where the argument typeg."d4€_copy

namespace std {
template <class Inlter, class Outlter>
Outlter unique_copy(Initer first, Inlter last,
Outlter result);

Suppose that a client ahique also defines a function named
that checks whether the second range is a copy of

for the call were defined, calletfgument-dependent name lookup
(ADL) [11].
ADL provides the mechanism for generic programming in C

the first range, modulo duplicated subranges.

namespace user {
class my_iter;

by which concept-associated operations can be found. Consider the bool unique_copy(my_iter a, my_iter b, my_iter c);

following program that defines the function templateumulate ,

a structpoint , and callsaccumulate on a list of points. Inside
main , accumulate is instantiated withr bound toB::point . The
body ofaccumulate is then type checked, during which overload
resolution is performed for the call tgperator+ . The argument
expressionsit and*first  have typeB::point , so the defini-
tion of operator+ in namespacs is eligible.

#include <list>
#include <iostream>

namespace A {
template <class T>
T accumulate(const std::list<T>& xs, T init) {
typename std::list<T>::const_iterator
first = xs.begin(), last = xs.end();

for (; first != last; ++first)
init = init + *first;
return init;
}

}

namespace B {
struct point { float x, y; }
point operator+(point a , point b) {
point ¢ = { ax + bx, ay + by }
return c;
}
}

}

If std::unique  is called withmy _iter , the call tounique_copy
insideunique will resolve via ADL touser::unique_copy , which
does not have the same semanticstasunique_copy . There-

fore the call tostd::unique  will fail to accomplish its goal and
there will be a bug in the program. Conscientious authors of generic
C~ libraries have started to explicitly namespace-qualify all calls
to internal helper functions to prevent this kind of problem, which
clutters the library code. Because of ADL, & Gamespace does

not create a truly separate “name space” (i.e., scope).

2.1.1 Lack of Separate Type Checking

As described above, the second phase of type checking a generic
function occurs after instantiation. Thus-@oes not provide sepa-
rate type checking of function templates. Two serious and common
problems result. First, when a client misuses a generic function
by not satisfying the function’s constraints, the compiler error mes-
sage points inside the body of the generic function. The text of the
error message is typically long and difficult to understand, often re-
ferring to internal names used in the function template. Clients are
often led to believe there is a bug in the function template.

The second problem, though less troublesome to the average
user, is more insidious. Consider an implementation of a generic
function that overlooks the use of some operation and fails to doc-
ument it as a constraint. For example, suppose that the documenta-
tion for accumulate only constrained paramet&rto be a model



of anAddable concept that includes the operatienThis constraint

is insufficient becaus€ must also be&Copy Constructible: the third
parameter oficcumulate is passed by value. If a client attempts to
callaccumulate  with a type that is no€opy Constructible, an error

2.2 Scoping and Typing in Haskell

In Haskell, concepts are defined with type class declarations.
Below is the definition for a type class namaddable , which
includes theadd operation that is needed faccumulate . Func-

will be reported. Again, the error message will be hard to under- tjon types are denoted with arrows {. It is common practice in
stand, but even worse, the wrong person will see it: the client. This Haskell to write functions in curried form, taking one argument at

time the library author was at fault, but since the generic function 3 time and returning a function that expects more arguments.
was not separately type checked, the error was not caught during

library construction. As a result, the interface as documented was module A where

incorrect.

The Standard C++ Library specification, now six years old, still
has errors of this nature, primarily because there is no means of au-
tomatically checking implementations against their specifications.

2.1.2 Intentionally Overlapping Models

A variation on theaccumulate example brings up an interesting
issue. Suppose that instead of requirbygrator+  for type T,
the concepMonoid is used as a constraint. Théonoid concept

consists of any associative binary operator and a unit object. Some(x:xs)

example of models of th&onoid concept are:
e int with + as the binary operator adas the unit.

e int with * as the binary operator andas the unit.

t
The above models are “overlapping” because they both include the

same typent (this terminology comes from Haskell).

class Addable t where
add =t >t >t

accumulate [] init = init
accumulate (x:xs) init =
add x (accumulate xs init)

The definition of theaccumulate  function consists of two alter-
natives. The input patterfh matches empty lists and the pattern
matches non-empty lists, binding the variabl® the first
element of the list ands to the rest of the list.

Haskell's type system performs type inferencing, not just type
checking, so the type afccumulate need not be supplied by the
programmer; instead it can be deduced. In the following, the nota-
ione :: t means that expressienhas type . The first alterna-
ive is type checked with the following name bindings in scope:

One way to accommodate overlapping models is to take the ap-add :: Addable t => t > t -> t

proach used in the<€Standard Library: add extra parameters to

accumulate for the concept members.

template<class Inlter, class T, class BinOp>
T accumulate(Inlter first, Inlter last, T unit,
BinOp bin_op)

init :: b
accumulate i [a] > b -> ¢

The symbols, b, ¢, andt are type variables. The entry fadd
comes from the type class declaration4ddable , and the context
Addable t => signifies that at a call tadd, the type bound to

However, it is inconvenient to supply concept members as parame-must be an instance afidable . There is an entry fagccumulate
ters, especially for more complex concepts. One could bundle all of to allow for recursive functions.

the members of a concept into a single data structure, so that only The type inference process takes as input an environment and an
one extra parameter would be needed, but this is still inconvenient. expression and returns a type, a unifier, and a list of constraints [17].
A common approach for accessing concept-associated operationg he unifier specifies how the type variables are related to each other

is to use atraits class [35]. The following code shawsimulate
implemented in this style.

namespace A {
template <class T> struct monoid_traits;

template <class T>
T accumulate(const std::list<T>& xs) {
typename std::list<T>::const_iterator
first = xs.begin(), last = xs.end();
T sum = monoid_traits<T>::unit();
for (; first != last; ++first)
sum = monoid_traits<T>::bin_op(sum, *first);
return sum;
}
}

A specialization ofmonoid_traits
model ofMonoid.

is then used to maket a

namespace A {
template <> struct monoid_traits<int> {
static int bin_op(int X, int y)
{ retun x + vy}
static int unit;
h
B::point monoid_traits<B::point>::unit = 0;

}

Unfortunately, a second model mfonoid cannot be created—e.g.,
using* and1—uwith this approach.

and how they should be instantiated. Type inferencing applied to
the expressiomnit computes the type. The typeb needs to
unify with the return type ofccumulate , thus the unifiekb,c)
is computed. A unifier such a®,c) means thab is substi-
tuted forc. Thus, the first alternative afccumulate has type
[@a] > b ->Db

The second alternative atcumulate is type checked in a lex-
ical environment that contains the following bindings:

add :: Addable t =>t >t >t
X a
xs : [a]
init : b
accumulate :: [a] -> b -> ¢

The notationfa] denotes a list containing elements of type
For the expressiofaccumulate xs init) the typec is inferred,
with no unifiers or constraints. For the expressfatd x ...)
the typea is inferred, and the unifigg,t)  is computed with con-
straintAddable a . The typea is unified with the function’s re-
turn typec to get the unifiefa,c) . Thus, the second alternative
has the type\ddable a => [a] -> b -> a . The types for two
alternatives oficcumulate  are unified, which results in the type
Addable a => [a] -> a -> a with the unifier(a,b)

Thus, theaccumulate function has been type checked indepen-
dently of any call to it. The distinction between calls to client-
provided functions and calls to internal functions is determined



by which type class definitions are in scope at the definition of
accumulate Functions that correspond to type class members
must be defined by clients, and all other function calls resolve to
functions in the lexical scope of the definitionafcumulate

Note how type classes introduce names into the scope of the
module where they are defined. For exampldgable introduces
the nameadd into the scope of modulg. In Haskell, two type

classes in the same module may not have members with the same
name, since that causes a name clash when the member names are

added to the scope of the module.

In Haskell, calls to generic functions are type checked with re-
spect to the interface (type) of the function. The following de-
scribes how this works with theccumulate example. The type
of the accumulate  function contains the constraintidable a |,
so if accumulate is to be applied to a list of points, thepint
type must be a model @fddable .

In Haskell an instance declaration is required to assert that a type
models a concept. Instance declarations must include the defini-
tions of the type class methods. Below is the definition Bbat
type and an instance declaration that makkeiat an instance of
A.Addable

module B where
import qualified A(Addable)

data Point = Point Float Float deriving Show

instance A.Addable Point where
add (Point ax ay) (Point bx by) =
Point (ax + bx) (ay + by)

The following module usesccumulate to add a list of points.

module Main where
import qualified A(accumulate)
import qualified B(Point)

points = [ B.Point 1 1, B.Point 2 2, B.Point 3 3]
main = A.accumulate points (B.Point 0 0)

The functionmain is type checked in the following environment.

A.accumulate :: A.Addable a => [a] -> a -> a
points :: [B.Point]
A.Addable :i B.Point

The third entry in the environment indicates tiBaPoint is an
instance ofA.Addable . The instance declaration from modue
is in scope because any import from a module also brings in all
instance declarations, and there is an impog@bint)

For the expressioA.accumulate points (B.Point 0 0) ,
the typePoint is inferred and the type parameteis unified with
Point . The resulting constraimk.Addable B.Point is satisfied
by the environment. Thus, the call &ocumulate has been type
checked with respect to the type of the function, separately from it
implementation.

However, there are three problems with the rule that any import
from a module brings in all instance declarations, which we discuss
in the following sections.

2.2.1 Accidental Instance Clash

Consider the scenario shown below, with five modules and ar-
rows that represent the flow of imported definitions. Modukén
imports thesquare function from modulec and thedouble func-
tion from moduleD.

module A module B
class X type Data
[ X baa
X Data “y
¥ L\
module C module D

instance X Data
function double

instance X Data
function square

square double

module Main

function main

module Main where
import C(square)
import D(double)
main = C.square 3 + D.double 4

Compilation of this program results in the following error:

ERROR D.hs:4 - Overlapping instances for class "X"
*** This instance : X Data

*** QOverlaps with : X Data

** Common instance : X Data

The problem is that moduleS and D contain instance decla-
rations for type clasX with the same typ@®ata, which in sep-
arate modules is fine, but when modwain imports function
square from C anddouble from D, the instance declarations are
also brought intovain , where they clash.

For completeness, the definitions of moduke®, C, andD are
as follows.

module A where
class X a where
fra->a

module B where
data Data MkData

module C where
import A(X)
import B(Data)
instance X Data where
fd=d
square X = X * X

module D where
import A(X)
import B(Data)
instance X Data where
fd=d
double x

X + X

One seemingly obvious solution to the clashing instance dec-
larations is to merge them into a single declaration in a common
module, such aB. However, if module€ andD are independently

developed, it may not be feasible to make such changes.

2.2.2 Accidental Instance Override

A popular extension to Haskell's type classes is to allow over-
lapping instance declarations. This allows, for example, a more
specific concrete instance declaration to override a more general
polymorphic instance declaration. This extension is quite useful,



but when combined with Haskell’s scoping rules it can lead to sur-
prising behavior.

Consider a scenario involving a common modajewo sepa-
rately developed librarie@andC, and an application moduleain .
The following is the import graph for these modules.

module A
class X
type Data a module B
instance Num a => X (Data a) function f
(TTTTT T T T T TS \
I module B' |
X, Data, X (Data a) f ! function f 1
) instance X (Data Int) ]
f, X (Data Int)

module C

function f

module Main
function main

Module C uses functiorf from B and also the data type and in-
stance declaration ik The application modulglain uses function
f from C. The result of this program is the valae

module A where
class X a where
g a->a->a

data Data a = MkData a

instance Num a => X (Data a) where
g (MkData x) (MkData y) = MkData (x - )

module B (f) where
f:nt -> Int
fx=x+x

module C (f) where
import A
import qualified B(f)

font -> Int
fx=(Bfx)+let a=g (MkData x) (MkData x)
in case a of MkData y -> y

module Main where
import C(f)
main = f (3:Int)

At some later time, the author of modwechanges the implemen-
tation off and in so doing, adds an instance declaration for type
classx.

module B (f) where -- updated version
import A

instance X (Data Int) where
g (MkData x) (MkData y) = MkData (x + y)

f i Int -> Int
f x = case (g (MkData x) (MkData x))
of MkData y -> y

Note that the semantics 6fis unchanged, so one would expect
no change to clients of modue However, the result of running

Main using this new version d is now the valuel2. The reason
is that the new instance declaration8iteaks out to modul€ and

the call tog resolves to the new instance declaratioB instead of
the original one im\, changing the behavior of the program.

2.2.3 Intentionally Overlapping Instances

The problem of overlapping models in<@vas discussed in Sec-
tion 2.1.2. Haskell has the same problem because any import brings
in all instance declarations. The program below attempts to define
and use overlapping instances, but fails to type check. Note that the
overlapping instances are defined and used in separate modules, so
one might hope that they would not clash. However, they do indeed
clash when modul®ain tries to importprod from moduleD and
sum from modulek.

module Algebra where

class Monoid t where
mult = t->1t->t
unit :: t

module Algo where
import Algebra(Monoid(..))

accumulate :: Monoid t => [t] -> t
accumulate xs = foldl mult unit xs

module D (prod) where
import Algo(accumulate)

instance Monoid Int where
mult x y = x *y
unit = 1

prod :: [Int] -> Int
prod ¢ = accumulate c

module E (sum) where
import Algo(accumulate)

instance Monoid Int where
mult x y = x +vy
unit = 0

sum :: [Int] -> Int
sum ¢ = accumulate ¢

module Main where
import qualified D(prod)
import qualified E(sum)

nums
main

[1,2,3,4,5:Int]
(E.sum nums, D.prod nums)

2.3 Scoping and Typing ing

Experience with & has taught us the need for separate type
checking and for name lookup rules that allow a generic library
author to decide which function calls are to client-provided func-
tions and which calls are to internal functions. Haskell presents
a design that satisfies these needs, however the rule for importing
instance declarations allows for accidental instance clashes and in-
stance overrides and fails to provide a mechanism for intentionally
overlapping instances. Furthermore, Haskell’s type classes were
designed to make type inferencing possible, which is not a require-
ment forgG.

Like Haskell,G provides language support for expressing con-
cepts. The following code ig defines araccumulate function
and the concepts necessary to specify its constraidtible and



Regular . Concept operations are specified with signatures (func- in G for establishing that a type (or types) model a given concept.
tion types), and not valid expressions (as is typicalnddcumen- All of the operations required by the concept must either be defined
tation). The reason for this choice is that signatures were straight- in the body of themodel declaration or in an enclosing scope.
forward to implement whereas we had doubts about the valid ex-

pression approach. Like-C G has reference types, howevede- module B {

notes a constant reference atida mutable reference. In the def- struct Point { float x; float y; }

inition of accumulate , the parameter types, return type, and con-  ,q4e| A Addable<Point> {

straints (thewhere clause) are required sinégedoes not perform fun operator+(Point p, Point q) -> Point {
type inferencing. return struct Point { x = p.x + Q.x,
y=py+aqy}
module A { }
concept Addable<X> { L
sig operator+(X&, X&) -> X; }
concept Regular<U> { The following main function usesaccumulate to add the list
2:3 ggg:gig: g‘(’Bé(Uﬁ)&I')>_>U;de_ of points. Themport ~ statement brings theodel declaration into
sig operator deleté(u&!) - void;y scope, which is needed tq satlsfy'the requnremerm?mfmulate
. The arguments’ types al&t<B.Point> andB.Point , so the

call type checks wittB.Point deduced for the type parameter
fun accumulate<T>(list<T>& xs, T init) -> T

where Addable<T>, Regular<T> fun main() -> int {

{ import A.Addable<B.Point> from B;
let first = begin(xs), last = end(xs); let points = class list<B.Point>;
while (first != last) { push_back(points, B.Point{x=1,y=1});

init = init + *first; push_back(points, B.Point{x=2,y=2});
++first; push_back(points, B.Point{x=2,y=2});
1 let s = A.accumulate(points,
return init; struct B.Point{x=0,y=0});
} print("(" + f2str(s.x) + ""
} + f2str(s.y) + ")\n");
return 0O;

As with Haskell, type parameters of generic functions, such as }
Iter andT, are treated in an opaque fashion; the only information
known about the type parameters is specified inthere clause.

Unlike Haskell, a concept declaration does not introduce the
names of its operations into the module’s scope. Instead, when a
conceptis used in thehere clause of a function, the concept mem-
bers are introduced into the scope of the function body. The reason ; ;
for this difference is twofold. First, the scope of names should be 231 .Intentllonally Overlapplhg Models
restricted to where they are needed, thereby reducing the chance of 1here is a straightforward solution éto the problem of over-
name clashes. Second, identifying the scope of concept operations@PPing models from Sections 2.1.2 and 2.2.3. The overlapping
with the bodies of generic functions better matches typical generic Mode! declarations are placed in separate modules and only im-
programming practice. ported into sgparate local scopes. The follqwmg example revisits

The body ofaccumulate  is type checked in the following en- accumulate in th_e style of Section 2.2.3, using tiM®noid con-
vironment, which includes the parameters and also the operationsCEPt as a constraint.
from the concepts in thehere clause.

G does not have Haskell’s rule that any import also brings in all
instance  declarations. Instead’s model declarations obey the
normal scoping rules for entities in a module, an explicit import
declaration is required to import them.

concept Monoid<T> {
sig operator*(T&, T&) -> T;

xs o list<T> sig unit() -=> T;

init = T

operator+ :: fun (T&T&) -> T
operator copy :: fun (T&) -> T
operator assign :: fun (T&, T&!) -> void {
operator delete :: fun (T&!) -> void

fun accumulate<T>(list<T>& xs) -> T
where Monoid<T>, Regular<T>

let first = begin(xs), last = end(xs);

I I = unit();
Type checking the body afccumulate is done in the standard vleliltgt?ﬁrst l!J:mtgst) {

syntax-directed fashion. THet statement introduces new vari- total = total * *first:

ables that can be accessed in the remainder of the enclosing scope.  ++first;

The type of the variable is that of the right-hand side expression. }

If the function has a non-void return type, every control flow path _ return total;

through the function must have a return statement and the type of

the returned expression must match the return type of the function.
As before, theaccumulate  function is applied to a list of points.

The Point type must be a model of theddable andRegular

concepts. Sinc@oint is a struct and all of its component types

are models ofRegular , it too is a model ofRegular . How-

ever, Point must also model theddable concept. Analogous module IntMult {

to Haskell'sinstance  declarations, there areodel declarations model Monoid<int> {

In the code below, two overlapping modelsMbnoid are de-
fined in different modules and imported into separate scopes. In
the first scope we usecumulate  to compute the sum of a list of
numbers and in the second scope to compute the product.



fun unit() -> int { return 1; }

}
module IntAdd {
model Monoid<int> {
fun operator*(int x, int y) -> int
{ return x +vy; }
fun unit() -> int { return 0; }

fun main() -> int {

let sum = 0, prod = O;

{
import Monoid<int> from IntAdd,;
sum = accumulate(nums);

}

t o
import Monoid<int> from IntMult;
prod = accumulate(nums);

A slightly more convenient syntax for the above is to use named
models. In the following different names are assigned to the over-
lapping models and they are imported by name in the two local
scopes.

IntMultMonoid: model Monoid<int> {
fun unit() -> int { return 1; }

}
IntAddMonoid: model Monoid<int> {
fun operator*(int x, int y) -> int
{ retun x +vy; }
fun unit() -> int { return 0; }

}

import IntAddMonoid;
sum = accumulate(nums);

import IntMultMonoid;

prod = accumulate(nums);
}
3. GENERIC ALGORITHM
SPECIALIZATION

One goal of generic programming is to make generic algorithms
as efficient as non-generic algorithms. For many problems one
generic algorithm provides the best efficiency for all input types.
However, for other problems there is not a single best algorithm,

template <class Inputlter, class Distance>
void __advance(lnputlter& i, Distance n,
input_iterator_tag) {
while (n--) ++i;

template <class Bidirectionallter, class Distance>
void __advance(Bidirectionallter& i, Distance n,
bidirectional_iterator_tag) {
if (n > 0)
while (n--) ++i;
else
while (n++) --i;

template <class RandomAccesslter, class Distance>
void __advance(RandomAccesslter& i, Distance n,
random_access_iterator_tag) {
i +=n;

}

Overloading on type properties is an important technique for
managing the complexity of large generic functions. In the fol-
lowing we compare implementations of tinplace_merge  func-
tion of the STL. The first implementation uses overloading while
the second version does not. Instead, the client of the function
chooses between the specializations. For exangleance is
replaced by three functionsidvance_input , advance_bidir
andadvance_rand , that the client can choose from.

Figure 2 shows the call graph for tiveplace_merge  function
of the STL. Tag dispatching occurs near the leaves of the tree, in the
low level functions. Figure 3 shows the call graph for an implemen-
tation that does not use overloading. The specialization must be
“bubbled up” to every helper function and to the top level function.
For example, there are three versionsoafer_bound , each call-
ing the appropriate version ativance . The resulting call graph is
much more complex and represents a large amount of code dupli-
cation.

3.1 Function Overloading ing

In G, functions with the same name and different signatures may
be defined in the same scope. All functions with the same name in a
scope form a function overload set. Unlike-Gunction overloads
are first class objects. The type of an overload set is an intersection
type [39] that consists of the types of the functions in the overload
set.

We use the ternsoncept-based overloadinghen there are two
functions with the same parameter and return types but different
where clauses. The following code shows the overloads for the
__advance function written inG, using concept-based overloading

instead of the tag dispatching of*C

fun __advance<lter, D>(Iter&! i, D n) -> void

but instead there are several best algorithms for different subsets where Inputlter<iter>, Integral<D>

of input types. Typically, each of the best algorithms takes advan-
tage of properties of its input types to obtain efficiency gains. The
advance function of the STL, shown below, is an example of such
a generic function. The input tadvance is any iterator type that
models thenput Iterator concept. A traits class [35] is used to query
whether the iterator type supports more functionality, such as ran-

dom access, and dispatches accordingly to one of three different

algorithms. This idiom is called “tag dispatching”.

template <class Inputlter, class Distance>
void advance(Inputlter& i, Distance n) {
typename iterator_traits<inputlter>
::iterator_category cat;
__advance(i, n, cat);

}

{

while (n--) ++i;

fun __advance<lter, D>(Iter&! i, D n) -> void
where Bidirectionallter<lter>, Integral<D>

if (n > 0)

while (n--) ++i;
else

while (n++) --i;

fun __advance<lter, D>(Iter&! i, D n) -> void
where RandomAccesslter<iter>, Integral<D>

t
i +=n

}
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The following outlines the overload resolution process at the call
site of an overloaded function.

1. Remove from consideration functions in the overload set hav-
ing the wrong arity.

do not match the argument types. If the function is polymor-
phic the matching process includes deducing types for the
type parameters.

. Remove from consideration functions whose type require-
ments can not be satisfied in the calling scope, that is, if the
appropriate models declarations can not be found and if any
same-type constraints are not satisfied.

. Of the remaining functions, determine whether there is one
that is most specific. If there is a most specific function, it
will be called. Otherwise, emit a compiler error. The intu-
ition behind the ordering is that if a call to functiénwill
type check in the body of, but not vice-versa, theg is
more specific. The following factors determine specificity:

(a) A concrete type is more specific than a type parameter.

(b) A struct, class, or union type of the formty, ..., ¢;>
is more specific than another type<si, ..., s;>if n =
m and ift; is more specific than, fork =1,... 1.

A requirement folC<ty, . .., t;> is arefinemenbf the
requirementD<sy, . .., s;> if the conceptC' contains
a refines clause that match®ssy, ..., s;> once the
type parameters @f have been substituted for, . . . , ¢;.
Atyperequiremen€<ty, ..., t;>is more specific than
the requiremenD<sy, . . ., s;> if they are in the tran-
sitive closure of the refinement relation.

(©

3.1.1 Optional Type Requirements

Consider the following attempt to write amivance function
that will dispatch to the _advance overloads.

fun advance<iter, D>(lter&! i, D n) -> void
where Inputlter<lter>, Integral<D>

__advance(i, n);

}

The above call to_advance will always resolve to the version
that requirednputiter , not the other two overloads. The dis-
patching insideadvance is based purely on information provided
by thewhere clause, in this casker modelsinputiter . This
problem is solved by the addition of optional requirements. An op-

tional type requirement is a constraint that need not be satisfied by

the caller, but if it is satisfied, the information is propagated into
the generic function and used for dispatching. The following code
shows theadvance function with optional constraints, which are
denoted by a trailing question mark.

fun advance<lIter, D>(lter&! i, D n) -> void
where Inputlter<iter>, Integral<D>,
Bidirectionallter<lter>?,
RandomAccesslter<Iter>?

__advance(i, n);

}

The above call to_advance will dispatch to the appropriate
overload depending on whether models for the more refined con-
cepts were available at the call site.

11

. Remove from consideration functions whose parameter types

An alternative design for dealing with concept-based overload-
ing is to propagatall information about models from the call site
into the generic function, thus making it possible to use the full
information about a type when resolving overloads. However this
approach gives up separate compilation and separate type check-
ing in exchange for the convenience of not writing out the optional
requirements. As stated in the introduction, modularity and safety
are higher priorities than convenience @r so we have chosen
optional requirements as the solution to this problem. For more
discussion of the alternative design, see [15].

4. ASSOCIATED TYPES

Associated typeare types that play a role in the operations of
a concept, vary from model to model, and are determined by the
type parameters of the concept. A familiar example of this is the
element type of a container. In fact, thentainer concept of the
C~ Standard Library includes 8 associated types:

e value_type

e iterator

e const_iterator

reference
const_reference
pointer

e difference_type

e size_type

It is often necessary to refer to an associated type in the sig-
nature or body of a generic function. The following code for an
accumulate function is an example. The return type of the func-
tion and the type of the local variakdem must be the value type of
the iterator. In & the traits class idiom is used to access associated
types. In this exampléterator_traits is used to access the
value type.

template <class Inputlter>
typename std::iterator_traits<Inputlter>::value_type
accumulate(Inputlter first, Inputlter last) {
typedef typename
std::iterator_traits<Inputlter>::value_type T;
T sum = monoid_traits<T>::unit();

for (; first 1= last; ++first)
sum = sum + *first,
return sum;

}

The following code shows a call tmcumulate
bound toB::point*

, With Inputiter

int main() {
B::point array[] = { {1,1}, {2,2}, {3.3} };
B::point s = A:accumulate(array, array + 3);
std:icout << "(" << s.X << "" << 8y << ")\n";

}

The G+ Standard Library supplies a partial specialization of the
iterator_traits class for pointers, as shown below.

namespace std {
template<typename T>
struct iterator_traits<T*> {
typedef random_access_iterator_tag



iterator_category; Atthe call toaccumulate , the type system deduces tyjpeint]

typedef T ~ value_type; for the type parameter. It does not need to deduce a type for pa-
typedef Pifdlff_t difference_type; rametert because appears in a constraint where it is function-
typedef T pointer; ally dependent. The type assignmentifds instead deduced from
typedef T& reference; . : : - - .
¥ the instance declaratiabollection [t] t , SO in this case is
} bound toPoint .
The disadvantage of using type parameters for associated types
Thus, the type is that every function must have a type parameter for every asso-
ciated type. As the number of associated types grows, and as type
std::iterator_traits<B::point*>::value_type classes are composed via sub-classing, the number of type param-

_ o . eters needed for a generic function grows. For exampleRthe
resolves tB:point . Whenaccumulate is instantiated, the re-  versible Container concept from the STL has 10 associated types

turn type and the type of the variatdem will be B::point .- (8 of which are inherited fronTontainer). A generic function with
The traits class idiom suffers from the following two disadvan- two parameters required to modwversible Container would have
tages. 22 type parameters.

Type classes allow the programmer to definelation between
1. The use of template specialization inside of generic function types, but for associated typeduactionis needed. The traits class
relies on template parameters being transparent: the actualigiom of G+ is a mechanism for defining compile-time functions on
type must be known to find the matching templates special- types using specialization of templates. However, traits classes de-
ization. ThUS, the traits class idiom is not Compatible with a pend upon post_instantiation type Checking; the concrete argument
language that has opaque template parameters and separat§pe must be known to find the correct specialization of the traits
type checking (like Haskell ang). class. Thus, traits classes will not work rwhere generic func-
tions are type checked prior to instantiation. Another option is to
allow nested type place-holders in a type class, which is explored
in the next section. There is also work in progress to add nested
types to Haskell [8].

. , 4.2 Associated Types i

4.1 AS_SOCIated Typesin I__laSke” ) Thelnputiter ~ concept defined below contains a declaration of
Some dialects of Haskell have partial support for associated typesan associatedalue type.

via the ability to express functional dependencies between type pa-

rameters [19]. Below is a type class with two type parameters, the concept Inputiter<X> {

2. Template specialization is an advanced technique and rarely
taughtin introductory € courses. Thus, many beginning C
programmers have difficulty understanding the uses of traits
classes in the € Standard Library.

collection typec and the element type. type value;
refines Regular<X>;

class Collection ¢ t | ¢ -> t where sig operator++(X&! c) -> X&!;

member 1 Eq t => t -> ¢ -> Bool sig operator*(X& b) -> value;

fod : (@ >t->a) ->a->c->a h

The notatiorc -> t means that is determined by. The use (Therefines  declaration means thatputiter ~ “inherits” the
of functional dependencies informs the Haskell type system that féguirements from thRegular - concepts.) _
a type argument fot need not be deduced at the call site of a In a model declaration fanputiter ~ , the associated typalue

generic function. Function dependencies are important for generic Must be assigned a type. The following models declaration is pa-
functions that have a parameter of the collection type but not of the Fameterized off, and says that pointers Taare models ofnputiter
element type. The followingccumulate  function has a single with a_va!ue type off. The |n_crement and dereference operators are
parametetont of typec. The type bound te must be an instance  the built-in operators for pointers.

of the Collection ~ type class. The type parameteiis for the

model<T> Inputlter<T*> {
element type.

type value = T,

class Monoid t where

mult =t >t >t The following is an iterator version of thecumulate  function.

unit = t The dot notation is used to refer to an associated type. As with type
accumulate :: (Collection ¢ t, Monoid t) => ¢ -> t parameters, nothing is known about an associated type except for
accumulate cont = fold mult unit cont what is declared in thehere clause.
instance Collection [t] t where fun accumulate<liter>(Iter first, Iter last)
member x xs = elem x xs -> Inputlter<iter>.value
fold f x xs = foldl f x xs where Inputlter<iter>,
Monoid<Inputlter<iter>.value>
data Point = Point Float Float deriving Show {
instance Monoid Point where Inputlter<iter>.value sum = unit();
mult (Point ax ay) (Point bx by) = while (first != last) {
Point (ax + bx) (ay + by) sum = sum + *first;
unit = (Point 0 0) ++first;
}
points = [ Point 1 1, Point 2 2, Point 3 3] return sum;
main = accumulate points }

12



For many generic functions, two type expressions must denote
the same type. For example, in the beloerge function the asso-
ciated value type afer1 anditer2 must be the same type.

fun merge<lterl,lter2,lter3>

(Iter1 firstl, Iterl lastl,

Iter2 first2, lter2 last2,

Iter3 result) -> lter3

where Inputlter<iterl>, Inputlter<iter2>,
Outputlter<iter3, Inputlter<iterl>.value>,
Inputlter<lterl>.value

== Inputlter<iter2>.value,

Ordered<Inputlter<iterl>.value>

Associated types and same-type constraints increase the diffi-
culty of comparing type expressions for equality while type check-
ing a generic function. Each type expression is normalized to the

controlled by flags that control whether modules are compiled to-
gether or separately. The semanticsdofs such that both ap-
proaches can be used, resulting in executables with the same be-
havior (in terms of outputs, etc.), but with different time and space
characteristics.

As a first step we have begun implementing the single function
approach to compiling generic functions. This approach supports
separate compilation. As a second step we plan to add function
specialization and inlining in an optimization pass. We also plan to
implement the small object optimization, an important optimization
for reducing abstraction penalty [31,41,51].

5.1 Compilation to C++
To illustrate the basic ideas, this section steps through the com-
pilation of the following smallG program.

concept Comparable<U> {
sig operator<(U x, U y) -> bool;

h

representative type expression for its equivalence class and the norfun min<T>(T x, Ty) > T

malized type expressions are compared for syntactic equality.

5. SEPARATE COMPILATION
AND EFFICIENCY

There are many ways to compile polymorphic functions. The
following approaches represent the two ends of the spectrum.

e Stamp out a specialization of the function for each set of ar-
gument types.

e Compile to a single procedure that treats objects of differ-
ent types in a uniform way. Type specific operations are ac-
cessed via indirection through run-time data structures such
as a vtable or a dictionary.

Most C+ compilers use specialization and inlining to compile
templates. Compilers for Haskell typically start by compiling to
a single procedure and then perform selective specialization and
inlining as an optimization.

There are complex time and space tradeoffs between the two ap-

proaches.

e Specialization and inlining reduce or remove function call
overheads, reducing run-time [2].

e Specialization creates multiple copies of the same function,
increasing code size. Increased code size can affect time by
reducing the effectiveness of the instruction cache.

e Specialized versions of functions often take up less space,

since they need not manipulate dictionaries, and because dead

code can be eliminated [18]. This reduces code size.

e Specialization increases compile times [18].

Another issue to consider is that to specialize a generic function,
the compiler must have access to the implementation of the func-
tion. If the generic function is in a separately compiled library, then
specialization may not be an option. Also, if a client does not wish
to recompile when a library is updated, then specialization should
not be performed.

For G, we plan to implement a compiler that provides both spe-
cialization and single function compilation of generic functions,
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where Comparable<T>, Regular<T>

if (x <vy) return x;
else return v;

model Comparable<int>;
fun main() -> int {
return min(1, 0);

None of the compilation techniques discussed in this section are
novel; they are the standard techniques for compiling polymorphic
functions and for implementing type classes via dictionary passing.
However, one difference betwegrand languages such as ML and
Haskell is that parameters are passed by valug,ias they are
in C and G+. Thus even a polymorphic identity function has type
requirements: it needs to copy the input object.

boost::function [13]is used to represent functions because it
can store both global functions and function objects. For each con-
cept a struct definition is output for the dictionary (like a vtable)
of its operations. The below Comparable struct is the dictio-
nary for theComparable concept. Type parameters suchlaare
compiled tovoid* .

struct ___Comparable {
function<bool(void*,void*)> __ operator_lt;

I

The model declaration f@@omparable<int>  is compiled to the
following variable declaration, which creates a dictionary object
containing one function.

_ Comparable __int__

Comparable = { op_lt_int };

The function in the dictionary should be the builteperator<

forint . However, that function takes twat 's whereas the func-

tion in the __Comparable dictionary must must take two argu-
ments of typevoid* . We therefore create a wrapper function that
unboxes its arguments and then boxes the result if necessary. The
following op_It_int  function is the wrapper fosperator<

bool op_lt_int(void* x, void* y) {

return *(int*)x < *(int*)y;
}

There are several interesting aspects to compiling the calhto
First, the dictionaries for models that satisfy the type requirements



are explicitly passed as extra arguments. Second, the auxiliarystruct __ A { ... };

__box function (which allocates space on the heap and initializes struct _B {

the space with its argument) is used to convert the argumeantsl f“”Cfi°”<V°iq*(V°id*)> foo;
2 of typeint to void* . Themin function is responsible for de- —2* —;—'2'_

allocating the memory associated with its parameters. The return y '
type of the compilednin function will be void* , so a cast and
dereference is required to return the underlying integer. The caller Refinementadds a minor complication to the compilation of generic
is responsible for deallocating the returned temporary object, so afunctions that call other generic functions. In the following exam-

boost::scoped_ptr [9]is used. ple the generic functiop calls the generic functioh.
scoped_ptr<int> tmp; fun f<T>(T& x) -> void
return *(tmp.reset((int*)min(__box(1), _ box(2), where A<T> { .. }
& _int_Comparable,
&__int_Regular)), fun g<U>(U& u) -> void
tmp.get()); where B<U>
The following is the compiled form of thenin function. The { f(u):
type parameteT has been replaced witloid* and two param- f(fo(')(u));

eters have been added for the dictionaries. Smiteis respon-
sible for deallocating the memory associated with its parameters,

scoped_ptr is used with thelel function provided by the dictio- ~ Functionf has the type requiremen&T>, andg has the require-
nary for theRegular concept. The use @perator< has become ~ MentB<U>. Insideg we callf twice, once with an argument of
an explicit call to the function in the T_Comparable dictionary. typeu and again with an argument of typeU>.X. Both calls type
There are four calls toopy , which are needed to implement the ~ check since the type requirementsU> andA<B<U>.X> are both
call-by-value semantics . satisfied due to the refinements in concgpt

. L . The following code is the result of compilirfgandg.
void* min(void* x, void* vy,

__Comparable* __T_Comparable, void f(void* x, _ A* _ T A) { ... }
__Regular* __T_Regular)
{ void g(void* u, _ B* U B) {
scoped_ptr<void> __del_x(x, __T_Regular->del), flu, __U B->_T_A);
__del_y(y, __T_Regular->del); f(__U_B->foo(u), _ U_B->_ X_A);
if (__T_Comparable->__operator_lt }
(__T_Regular->copy(x),
__T_Regular->copy(y))) At a call site such agu) it must be determined whether there is
return __T_Regular->copy(x); a model available to satisfy the type requirements,@nd further,
else the refinement path to the model must be known so that the appro-

} retum __T_Regular->copy(y); priate sequence of dictionary member accesses can be output, such

_ as_UB->_ TA.
5.2 Concept Refinement
One obvious design for the run-time representation for refine- 6. RELATED WORK
ment is to have the struct of the refining concept inherit from the

struct for the refined concept. For example: 6.1 Concept Proposals for C++

struct __Eq { Stroustrup and Dos Reis have written several preliminary design
function<bool(void*,void*)> __operator_eq; documents for extending+©with concepts [47—49]. Several ways

 function<bool(void*,void*)> __operator_neg; to constrain template parameters are compared: base-classes (sub-

typing), signatures, and usage patterns (valid expressions). The
base-class approach is rejected because it suffers from the binary
method problem [7]. The usage pattern approach is preferred to sig-
I3 natures because it is a better fit with existing €ding practices,
which implement the same expression via functions with widely
“varying signatures.

In terms of syntax, Stroustrup proposes using the concept name

I3
struct __ Ordered : public __Eq {
function<bool(void*,void*)> __operator_lt;

However, suppose a concept refines the same concept in two differ
ent ways, as in the concept below.

concept A<T> { ... } as a place-holder for the modeling type. The authors of this paper
concept B<T> { prefer to use an explicit type parameter for the modeling type (or
Ei/pefoi();(T 8) > X: types). Stroustrup proposes to support associated types by param-
re?ines A<T>: ' eterized concepts. However, as described in Section 4, this leads
refines A<X>; to an increase in the number of type parameters needed for generic
k functions. The alternative solution taken @§yand also in a future

version of Haskell (see the next section) includes nested type place-
holders in concepts. Stroustrup proposes operators for composing
. . . . oncepts:&& (and),|| (or), and! (not). The “or” would provide
Instead refinement is represented by placing a pointer to the mode n alternative to the optional type requirements presegt iffor

for the refined concept in the stryct for the reflplng CO'?CGF”- This example, theadvance function’s requirements could be written as
approach has a performance disadvantage since pointer derefer-

ences are required, so alternatives are being explored. The run-timénputlter<iter> || Bidirectionallter<iter>
representation for models of the above concepts would be: I RandomAccessilter<iter>

This would result in a struct that inherits two times from the same
class, which is not legal-€
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