
could be restricted to those for whi ch thi s promi se can be kept. Whi l e the mechani sms
descri bed i n the PT proposal are onl y tangenti al l y rel evant to thi s i ssue { the same probl em
woul d have ari sen i n de�ni ng a BStack100 di rectl y { they do wi den the impact of thi s
l imi tati on.

A �nal simi l ari ty between customi zati on andPTl i es i n the extent to whi chboth stretch
the C-based separate compi l ati onmodel up to, and probabl y past, i ts l imi ts. Whi l e i t may
be possi bl e to mai ntai n the Cmodel , both proposal s woul d be best impl emented under
more sophi sti cated compi l ati on management envi ronments.
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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;

}

Thi s al l ows the code wri tten f or sum to be reused f or matri ces of any subcl ass of any
Matri x cl ass hol di ng any numeri cal el ement type.

There may be ways to i ntroduce both customi zati on and parameteri zati on i nto C ++

that more seaml essl y i ntegrate the two concepts (as mi ght possi bl y be done vi a an anal og of
BETA's \vi rtual cl asses" [ 9] ). However, i t i s pref erabl e to keep these mechani sms di sti nct:
Whenyouneedone, havi ng onl y the other doesn' t hel pmuch. Si nce cl ass templ ates generate
several otherwi se subtype-unrel ated cl asses and/or subcl asses simul taneousl y, they cannot
be used to impl ement customi zati on, or vi ce-versa, even both mi ght rest upon the same
i nternal compi l er f eatures.

There i s another mesh poi nt between PTand the present proposal . The cl ass templ ate
mechani smdoes not improve one securi tyaspect of homogeneous contai ner cl asses. Consi der
the f ol l owi ng exampl e:

class B { int x; /* ... */ };

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

template <class T> class Stack100

{

private:

int sp; T data[100];

public:

void push(const T& a) { data[sp++] = a; }

T& top() { return data[sp-1]; }

//...

};

void f5()

{

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

}

Thi s impl ementati on f ai l s to meet one of the most important speci �cati ons of a stack:
Gi ven any sensi bl e de�ni ti on of \equal s", and i gnori ng the l ack of error handl i ng i n the
simpl i �ed impl ementati on, i t i s desi rabl e, f or any l egal argument a, that af ter s.push(a),
s.top() shoul d equal a. Thi s property cannot hol dwhen d i s pushed i n f5(). The probl em
i s sol vabl e vi a the exact qual i �er descri bed above. If the member functi ons coul d be
decl ared as void push(const exact T& t) and exact T& top(), then l egal arguments
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4 Customizati on and parametri c types

Many readers wi l l have noted that customi zati on addresses simi l ar i ssues, settl ed vi a simi l ar
impl ementati onmechani sms (based on an i nternal macro-expander i ntegrated i nto compi l -
ers), as were di scussed i n Stroustrup' s [ 11] \Parameteri zed Types" (PT) proposal . Whi l e
thi s i s true, the two proposal s are f ocused on two very di �erent i ssues. Customi zati on im-
proves C++ support f or emergi ng uses of i nheri tance, whi l e PTextends C ++ to overcome
l imi tati ons that are l ogi cal l y di sti nct f romsubcl assi ng.

In order to see why both PTand customi zati on are needed, consi der the central con-
cern of the PTproposal , improved support f or the the de�ni ti on and use of homogeneous
contai ner cl asses. Homogeneous contai ner cl asses are structures (e. g. , stacks, sets, matri -
ces) that hol d col l ecti ons of other obj ects (e. g. , i nts, Compl exes, Wi ndows) but al l of the
exact same type per contai ner cl ass. (In contrast, heterogeneous contai ner cl asses are those
whi chhol dcol l ecti ons of obj ects wi th the same base type, but possi bl y di �erent exact types.
Heterogeneous contai ners are readi l y impl ementabl e i n C ++, usual l y vi a poi nter col l ecti ons,
wi thout ei ther PTor customi zati on. ) Homogeneous contai ner cl asses are val uabl e because
they enhance type-saf ety, because they general l y support more e�ci ent impl ementati on
than do heterogeneous contai ners, and because they provi de mechani sms f or ensuri ng that
groups of obj ects possess coexi stent l i f etimes [ 8] .

Customi zati on i n i tsel f does not improve support f or homogeneous contai ners because
de�ni ti ons of homogeneous contai ner cl asses f al l outsi de of the standard subtype/subcl ass
hi erarchy. For exampl e, even though an i ntStack and aWi ndowStack share hi gh- l evel spec-
i �cati ons and code at some abstract l evel , they are not rel ated vi a a common supercl ass. 4

Thi s stems f romthe f act that whi l e i ntStacks have member functi ons l i ke void push(const

int&), Wi ndowStacks have void push(const Window&). Thei r speci �c argument types do
not conf ormto each other, or to those of any other possi bl e supercl ass. As di scussed by
Cook [ 6] , i n order to ensure compl ete type-saf ety, subcl ass vi rtual f uncti on arguments may
not be restri cted sol el y to argument types that are more speci �c than those of thei r parent
cl asses. (Note that thi s probl emi s careful l y avoi ded i n secti on 3 above).

Stroustrup' s sol uti onto thi s probl emwas to i ntroduce support f or cl ass templ ates, whi ch
serve as generators of f ul l -
edged cl asses. Customi zati on i s f ul l y compati bl e wi th the cl ass
templ ates i n the common case where both are desi rabl e. For exampl e,

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(); }

};

4Interestingly, i n the si ngl y-rooted cl ass hi erarchy of Smal l tal k and rel ated l anguages, a heterogeneous
ObjectStack de�ned vi a root cl ass Obj ect i s a subclass of al l homogeneous Stacks. I know of no obj ect-
ori ented l anguage that supports easy expressi on of thi s f act.
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i n whi ch constructors may be sai d to be i nheri tabl e (i . e. , onl y vi a synthesi s). Of course,
these constructors may sti l l be overri dden i n speci �c subcl asses. Simi l ar remarks hol d f or
X::operator = (X&).

3.7 Member variables

Consi der,

class Z

{

private:

template Matrix a;

template Matrix& b;

public:

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

//...

};

There are two probl ems encountered i n supporti ng such custommember vari abl es. The
�rst i s the val ue versus ref erence i ssue agai n: because the exact type of a di �ers across
i nstances of Z, sizeof(Z) i s not compi l e-time determi nabl e across al l Zs. Thi s i s remedi abl e
i n the same manner as above, vi a i nternal f al l -backs to f reestore al l ocati on and the i nternal
use of a (�xed-si ze) poi nter to the vari abl y-si zed part. Agai n, doi ng so resul ts i n no real
cost to users who must otherwi se simul ate thi s e�ect manual l y.

The second probl emi s an i nherent l imi tati on of customi zati on. Si nce customi zati on
revol ves around cl asses, not i ndi vi dual obj ects, the present proposal does not ful l y enabl e
compi l ers to hard-wi re cal l s to ei ther Matri x operati ons on ei ther a or b i nsi de Z' s mem-
ber or user f uncti ons. Wi thout heroi c e�orts, the customi zati on bene�ts of template are
l ost; compi l ers are f orced to di sregard the speci �c obj ect-by-obj ect type i nf ormati on, and
generate most-general -case di spatch-based code.

Nei ther of these i ssues i s a compel l i ng reason not to support the construct. However
users must be made wel l -aware of i ts l imi tati ons.

3. 8 Compl etel y customi zed objects

Whenever a compi l er can stati cal l y determi ne that a l l uses of an obj ect have been cus-
tomi zed (i . e. , that no di spatch-based usages occur), then there i s no need to al l ocate a
di spatch tabl e poi nter (\vptr") f or that obj ect. Thi s i s onl y a si gni �cant i ssue f or extremel y
l i ghtwei ght obj ects, l i ke i nstances of a class Int (not bui l ti n type int). The advantages of
programmi ng wi th \simpl e" �rst-cl ass obj ects wi thout payi ng undue time or space penal -
ti es are hi ghl y desi rabl e i n many appl i cati ons, maki ng the correspondi ng sophi sti cated and
chal l engi ng compi l ati on anal yses that woul d be requi red wel l worthwhi l e.
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One coul d refuse to \uni f y" types i n condi ti onal s and rel atedpoi nts of uncertai ntywhen
deal i ng wi th val ues, i n whi ch case thi s construct woul d be consi dered an ambi gui ty error.

Amore aestheti cal l y pl easi ng approach, that i s i n keepi ng wi th the i dea that al l di �er-
ences between val ues and ref erences shoul d be based sol el y upon whether or not obj ects
are copy-constructed, i s to al l owsuch compi l e-time uncertai nti es, and to resol ve themat
run-time. Doi ng so has some cost to the compi l er. If the deci si on i s del ayed unti l run-time,
then the si ze and i ni ti al i zer of c are not stati cal l y known, so i ts space must be al l ocated and
deal l ocated f romthe f reestore at run-time. However, there i s no actual cost to the user.
Wi thout thi s support, i f programmers need to create c i n thi s f ashi on, then they must do
so manual l y vi a poi nters, as i n

void f4()

{

RowMajorMatrix a(10, 10);

ColumnMajorMatrix b(10, 10);

Matrix* c = (rand() % 2)? new RowMajorMatrix(a)

: new ColumnMajorMatrix(b);

//...

delete c;

}

So the the net resul t i s merel y added conveni ence, and one l ess opportuni ty to (mi s)use
poi nters, at the expense of compi l er compl exi ty. Thi s appears to be a smal l pri ce to pay f or
such a gai n i n uti l i ty and conceptual simpl i ci ty.

There i s al so a more pragmati c reason f or desi ri ng thi s strategy. If customi zati on i s
di sabl ed by a user who i s not i nterested i n potenti al speedups, but onl y the other semanti c
properti es of the template modi �er (say, i n the case of operator +(), above), then a
compi l er woul d need to f al l back on run-time f reestore al l ocati on i n order to support thi s
anyway. (It woul d al so need to i ncl ude functi on poi nters to constructors i n vtabl es, whi ch
i s not currentl y typi cal . )

3. 6 Customconstructors

If template may modi f y this f or member functi ons, then customi zed constructors are
immedi atel y de�nabl e. For exampl e,

class DenseMatrix

{

virtual void copy(const Matrix&) = 0;

public:

DenseMatrix(const Matrix& b) template { copy(b); }

//...

};

Thi s al l ows a base cl ass to speci f y the general f ormof subcl ass X(X&) constructors, thus
general i zi ng the current rul es f or automati c constructor synthesi s, and cl ari f yi ng the sense
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class DenseMatrix

{

//...

virtual template DenseMatrix& operator += (const Matrix& b) template

{ /* ... */ return *this; }

};

The seconduse of template i n the syntacti c posi ti on (l i ke const) that modi �es the type
of this i s necessary here to properl y propagate the type of this to the return val ue. Note
al so that a thi rd use of template, to modi f y argument b mi ght be appl i ed here as wel l .

3. 5 Customval ues

Whi l e al l exampl es so f ar have i nvol ved customi zati on around ref erences or poi nters to
obj ects, the enti re proposal extends natural l y to i ncl ude customi zati on around val ues. For
exampl e, f or a RowMajorMatrix a; i nvoki ng a cal l -by-val ue versi onof float sum(template

Matrix m), vi a float s = sum(a); matches argument m as a RowMajorMatri x, createdvi a
the RowMajorMatri x X(X&) constructor. The most speci �c appl i cabl e X(X&) constructor
must be chosen f or val ue copi es of template arguments.

Support f or \constructi ve" functi ons wi th customi zed return types i s among the most
attracti ve assets of the enti re proposal . For exampl e,

template DenseMatrix operator + (const template DenseMatrix& a,

const template Matrix& b)

{

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

};

de�nes a versi on of operator +() appl i cabl e f or any two appropri ate arguments, wi thout
requi ri ng case-by-case de�ni ti on of al l possi bl e combi nati ons of parameters, as woul d be
requi redwi thout customi zati on. (Of course, i n thi s exampl e, i t probabl y wo u l d be desi rabl e
to overri de thi s versi on f or at l east some argument pai rs. )

There i s, however, a si gni �cant probl emencountered wi th compi l i ng customi zed val ues
that i s not present f or ref erences or poi nters. Consi der,

void f3()

{

RowMajorMatrix a(10, 10);

ColumnMajorMatrix b(10, 10);

template Matrix c = (rand() % 2)? a : b;

//...

}

Here, the exact type of c i s not known at compi l e time.
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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 al l ows customi zati on even i f subcl asses of DiagonalMatrix are i n-
troduced.

Exi sti ng argument-matchi ng rul es may be used i n deci di ng when to cal l a synthesi zed
versi onof sum(DiagonalMatrix&) rather thanof sum(Matrix&). As i s true evennow, when
su�ci entl ypreci se type i nf ormati oni s l acki ng, the most general versi ons of f uncti ons must be
i nvoked/synthesi zed. Thi s has important impl i cati ons f or the authors of speci al i zedtop- l evel
or member functi ons: Whi l e such functi ons maybe impl emented arbi trari l y di �erentl y than
the base versi ons, they must preserve the same semanti cs, si nce authors cannot guarantee
whi ch versi on(s) wi l l be cal l ed i n a gi ven program.

3. 3 Customreturn val ues

Type moni tori ng i s more di�cul t f or a compi l er i n the case of customi zed return val ues,
si nce the exact return type i s not known unti l a f t e r a customi zed functi on i s synthesi zed.
For the simpl est exampl e,

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

void f2()

{

RowMajorMatrix a(10,10);

template Matrix& b = noop(a);

float s = sum(b);

}

The most speci �c type of b i s known to be RowMajorMatrix onl y af ter the speci al i zed
versi on, noop(RowMajorMatrix&) i s synthesi zed.

3. 4 Inheri ti ng return val ue types

C++ currentl ypossesses a seri ous, but removabl e l imi tati onthat of tenimpedes type moni tor-
i ng. For exampl e, the decl arati on of DenseMatrix& DenseMatrix::operator += (const

Matrix& b) above requi res al l subcl ass versi ons of operator +=() to return ref erences to
obj ects whose type i s merel y known to be some subcl ass of DenseMatri x. Thus any usage
of thi s operator l oses val uabl e type i nf ormati on f or i ts resul t.

However, there i s no convi nci ng reason f or thi s restri cti on. As di scussed by Cook [ 6] ,
i t i s enti rel y type-saf e to al l ow subcl ass versi ons to return ref erences to any subcl ass of
DenseMatri x. Wi th the template modi �er, i t becomes possi bl e to express and support
thi s,
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In addi ti on to an i nternal anal og of a macro-expander, the major burden pl aced on a
compi l er supporti ng customi zati on i s the need f or improved type-moni tori ng i n order to
ensure that the \best" versi ons of f uncti ons are synthesi zed and cal l ed. Two basi c C ++

constrai nts make thi s easi er than i t mi ght be otherwi se:

� Every obj ect and expressi on has a most-speci �c type. For exampl e, i f m i s decl ared
as a RowMajorMatri x, then m has types RowMajorMatri x, DenseMatri x, andMatri x,
wi th RowMajorMatri x bei ng the most speci �c.

� Al l type-propagati on i s bottom-up. That i s, the most speci �c types of the arguments
to any operator or f uncti on ful l y determi ne the most speci �c type of the resul t.

Usi ng these two constrai nts, customi zi ng compi l ers canmai ntai n the most speci �c types
of al l obj ects encountered i n a program, across si tuati ons i n whi ch they are not currentl y
requi red to do so.

There are many addi ti onal usage and impl ementati on consi derati ons. The most impor-
tant ones are descri bed here. Af ewdetai l s are omi tted f or the sake of brevi ty.

3. 1 Inabi l i ti es to customi ze

As di scussed above, there are cases where i nsu�ci ent i nf ormati on i s present to customi ze a
cal l at compi l e time. Among the simpl est exampl es i s,

void f1()

{

RowMajorMatrix a(10, 10);

ColumnMajorMatrix b(10, 10);

float s = sum( (rand() % 2) ? a : b );

}

The most speci �c type of the condi ti onal i s j ust Matrix, so a di spatch-based cal l must
be made. Of course, more heroi c i nterventi on i s certai nl y not di sal l owed: Acompi l er may,
f or exampl e, saf el y convert thi s expressi on i nto (rand() % 2) ? sum(a) : sum(b), thus
al l owi ng customi zati on. However, these ki nds of evasi ons are rarel y possi bl e i n general .

3. 2 Overri di ng automati c customi zati on

It i s not at al l necessary f or the compi l er i tsel f to synthesi ze speci al i zed functi ons. As i s
al ready true i n C++, users may overri de functi ons wi th more speci �c versi ons themsel ves.
For exampl e,
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3 Impl ementi ng Customi zati on

The most strai ghtf orward way to impl ement customi zati on i s by �rst i ntroduci ng a type
qual i �er f or obj ects that i s roughl y anal ogous to the use of inline f or f uncti ons. In f act,
simpl y extendi ng the appl i cabi l i ty of inline to obj ects woul d su�ce, except that there
are cases where the two usages woul d con
i ct. However, as di scussed further bel ow, the
al ready-reserved word template �l l s thi s rol e ni cel y, and has the ri ght i ntui ti ve meani ng.

As a type qual i �er, template shoul d be l egal wherever const may be used. It may
modi f y any vari abl e, f uncti on parameter (i ncl udi ng the impl i ci t this parameter to member
functi ons), or f uncti on return val ue desi gnati ng a val ue (i . e. , di sti nct obj ect), ref erence, or
poi nter. The semanti cs of template are that

� The correspondi ng gi ven type i s not necessari l y the most speci �c run-time type pos-
sessed by the decl ared obj ect;

� The compi l er shoul d determi ne the actual type as the most speci �c type knowabl e at
compi l e time f romthe obj ect' s i ni ti al i zer;

� If possi bl e i n l i ght of thi s type i nf ormati on, the compi l er shoul dcreate a speci al versi on
of the functi on i n whi ch thi s decl arati on i s embedded, based upon knowl edge of the
actual type.

For exampl e, redecl ari ng sum(template const Matrix& a) i nstructs the compi l er to
construct a speci al versi on of sum f or each actual Matri x subtype f or whi ch i t i s cal l ed.

Even di sregardi ng the customi zati on aspects of the template modi �er, there i s ampl e
justi �cati on f or i ts i ntroducti on. It syntacti cal l y di sti ngui shes otherwi se di �erent rol es of
programmer-provi ded type i nf ormati on i n C ++. Currentl y, any base-cl ass r e f e r e n c e may be
used to ref er to a si ngl e obj ect of any subcl ass, and thus has i ts type impl i ci tl y �xed upon
i ni ti al i zati on. Abase-cl ass v a l u e may ref er onl y to a parti cul ar cl ass, never a subcl ass. And
a base-cl ass p o i n t e r may be used ambi guousl y to denote obj ects of any subcl ass, perhaps
i ncl udi ng obj ects of di �erent subcl asses over time, except when desi gnati ng el ements of an
array, i n whi ch case a poi nter i s consi dered to have an exact type. Under thi s proposal ,
template may modi f y al l three to cl ari f y and extend the rol e of type i nf ormati on now
associ ated wi th ref erences.

To push thi s poi nt a l i ttl e f urther, an argument coul d be made that an addi ti onal type
qual i �er i s requi red, say, exact, that restri cts parti cul ar poi nters and ref erences to denote
obj ects of one exact type onl y, as do non-templ ate val ues. In thi s manner, one coul dmerel y
say that ref erence decl arati ons def aul t to non-customi zed template, val ues to exact, and
poi nters to thei r current dangerousl y i ndetermi nate rol e. 3 There are several other desi rabl e
resul ts, especi al l y i n terms of enhanced type-saf ety, that woul d stemf romsupport of exact
ref erences and poi nters. Thi s i ssue i s touched on l ater, but i s not central to the remai nder
of the proposal .

3Except that i t woul dconfusi ngl yoverextendthei r meani ngs, the keywordchoi ce of public versus private
i nstead of template versus exact woul d be appropri ate.
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actual arguments suppl i ed to i t. Thi s i s roughl y simi l ar to howcal l -by-name functi ons are
compi l ed i n some l anguages.

Both of these approaches have advantages and di sadvantages that re
ect cl assi c com-
pi l ati on versus executi on and time versus space tradeo�s. The di spatch approach i s much
l ess space- i ntensi ve, and easi er to impl ement, si nce al l versi ons of a pol ymorphi c f uncti on
share the same machi ne code. The customi zati on approach may generate more e�ci ent
impl ementati ons at the pri ce of potenti al code expl osi on.

There i s an overri di ng reason that C ++ compi l ers must support the di spatch model .
Di spatchi ng may be usedwhen the exact run-time type of an obj ect i s not known i nternal l y
to the compi l er. Customi zati on i s impossi bl e i n such si tuati ons. Thi s i ncl udes, especi al l y,
C++ programs i n whi ch heterogeneous col l ecti ons of obj ects, al l of the same base type but
di �erent exact types, are used as arguments to functi ons. Such programmi ng practi ces are
typi cal , but by no means uni versal i n C ++. In many appl i cati ons, i t woul d be consi dered a
desi gn or impl ementati on 
awto have a n y run-time type uncertai nty i n a C ++ program.

Cl earl y, when the exact types of argument obj ects are known, customi zati on can remedy
the ki nds of perf ormance probl ems seenwi thMatri x cl asses. Si nce parti cul ar versi ons of the
functi on are generated, eachcan i ntegrate the appropri ate i nl i nes, andoptimi ze accordi ngl y.
Thi s strategy has the potenti al of resul ti ng i n machi ne code as f ast as obtai nabl e i n any
l anguage.

Customi zati on, or code synthesi s, i s not real l y a new i dea i n C ++. Al l operati ons on
bui l ti n types (int, float, etc. ) are open-coded, or customi zed f or the sake of e�ci ency, as
are non-vi rtual i nl i nes. Al so, X(X&) constructors and assi gnment operators are automati -
cal l y synthesi zed i f not otherwi se de�ned by programmers.

It i s possi bl e to extend customi zati on to appl y to arbi trary cl asses and functi ons. Ungar
and Chambers [ 3, 4] di scovered that di spatchi ng and customi zati on can happi l y coexi st
i n compi l ers f or obj ect-ori ented l anguages. Thei r SELFcompi l er automati cal l y customi zes
some code, especi al l y f or \l i ghtwei ght" obj ects l i ke smal l i ntegers, parti al l y customi zes other
f uncti ons by hard-codi ng cases f or onl y the most typi cal arguments, and uses di spatchi ng
el sewhere. As they menti on, these compi l ati on strategi es are adaptabl e to other obj ect-
ori ented l anguages, i ncl udi ng C++.

Gi ven the overal l structure of C++, a u t o ma t i c customi zati on does not seemto be an
attracti ve opti on. The need f or customi zati on i s primari l y a pragmati c concern of the i n-
tended a p p l i c a t i o n s of cl asses and thei r supporti ng functi ons, not the cl asses themsel ves,
and certai nl y not the compi l er per se. Many users are perf ectl y content wi th ful l y di s-
patched functi ons, especi al l y f or prototypi ng, debuggi ng, and other non-time-cri ti cal use.
More typi cal l y, customi zati on shoul d be appl i ed sel ecti vel y. For exampl e, speedups vi a cus-
tomi zati onmi ght be of overri di ng importance i n operati ons that mul ti pl y matri ces, but not
i n routi nes that pri nt out thei r contents. Thi s i s the same pragmati cs probl emunderl yi ng
C++ support f or i nl i ni ng. Cl ass users ought to have at l east as much to say about whether
f uncti ons are i nl i ned as do cl ass authors. C++ compi l ers need to make such deci si ons eas-
i er to impl ement than requi ri ng users to edi t source code. Theref ore, i f customi zati on i s
supported i n C ++, compi l ers shoul d provi de means f or end-users to control the degree that
both customi zati on and i nl i ni ng are expl oi ted i n parti cul ar programs. The l ogi sti cs of doi ng
so are nei ther simpl e nor impossi bl e.
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determi ne that al l accesses wi thi n sum are l egal , and thus optimi ze the checks away com-
pl etel y. For such reasons, thi s code i s l i kel y to execute around ten times more sl owl y on
most machi nes than i t woul d wi thout the vi rtual cal l s. (Simpl e i nf ormal tests con�rmthe
order of magni tude of thi s estimate. )

Array processi ng code represents an extreme, but very important case i nwhi ch al l owi ng
a compi l er to perf ormi nl i ne substi tuti on of a f ewcri ti cal \l i ghtwei ght" member functi ons,
and then to procedural l y i ntegrate and optimi ze the resul ti ng code represents the di �erence
between merel y attracti ve cl ass desi gns and usabl e packages. The probl emi s not that
these cal l s are vi rtual , or even that there i s procedure cal l overhead at al l . It i s the f ai l ure
to procedural l y i ntegrate code that most hampers perf ormance: In the i deal case, the
executabl e code produced f or sum shoul d be so wel l i ntegrated that f ewmachi ne operati ons
coul d be sai d to \bel ong" to sum or the i nvokedmember functi ons per se. 2 The f ai l ure of
current C++ compi l ers to make powerful optimi zati on strategi es even concei vabl e i s surel y
unacceptabl e to many potenti al users of cl asses l i ke Matri x that are targeted f or use i n
hi gh-perf ormance appl i cati ons. Wi thout accommodati ons, authors of such packages must
sacri �ce obj ect-ori enteddesi gnmethodol ogi es i n f avor of l ess reusabl e, rel i abl e, andcoherent
ad hoc codi ng strategi es.

The remai nder of thi s paper proposes one sol uti on to thi s mi smatch between posi ti ve
desi gn bene�ts and negati ve impl ementati on costs of ABCs, and i nheri tance i n general .

2 Compi l i ng pol ymorphi c f uncti ons

Any cl ass member functi on or top- l evel cl i ent f uncti on that i n v o ke s a vi rtual cl ass f uncti on
i s pol ymorphi c (or more preci sel y, \subtype pol ymorphi c" [ 2] ). Any such functi on, l i ke
sum(const Matrix&), may be thought of as a stand- i n f or an unknown number of speci �c
functi ons sum(const RowMajorMatrix&), sum(const TriDiagonalMatrix&), and so on.

There are two approaches f or impl ementi ng functi ons that share the exact same \hi gh-
l evel " C++ source code.

In the standard \di spatch" approach normal l y empl oyed by C ++ compi l ers, al l versi ons
share the same actual machi ne code, but produce di �erent run-time consequences because
the i ndi rect cal l s generated f romthe member functi on di spatch tabl es (\vtabl es") i nvoke
di �erent impl ementati on code f or di �erent obj ects passed i n as arguments (i ncl udi ng this
as an impl i ci t argument f or member functi ons).

Asecond approach i s to synthesi ze, or c u s t o mi ze as many di �erent speci �c versi ons of
a functi on as are actual l y needed i n a gi ven user program. Each customi zed versi on can
then hard-wi re code speci �cal l y geared f or the gi ven arguments by di rectl y cal l i ng and/or
procedural l y i ntegrati ng i nvoked member functi ons, rather than di spatchi ng them. Thus,
eventhough suchpol ymorphi c f uncti ons share hi gh- l evel source code, they are impl emented
vi a di �erent machi ne code. Acompi l er may impl ement thi s strategy vi a anal ogs of macro-
expansi on: The hi gh- l evel source code may be recompi l ed as a newfuncti on i n l i ght of the

2The C underpi nni ngs of C ++ present several addi ti onal wel l -knownobstacl es (e. g. , uncontrol l edal i asi ng)
f or compi l ers attempti ng to perf ormpowerful Fortran- l i ke optimi zati on strategi es f or numeri cal and array
processi ng. These probl ems al so requi re caref ul attenti on, but are not consi dered here.
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Thi s l ast poi nt i s the most important one f or a l arge number of appl i cati ons. Consi der
the need f or an i ntegrated l i near al gebra package based i n part on cl ass Matri x. In order
to be maximal l y useful , one woul d need a l arge number of Matri x subcl asses, i ncl udi ng
RowMajorMatri x, Col umnMajorMatri x, Tri di agonalMatri x, RowSparseMatri x, and dozens
of others, as wel l as addi ti onal i ntermedi ate abstract subcl asses, to support the range of
al gori thms that have been devel oped f or deal i ng wi th such speci al (i n terms of ei ther rep-
resentati on detai l s or el ement structure) Matri x types. For exampl e,

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 (i < 0 || i >= rows() || j < 0 || 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 i s a great deal of desi gn el egance to be had i n thi s approach. Unfortunatel y,
there i s al so a great deal of i ne�ci ency i n the correspondi ng code generated by current C ++

compi l ers.

Consi der a cal l to sum(a) f or a RowMajorMatrix a. Because al l of the i nvoked opera-
ti ons are vi rtual , actual computati on i s swamped by vi rtual f uncti on cal l s. Worse, because
the impl ementati on code l yi ng i nsi de the vi rtual f uncti ons i s opaque to the C ++ compi l er,
none of the standard optimi zati on strategi es (l i ke strength reducti on, common subexpres-
si on el imi nati on, and even automati c vectori zati on) that can be appl i ed to array processi ng
code i nsi de good optimi zi ng compi l ers are appl i cabl e. Perhaps the easi est (but n o t the most
important) exampl e of the ki nds of probl ems encountered i s i l l ustrated i n the i ndex check-
i ng occurri ng i nsi de RowMajorMatrix::operator(), where the checks must be perf ormed
on each elem cal l si nce the compi l er cannot \see" the bounds checki ng code and stati cal l y
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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;

}

ABCs are cl osel y rel ated to the concept of \Abstract Data Types", or ADTs (see [ 7] ),
i n that they compl etel y hi de f romcl i ents of the cl ass al l representati on and impl ementati on
detai l s (as de�ned i n any gi ven impl ementati on subcl ass). They are not compl etel y i somor-
phi c to ADTs, si nce there i s no C ++ support f or semanti c speci �cati on of such cl asses (but
see [ 5] ), and si nce ABCs are decl ared and used i n an obj ect-ori ented, rather than al gebrai c
f ashi on.

Support f or ABCs compl etes the possi bi l i ti es impl i ci t i n the noti on that protocol i n-
heri tance (al so known as \speci �cati on i nheri tance", \i nterf ace i nheri tance", or j ust \sub-
typi ng") i s a l ogi cal l y di sti nct concept f romimpl ementati on/representati on i nheri tance.
Di scussi ons of the importance of separati ng these two rol es of i nheri tance may be f ound i n
[ 1, 10] . In C++, one can nowobtai n protocol -onl y i nheri tance vi a ABCs, impl ementati on-
onl y i nheri tance vi a \pri vate" subcl assi ng or simpl e composi ti on, or both, vi a non-abstract
\publ i c" subcl assi ng.

The avai l abi l i ty of ABCs encourages a styl e of programmi ng i nwhi ch every di �erent set
of protocol s gets i ts own ABC, and every impl ementati on strategy gets i ts own subcl ass.
Cl asses that de�ne both protocol and impl ementati on are needed onl y when speci �cati ons
are narrowenough to di ctate parti cul ar representati ons. Of ten, speci �cati ons onl y parti al l y
restri ct impl ementati ons, l eadi ng to parti al l y abstract cl asses. (For exampl e, i t mi ght be
def ensi bl e to f orce al l matri ces to possess member vari abl es int r, c; to hol d the numbers
of rows and col umns, and to rewri te rows() and cols() accordi ngl y. )

C++ support f or ABCs consi derabl y enhances creati on of both domai n- i ndependent and
domai n-speci �c reusabl e packages and l i brari es:

� ABCs support the desi gn of cl ass hi erarchi es wi thout f orci ng premature commi tments
to impl ementati on detai l s.

� ABCs improve support f or guaranteed \pl ug-compati bl e" impl ementati ons. Cl i ents
may repl ace one impl ementati on subcl ass wi th another, wi thout any other program
changes.

� ABCs al l ow simpl er i ntegrati on of cl asses and l i brari es f romdi �erent sources, by
al l owi ng i ntegrators to subsume two di �erent impl ementati ons under a commonABC.

� ABCs improve prospects f or standardi zati on e�orts, si nce they address onl y speci �-
cati on, not impl ementati on i ssues.

� ABCs are vi tal f or devel opment of packages i n whi ch subcl asses wi th common proto-
col s requi re vastl y di �erent impl ementati ons.
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Abstract

Extensions t o C++ are pr opos ed t hat would enabl e t he di r ect ed s ynt hes i s of code

as an al t er nat i ve t o di s pat ch-bas ed code gener at i on. The s t r at egi es ar e s i mi l ar t o t hos e

us ed i n t he SELF compi l er , whi ch us es cus t omi zat i on t echni ques t o i mpr es s i ve e�ect .

The l anguage ext ens i ons r equi r ed t o s uppor t cus t omi zat i on al s o enhance s uppor t f or

ot her us es of i nher i t ance i n C++, and ar e us ef ul i n conjunct i on wi t h pr opos ed addi t i ons

of par amet r i c t ypes .

1 Introducti on

One of the smal l est, but most important f eatures i ntroduced i nC ++ 2. 0 i s improvedsupport
f or abstract base cl asses (ABCs) vi a the use of \pure vi rtual " member functi ons. For
exampl e, 1

class Matrix

{

public:

virtual ~Matrix() {}

virtual int rows() const = 0;

virtual int cols() const = 0;

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

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

};

Thi s decl ares a Matri x cl ass i n terms of i ts protocol or i nterf ace (i . e. , the si gnatures
of member functi ons), but not i n terms of member functi on impl ementati ons or the data
representati ons upon whi ch they operate. Subcl asses of Matri x are requi red to de�ne the
impl ementati ons of these functi ons themsel ves. As i s of ten useful , thi s ABCal so decl ares a
non-pure member functi on (size) that operates excl usi vel y vi a the pure vi rtual f uncti ons.
Of course, i t i s al so possi bl e to decl are ordi nary \cl i ent" functi ons that operate on any
Matri x vi a these member functi ons, regardl ess of impl ementati on. For exampl e,

1I wi l l use Matri x-based exampl es throughout the paper, si nce they serve wel l to i l l ustrate vari ous poi nts.
The exampl es are mostl y real i sti c, but substanti al l y stri pped-downf romthose sui tabl e f or seri ous appl i cati on.
Just to stave o� controversy, I wi l l note a f ewof the most egregi ous simpl i �cati ons. But i n al l other respects,
thi s paper has l i ttl e to do wi th Matri x cl asses per se.
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