could be restricted to those for which this promise can be kept. While the nechani sns
describedinthe PT proposal are only tangentially relevant to this issue — the sane problem
voul d have arisen in defining a BStack100 directly — they do wden the inpact of this
lintation.

A final simlarity betveen customzation and PI'lies in the extent to which bothstretch
the C-based separate conpilation nodel up to, and probably past, its limits. Wile it nay
be possible to naintain the Cnodel, both proposals would be best inplenented under
nore sophisticated conpil ati on nanagenent envi ronnents.
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template <class T> T sum(template const Matrix<T>& m)

{
T s = 0;
for (int i = 0; i < m.rows(); ++i)
for (int j = 0; j < m.cols(); ++j)
s += m.elem(i, j);
return s;
}

This allows the code written for sum to be reused for matrices of any subclass of any
Mtrix class hol di ng any nuneri cal el enent type.

There nay be ways to introduce both customization and paraneterization into C ++
that nore seanhessly integrate the tw concepts (as might possibly be done vi a an anal og of
BEINs “virtual classes” [9]). However, it is preferable to keep these nechanisns distinct:
Wien you need one, havi ng onl y the other doesn’t hel puch. Since cl ass tenpl ates generate
several otherwise subtype-unrelated classes and/or subclasses siml taneously, they cannot
be used to inplement custonmization, or vice-versa, even both mght rest upon the sane
internal conpiler features.

There is another nesh point betveen Pl'and the present proposal. The class tenpl ate
nechani sdoes not i nprove one securi ty aspect of honogeneous contai ner cl asses. (onsider
the foll ow ng exanpl e:

class B { int x; /* ... x/ };
class D : public B { int y; /* ... */ }

template <class T> class Stack100
{
private:
int sp; T datal[100];
public:
void push(const T& a) { datalsp++] = a; }
T& top(Q) { return datalsp-11; }
/...
¥

void £5(0)
{

Stack100<B> s; D d; s.push(d); // ...
}

Thi s inpl enentation fails to neet one of the nwst inportant specifications of a stack:
Gven any sensi ble defini tion of “equals”, and ignoring the lack of error handling in the
sinplified inpl enentation, it is desirable, for any legal argunent a, that after s.push(a),
s.top() shoul d equal a. This property cannot hol d when d is pushedin £5(). The probl em
is solvable via the exact qualifier described above. If the nenber functions could be
declared as void push(const exact T& t) and exact T& top(), then legal argunents

13



4 Customzation and paranetric types

Mny readers will have noted that custonization addresses sinilar issues, settledviasimlar
inpl enentati on nechani sns (based on an i nternal nacro-expander integrated into conpil-
ers), as vere discussed in Stroustrup’s [11] “Paraneterized Types” (PI) proposal. Wile
this is true, the tvo proposals are focused on tvo very diflerent issues. (istonization im
proves C++ support for energing uses of inheritance, while Plextends C ++ to overcone
linmtations that are logically distinct fromsubcl assing.

In order to see why both PI'and custonization are needed, consider the central con-
cern of the Pl'proposal , inproved support for the the definition and use of honwgeneous
contai ner classes. Ibnogeneous container classes are structures (e.g., stacks, sets, natri-
ces) that hold collections of other objects (e.g., ints, (onplexes, Wndows) but all of the
exact sane type per container class. (Incontrast, heterogeneous container classes are those
whi ch hol d coll ections of objects with the sane base type, but possibly di flerent exact types.
Feterogeneous containers are readilyinplenentablein C ++, usually via pointer collections,
w thout either Pl'or custonization.) Hbnogeneous container classes are val uable because
they enhance type-safety, because they generally support nore effiient inplenentation
than do heterogeneous containers, and because they provi de nechani sms for ensuring that
groups of objects possess coexistent lifetines [8].

Uistomzation initself does not inprove support for honegeneous containers because
defini tions of honwgeneous container classes fall outside of the standard subtype/subcl ass
hi erarchy. Ior exanpl e, even though anintStack and a WndowStack share hi gh-1evel spec-
ifications and code at some abstract level, they are not rel ated via a common supercl ass.

Thi s stens fromthe fact that while intStacks have nenber functions 1ike void push(const
int&), WndowsStacks have void push(const Window&). Their specific argunent types do
not conformto each other, or to those of any other possible superclass. /2 discussed by
(bok [6], inorder toensure conpl ete type-safety, subclass virtual function argunents nay
not be restricted solely to argunent types that are nore specific than those of their parent
classes. (Note that this problemis carefully avoi dedin section 3 above).

Stroustrup’s sol utionto this probl emvas tointroduce support for class tenpl ates, which
serve as generators of full-fledged cl asses. Gistomizationis fully conpatible wth the class
tenpl ates in the common case vhere both are desirable. Ior exanple,

template <class T> class Matrix

{

virtual “Matrix() {}

virtual int rows() const = 0;

virtual int cols() const = 0;

virtual T elem(int i, int j) const = 0;

int size() { return rows() * cols(); }
+;

*Interestingly, in the singl y-rooted class hierarchy of Smalltalk and rel ated 1 anguages, a heterogencous
ObjectStack defined via root class (bject is a subclass of all honogeneous Stacks. I know of no object-
oriented | anguage that supports easy expression of this fact.
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in which constructors may be said to be inheritable (i.e., only via synthesis). ( course,
these constructors nay still be overridden in specific subclasses. Simlar renarks hol d for
X::operator = (X&).

3.7 Member variables

(bnsi der,

class Z
{
private:

template Matrix a;

template Matrix& b;
public:

Z(template Matrix& p, template Matrix& q) :a(p), b(q) {}

//...
¥

There are tvo probl ens encounteredin supporting such customnenber vari ables. The
first is the value versus reference issue again: because the exact type of a diflers across
instances of Z, sizeof(Z) is not conpile-tine determnable across all Zs. This is renediable
inthe sane manner as above, viainternal fall-backs tofreestore allocation and the i nternal
use of a (fixed-size) pointer to the variably-sized part. Again, doing so results in no real
cost to users who must othervise simul ate this effect nanually.

The second problemis an inherent linmtation of customzation. Since custonization
revol ves around cl asses, not individual objects, the present proposal does not fully enable
conpilers to hard-wire calls to either Mtrix operations on either a or b inside Z’s nem
ber or user functions. Wthout heroic efforts, the customzation benefits of template are
lost; conpilers are forced to disregard the specific object-by-object type infornation, and
generate nost- general - case di spatch- based code.

Neither of these issues is a conpelling reason not to support the construct. Hwever
users must be nade well-avare of its limtations.

3.8 Conpletely customzed objects

Wienever a conpiler can statically determine that @l [ uses of an object have been cus-
tomzed (i.e., that no dispatch-based usages occur), then there is no need to allocate a
dispatch table poi nter (“vptr”) for that object. This is only a significant issue for extrenel y
lightvei ght objects, like instances of a class Int (not builtintype int). The advantages of
programming w th “sinple” first-class objects w thout payi ng undue tine or space penal -

ties are highly desirable in nany applications, naking the correspondi ng sophisticated and
chal l engi ng conpi | ati on anal yses that voul d be required well vorthwhile.
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Que coul d refuse to “uni fy” types in conditional s and rel ated points of uncertai nty when
dealing with val ues, in which case this construct woul d be consi dered an anbi gui ty error.

Anore aesthetically pleasing approach, that is in keeping with the idea that all difler-
ences hetween val ues and references should be based solely upon whether or not objects
are copy-constructed, is to allowsuch conpile-tine uncertainties, and to resol ve themat
run-tine. Iding so has sone cost to the conpiler. If the decisionis del ayed until run-tine,
then the size andinitializer of c are not statically known, soits space must be all ocated and
deallocated fromthe freestore at run-tine. Ibvever, there is no actual cost to the user.
Wthout this support, if programers need to create c in this fashion, then they nust do
so nanual l y via pointers, as in

void £4()
{
RowMajorMatrix a(10, 10);
ColumnMajorMatrix b(10, 10);
Matrix* ¢ = (rand() % 2)7 new RowMajorMatrix(a)
: new ColumnMajorMatrix(b);
/...
delete c;
+

So the the net result is nerely added convenience, and one less opportunity to (ms)use
poi nters, at the expense of conpiler conplexity. This appears to be a snall price to pay for
sucha gainin utility and conceptual sinplicity.

There is also a nore pragmatic reason for desiring this strategy. If customzation is
disabled by a user who is not interestedin potential speedups, but only the other senantic
properties of the template nodifier (say, in the case of operator +(), above), then a
conpiler voul d need to fall back on run-tine freestore allocation in order to support this
anyvay. (It would also need to include function pointers to constructors in vtables, which
is not currently typical.)

3.6 (Qistomconstructors

If template nay nodify this for menber functions, then customzed constructors are
imedi atel y definabl e. Ior exanpl e,

class DenseMatrix

{
virtual void copy(const Matrix&) = O;
public:
DenseMatrix(const Matrix& b) template { copy(b); }
/...
s

This allows a base class to specify the general formof subclass X(X&) constructors, thus
generalizing the current rules for autonati ¢ constructor synthesis, and clarifying the sense
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class DenseMatrix
{
//...
virtual template DenseMatrix& operator += (const Matrix& b) template
{ /* ... %/ return *this; }
¥

The second use of template in the syntactic position (like const) that nodifies the type
of this is necessary here to properly propagate the type of this to the return value. Note
also that a third use of template, to nodify argunent b mght be applied here as well.

3.5 (Qistomval ues

Wile all exanples so far have invol ved custonmzation around references or pointers to
objects, the entire proposal extends naturally to include customzation around val ues. IFor
exanpl e, for aRowMajorMatrix a; invokingacall-by-val ue versionof float sum(template
Matrix m), viafloat s = sum(a); natches argurent m as a RowMjor Mtrix, createdvia

the RowMjor Mtrix X(X&) constructor. 'The most specific applicable X (X&) constructor
must be chosen for val ue copies of template argunents.

Support for “constructive” functions vith customzed return types is anong the nost
attracti ve assets of the entire proposal. Ior exanple,

template DenseMatrix operator + (const template DenseMatrix& a,
const template Matrix& b)
{

template DenseMatrix c(a); ¢ += b; return c;

};

defines a version of operator +() applicable for any tw appropriate argunents, w thout
requiring case- by-case defini tion of all possible conbinations of paraneters, as would be
requi red w thout customzation. (( course, inthis exanple, it probabl y wo u! d be desirable
to override this versionfor at least sone argunent pairs. )

There is, hovever, a significant probl emencountered with conpiling customzed val ues
that is not present for references or pointers. (onsider,

void £3()

{
RowMajorMatrix a(10, 10);
ColumnMajorMatrix b(10, 10);
template Matrix c = (rand() % 2)7 a : b;
//...

Here, the exact type of ¢ is not known at conpile tine.



float sum(template const DiagonalMatrix& m)

{
float s = 0;
for (int i = 0; i < m.rows(); ++i) s += m.elem(i, i);
return s;

¥

The template here allows customization evenif subclasses of DiagonalMatrix are in-
troduced.

Fxi sting argunent- natchi ng rul es nay be used in deciding when to call a synthesized
versionof sum(DiagonalMatrix&) rather than of sum(Matrix&). % is true evennow when
suffei ent] y precise type i nfornationis lacki ng, the nost general versions of functions mist be
invoked/synthesized. This has i nportant i nplications for the authors of specializedtop-level
or nenber functions: WMile suchfunctions nay be i npl enented arbi traril y di flerentl y than
the base versions, they must preserve the sane semantics, since authors cannot guarantee
whi ch version(s) will be calledin a given program

3.3 (Gistomreturn val ues

Tpe noni toring is nore difleult for a conpiler in the case of custonmized return val ues,
since the exact return type is not known until a f ¢ e r a customzed functionis synthesized.
Tor the sinplest exanple,

template Matrix& noop(template Matrix& a) { return a; }

void £2(Q)

{
RowMajorMatrix a(10,10);
template Matrix& b = noop(a);
float s = sum(b);

The most specific type of b is known to be RowMajorMatrix only after the specialized
version, noop(RowMajorMatrix&) is synthesized.

3.4 Inheriting return val ue types

C++ currentl y possesses a serious, but renovabl e limtationthat of teninpedes type noni tor-
ing. lor exanple, the declaration of DenseMatrix& DenseMatrix::operator += (const
Matrix& b) above requires all subclass versions of operator +=() to return references to
objects whose type is nerel y known to be sone subclass of IknseMtrix. Thus any usage

of this operator loses val uable type i nfornation for its result.

Hovever, there is no convincing reason for this restriction. % discussed by (bok [6],
it is entirely type-safe to allowsubclass versions to return references to any subclass of
IenseMtrix. Wth the template nodifier, it becomes possible to express and support
this,



In addi tion to an internal anal og of a nacro-expander, the major burden placed on a
conpiler supporting customzation is the need for inproved type-nonitoring in order to
ensure that the “best” versions of functions are synthesized and called. T basic C ++
constrai nts nake this easier thanit mght be otherwise:

e Ivery object and expression has a nost-specific type. Ior exanple, if mis decl ared
as a FowMjorMtrix, thenm has types RowMjor Mtrix, [knseMtrix, and Mtrix,
w th RowMyj or Mit1i x bei ng the nost speci fic.

o Al type-propagationis bottomup. That is, the nwst specific types of the argunents
to any operator or function fully determne the nwst specific type of the result.

5ing these tvo constraints, custonmzing conpilers can mai ntainthe nost speci fic types
of all objects encountered in a program across situations in which they are not currently
required to do so.

There are nany addi ti onal usage and i npl enentation considerations. The nost i npor-
tant ones are described here. Afewdetails are omtted for the sake of brevity.

3.1 Inabilities to customze

5 discussed above, there are cases where insuffti ent infornationis present to customze a
call at conpile time. Anwng the sinplest exanples is,

void f1()

{
RowMajorMatrix a(10, 10);
ColumnMajorMatrix b(10, 10);
float s = sum( (rand() % 2) ? a : b );

The nost specific type of the conditional is just Matrix, so a dispatch-based call nust
be nade. (I course, nore heroic interventionis certainly not disallowed: Aconpiler nay,
for exanpl e, safel y convert this expressioninto (rand() % 2) 7 sum(a) : sum(b), thus
all oving customzation. However, these kinds of evasions are rarely possible in general.

3.2 Overriding autonatic customzation

It is not at all necessary for the conpiler itself to synthesize specialized functions. % is
already true in C++, users nay override functions with nore specific versions thensel ves.
Tor exanpl e,



3 Inpl enenting Gistomzation

The nost straightforvard way to inplenent customzation is by first introducing a type
qualifier for objects that is roughl y anal ogous to the use of inline for functions. In fact,
sinply extending the applicability of inline to objects would suflie, except that there
are cases where the tvo usages would conflict. However, as discussed further bel ow the

al ready- reserved vord template fills this role nicely, and has the right intui tive neani ng.

A a type qualifier, template should be legal vherever const may be used. It nay
nodi fy any vari abl e, function paraneter (including the inplicit this paraneter to nenber
functions), or function return val ue designating a value (i.e., distinct object), reference, or
poi nter. The senantics of template are that

o 'The correspondi ng gi ven type is not necessarily the nwst specific rurn-tine type pos-
sessed by the decl ared object;

e The conpiler shoul d determne the actual type as the nost specific type knowabl e at
conpile tine fromthe object’s initializer;

o [f possibleinlight of this typeinfornation, the conpiler shoul d create aspecial version
of the function in which this declarationis enbedded, based upon know edge of the
actual type.

Tor exanple, redeclaring sum(template const Matrix& a) instructs the conpiler to
construct a special version of sum for each actual Mtrix subtype for whichit is called.

Bren disregarding the custonmization aspects of the template nodifier, there is anple
justification for its introduction. It syntactically distinguishes otherwise diflerent roles of
programmer- provi ded type informationin C  ++. Gwrrently, any base-class re ference maybe
used to refer to a single object of any subclass, and thus has its type inplicitly fixed upon
initialization. Abase-class val ue nayrefer only toa particular class, never asubclass. And
a base-class poi nt er may be used anbi guousl y to denote objects of any subclass, perhaps
includi ng objects of diflerent subcl asses over tine, except when designating el enents of an
array, in which case a pointer is considered to have an exact type. Uhder this proposal,
template may modify all three to clarify and extend the role of type information now
associ ated with references.

To push this point alittle further, an argunent coul d be nade that an additional type
qualifier is required, say, exact, that restricts particul ar pointers and references to denote
objects of one exact type only, as do non-tenpl ate val ues. Inthis nanner, one coul d nerely
say that reference declarations default to non-custonmzed template, values to exact, and
poi nters to their current dangerously indeternminate role. ® There are several other desirahle
results, especiallyinterm of enhanced type-safety, that woul d stemfromsupport of exact
references and pointers. This issue is touched onlater, but is not central to the remainder
of the proposal .

FExcept that it voul d confusingl y overextend thei r neani ngs, the keyvord choi ce of public versus private
instead of template versus exact woul d be appropri ate.



actual argunents supplied toit. This is roughly simnilar to howcall-by-nane functions are
conpiled in sone | anguages.

Both of these approaches have advantages and di sadvantages that reflect classic com
pilation versus execution and tine versus space tradeoffs. The dispatch approach is nuch
less space-intensive, and easier to inplenent, since all versions of a pol ynorphic function
share the sane nachine code. 'The customization approach nay generate nore eflei ent
inplenentations at the price of potential code explosion.

There is an overriding reason that C ++ conpilers must support the dispatch nodel.
13 spat chi ng nay be used when the exact run-tine type of an object is not knowninternally
to the conpiler. (istonzationis inpossible in such situations. This includes, especially,
C++ programs in whi ch heterogeneous collections of objects, all of the sane base type but
di flerent exact types, are used as argunents to functions. Such progranming practices are
typical, but by no neans uni versal in C ++. In nany applications, it woul d be considered a
design or inplerentation flawto have ¢ ny run-tine type uncertaintyina C ++ program

(early, vhen the exact types of argunent objects are known, custonization can renedy
the kinds of perfornance problens seen vi th Mitrix classes. Since particul ar versions of the
function are generated, each canintegrate the appropriate inlines, and optimze accordi ngly.
This strategy has the potential of resulting in nachine code as fast as obtainable in any
| anguage.

Uistomzation, or code synthesis, is not really a newideain C ++. Al operations on
bui [ tin types (int, float, etc.) are open-coded, or customzed for the sake of effiiency, as
are non-virtual inlines. Aso, X(X&) constructors and assignnent operators are autonati-
cally synthesized if not othervise defined by programmers.

It is possible toextend customzation to apply to arbitrary cl asses and functi ons. Ungar
and Chanbers [3, 4] discovered that dispatching and custonmization can happily coexist
in conpilers for object-oriented languages. Their SKLF conpiler autonatically customzes
sone code, especiallyfor “lightvei ght” objects like snall integers, partially custonizes other
functions by hard-coding cases for only the nost typical argunents, and uses dispatching
el sevhere. & they nention, these conpilation strategies are adaptable to other object-
ori ented | anguages, includi ng C++.

Gven the overall structure of C++, aut omat ¢ ¢ customzation does not seemto be an
attractive option. The need for customizationis prinarily a pragnatic concern of the in-
tended applicat i ons of classes and their supporting functions, not the classes thensel ves,
and certainly not the conpiler per se. Mny users are perfectly content with fully dis-
pat ched functions, especially for prototyping, debugging, and other non-tine-critical use.
Mre typically, customzation should be appliedselectively. For exanple, speedups via cus-
tomzation mght be of overridinginportance inoperations that mul tiply matrices, but not
inroutines that print out their contents. This is the sane pragnatics probl emunderl yi ng
C++ support for inlining. (Jass users ought to have at least as much to say about whether
functions are inlined as do class authors. Gr+ conpilers need to nake such decisions eas-
ier to inplenent than requiring users to edit source code. Therefore, if customzation is
supported in C ++, conpilers shoul d provi de neans for end-users to control the degree that
both custonizati on andinlining are exploi tedin particul ar prograns. The 1 ogistics of doing
so are nei ther sinple nor inpossible.



deternine that all accesses within sum are legal, and thus optinize the checks avay com
pletely. Ior such reasons, this code is likel y to execute around ten tines nore slowy on
nost nachines than it would without the virtual calls. (Sinple informal tests confirmthe
order of nagnitude of this estimnate.)

Array processi ng code represents an extrene, but veryinportant case in which allow ng
a compil er to performinline substitution of afewcritical “lightweight” nenber functions,
and then to procedural l y i ntegrate and opti nmze the resul ti ng code represents the di flerence
betveen nerel y attractive class designs and usable packages. 'The problemis not that
these calls are virtual, or even that there is procedure call overhead at all. It is the failure
to procedurally integrate code that nost hanpers perfornance: In the ideal case, the
executabl e code produced for sum shoul d be so well integrated that fewnachi ne operations
coul d be said to “bel ong” to sum or the invoked nenber functions per se. 2 The failure of
current C++ conpilers to nake poverful optimzation strategies even conceivable is surely
unacceptabl e to nany potential users of classes like Mtrix that are targeted for use in
hi gh- perfornance applications. Wthout accommodations, authors of such packages must
sacrifice object-oriented design nethodol ogi es i n favor of 1 ess reusabl e, reliable, and coherent
ad hoc coding strategies.

The remainder of this paper proposes one solution to this misnatch betveen positive
design benefits and negati ve inpl enentation costs of AXS, and inheritance in general .

2 Onpiling pol ynerphic functions

Any cl ass nenber function or top-level client function that ¢ nv o ke s avirtual class function
is polynorphic (or nore precisely, “subtype polynorphic” [2]). Ay such function, like
sum(const Matrix&), nay be thought of as a stand-in for an unknown nunber of speci fic
functions sum(const RowMajorMatrix&), sum(const TriDiagonalMatrix&), and so on.

There are tw approaches for inpl enenting functions that share the exact sane “hi gh-
level ” G-+ source code.

In the standard “di spatch” approach nornally enpl oyed by C ++ conpilers, all versions
share the sane actual nachi ne code, but produce diflerent run-tine consequences because
the indirect calls generated fromthe nenber function dispatch tables (“vtables”) invoke
di flerent inpl enentati on code for diflerent objects passedin as argunents (including this
as aninplicit argunent for nenber functions).

Asecond approachis to synthesize, or ¢ ust o mi ze as many diflerent specific versions of
a function as are actually needed in a gi ven user program Fach customzed version can
then hard-wire code specifically geared for the gi ven argunents by directly calling and/or
procedural 1 y i ntegrating i nvoked nenber functions, rather than dispatching them Thus,
even though such pol ynorphi ¢ functions share hi gh-1evel source code, they are inpl enented
via diflerent machi ne code. Aconpiler nayinplenent this strategy via anal ogs of nacro-
expansion: The hi gh-1evel source code nay be reconpiled as a newfunction inlight of the

>The C underpi nni ngs of C' ++ present several addi tional vell-known obstacles (e.g., uncontrolled ali asi ng)
for conpilers attenpting to performpoverful Fortran-like optimzation strategies for nunerical and array
processing. These probl ems al so require careful attention, but are not considered here.



This last point is the nost inportant one for a large nunber of applications. (bnsider
the need for an integrated linear al gebra package based in part on class Mtrix. In order
to be naxinally useful, one would need a large nunber of Mtrix subcl asses, including
RowMjor Mtri x, (Ol umMjorMtrix, Tidi agonal Mtrix, RowSparseMtrix, and dozens
of others, as well as additional internediate abstract subclasses, to support the range of
al gori thns that have been devel oped for dealing with such special (in terns of either rep-
resentation details or elenent structure) Mtrix types. lor exanple,

class DenseMatrix : public Matrix

{
public:
float& operator () (int i, int j) = 0;
virtual DenseMatrix& operator += (const Matrix& b)
{ /% ... %/ return *this; }
¥

class RowMajorMatrix: public DenseMatrix

{
private:
int r; int c; float* d;
public:
RowMajorMatrix(int m, int n);
RowMajorMatrix(const RowMajorMatrix& b);
“RowMajorMatrix();
int rows() const { return r; }
int cols() const { return c; }
float& operator () (int i, int j)
{
if (1 <0 |l 1> rows() ||l j <O Il j>= cols())
abort(); // or, someday, raise an exception
return d[i * cols() + j];
}
float elem(int i, int j) const { return (*this)(i, j); }
+;

There is a great deal of design elegance to be had in this approach. Ufortunately,
thereis also a great deal of inefftiency in the correspondi ng code generated by current C  ++
conpil ers.

(onsider a call to sum(a) for a RowMajorMatrix a. Because all of the invoked opera-
tions are virtual, actual conputationis svanped by virtual function calls. Wrse, because
the inpl enentation code 1 ying inside the virtual functions is opaque to the C ++ conpiler,
none of the standard opti mzation strategies (like strength reduction, comoen subexpres-
sion elinnation, and even autonati c vectorization) that can be applied to array processing
code insi de good opti mizi ng conpilers are applicable. Perhaps the easiest (but not¢ the nost
inportant) exanple of the kinds of problens encounteredis illustratedin the i ndex check-
ing occurring inside RowMajorMatrix: :operator(), where the checks must be perforned
on each elem call since the conpiler cannot “see” the bounds checking code and statically



float sum(const Matrix& m)
{
float s = 0
for (int i = 0; i < m.rows(); ++i)
for (int j = 0; j < m.cols(); ++j)
s += m.elem(i, j);
return s;

[ R

¥

AN are closely rel ated to the concept of “Abstract Ihata Types”, or ADIS (see [7]),
inthat they conpletel y hide fromclients of the class all representation and inpl enentation
details (as defined in any gi veninplenentati onsubclass). They are not conpl etel y i sonor-
phi ¢ to ADIs, since thereis no C ++ support for semantic specificati on of such classes (but
see [5]), and since AB(s are declared and used in an object-ori ented, rather than al gebraic
fashi on.

Support for ABG conpletes the possibilities inplicit in the notion that protocol in-
heritance (also known as “specification inheritance”, “interface inheritance”, or just “sub-
typing”) is a logically distinct concept frominpl enentation/representation inheritance.
Dscussions of the inportance of separating these two roles of inheritance nay be found in
[1, 10]. In G+, one can nowobtain protocol-only inheritance via ABS, inplenentation-
onl y i nheritance via “private” subcl assing or sinple conposition, or both, via non-abstract
“public¢” subcl assing,.

The avail ability of AB encourages astyle of programming in whi ch every diflerent set
of protocols gets its own ABC and every inplenentation strategy gets its own subclass.
(T asses that define both protocol and inpl enentati on are needed onl y when speci ficati ons
are narrowenough to di ctate particul ar representations. (Ften, specifications onl y partially
restrict inplenmentations, leading to partially abstract classes. (lor exanple, it mght be
defensible toforce all natrices to possess nenber variables int r, c; toholdthe nunbers
of rows and col unms, and to rewite rows() and cols() accordingly.)

C++ support for ABGs consi derabl y enhances creation of both donai n-i ndependent and
donai n- speci fic reusabl e packages and 11 braries:

o AHG support the design of class hierarchies without forci ng prenature commtnents
to inplenentation details.

o AHG inprove support for guaranteed “pl ug- conpatible” inplenentations. dients
nay repl ace one inpl enentation subclass with another, without any other program
changes.

o MG allowsinpler integration of classes and libraries fromdiflerent sources, by
all owing integrators to subsune two di flerent i npl enentati ons under a common ARG

e AH inprove prospects for standardization efforts, since they address only specifi-
cation, not inplenentationissues.

o AHG are vital for devel opnent of packages in which subcl asses wi th common proto-
col s require vastly diflerent inpl enentations.
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Abstract

Extensions to G-+ are proposed that would enable the directed synthesis of code
as an al ternative to dispatch-based code generation. The strategies are similar to those
used in the SELF conpiler, which uses custom zation techni ques to inpressive effect.
The 1 anguage extensions required to support customzation also enhance support for
other uses of inheritancer#n &€nd are useful in conjunction with proposed addi tions
of paranetric types.

1 Introduction

(e of the snallest, but nost i nportant features introducedin C ++ 2.01s inproved support
for abstract base classes (ABs) via the use of “pure virtual” menber functions. Ior
exanple, !

class Matrix

{
public:

virtual “Matrix() {}

virtual int rows() const = 0;

virtual int cols() const = 0;

virtual float elem(int i, int j) const = O;

int size() { return rows() * cols(); }
+;

This declares a Mtrix class in terns of its protocol or interface (i.e., the signatures
of nenber functions), but not in terns of nenber function inplenentations or the data
representations upon whi ch they operate. Subclasses of Mtrix are required to define the
inpl enentations of these functions thensel ves. % is often useful, this ABCal so declares a
non- pure nenber function (size) that operates exclusively via the pure virtual functions.

d course, it is also possible to declare ordinary “client” functions that operate on any
Mtrix via these nenber functions, regardless of inplenentation. lor exanple,

' will use Matrix-based exanpl es throughout the paper, since they serve vell toillustrate various points.
‘The exanpl es are nostl y realistic, but substantiallystripped-downfromthose suitabl e for seri ous application.
Just to stave off controversy, [ wll note a fewof the nost egregious sinplifications. But inall other respects,
this paper has little to do wth Mtrix classes per se.



