X3J16/95-0040

W G21/N0640

Concerns With the T emplate Compilation Mo del

John H. Spicer

Edison Design Group, Inc.

jhs@edg.com

Jan uary 31, 1995

In tro duction

A template compilation mo del w as adopted at the V alley F orge meeting in No v em b er 1994.

This do cumen t details concerns ab out the compilation mo del that I b eliev e ha v e not b een

addressed.

As of the time that I am writing this, the w orking pap er w ording for the new compilation

mo del is not y et a v ailable, so the description of the compilation mo del that I will b e using will

b e a com bination of the description in “Ma jor T emplate Issues, Revision 1” (94-0195/N0582),

the additional information discussed in the extensions W G, and the discussions that ha v e tak en

place on the extensions reflector.

I’ll start b y listing m y concerns. I’ll then describ e m y understanding of the compilation

mo del and pro vide a more detailed description of the things that I b eliev e to b e problems.

Finally , I’ll pro vide some prop osed solutions. My main ob jections to the compilation mo del

that w as adopted are:

1. The fact that instan tiations tak e place in a “merged con text” requires that a large amoun t

of con text information b e passed from b oth the template definition and template reference

p oin ts to the instan tiation p oin t. Sa ving and restoring suc h large amoun ts of con text

information will b e prohibitiv ely exp ensiv e.

2. Instan tiations are forced to tak e place at link time (or at translation phase 8 for those

who wish to sp eak in more general terms). This is a problem for users, most of whom

w ould rather get their error messages earlier in the pro cess. It also sev erely constrains

the w a y in whic h a pro cessor implemen ts instan tiation.

3. Instan tiations tak e place in a syn thesized con text, not one that is con trolled b y the pro-

grammer. This mak es it m uc h more difficult to understand and correct errors that o ccur

during instan tiation.

4. The new compilation mo del is radically differen t than an ything that has b een imple-

men ted so far. There are areas that are kno wn to b e unsp ecified (the con text merging

pro cess). It is a big risk to incorp orate something so completely un tested in to the language

so close to the time at whic h w e are trying to complete the language definition.

In other w ords, the WP is requiring that instan tiation b e an exp ensiv e link time op eration

that tak es place in a syn thesized con text. W e kno w what users think of this approac h b ecause these are precisely the things that most p eople complain ab out when using the cfron t template

instan tiation mec hanism.

Ov erview of the Compilation Mo del

Compilation Mo del Used b y Existing Compilers

The follo wing is a small template example that illustrates ho w source files are t ypically orga-

nized when using templates with existing compilers. When using a cfron t-lik e source mo del, a

program includes a .h file and the compiler automatically includes the asso ciated .c file when

needed to generate instan tiations. Other compilers require that the template definition file b e

explicitly included as part of the compilation. One (or b oth) of these source organizations is

used b y virtually all existing compilers and libraries that are in use to da y (including STL, with

the exception that STL unconditionally includes the template definitions in the .h file).

File: a.h

struct A {};

File: f.c

template <class T> void f(T t)

{

A a;

g(a);

h(a, t);

}

File: f.h

template <class T> void f(T);

#ifdef INCLUDE_TEMPLATE_DEFINITIONS

#include "f.c"

#endif

File: t.c

#include "f.h"

#include "a.h"

void g(A){}

void h(A, int){}

int main()

{

f(1);

}

When compiling this example, only the t.c file is compiled. The f.c file is not separately

compiled, but is included as part of some other compilation.

The New Compilation Mo del

The follo wing co de is the example ab o v e as mo dified to w ork with the new compilation mo del:

File: a.h

struct A {};

File: f.c

#include "a.h" // added to declare A

#include "t.h" // added to declare g(A)

template <class T> void f(T t)

{

A a;

g(a);

h(a, t);

}

File: f2.c

// Alternate version of template f (see description below)

template <class T> void f(T t)

{

}

File: f.h

template <class T> void f(T);

// No longer includes f.c

File: t.c

#include "f.h"

#include "a.h"

void g(A){}

void h(A, int){}

int main()

{

f(1);

}

File: t.h

void g(A);

In the new compilation mo del the f.c file is a separately compiled file. As suc h, it m ust

include the header files that are needed to define an y v ariables, t yp es, constan ts, and nondep en-

den t function declarations needed to do the phase 1 name binding of the template definition.

F orcing Instan tiation to Occur at Link Time

One of the features of the new compilation mo del is that the link age b et w een a template

reference and a template definition o ccurs at link time. In the example ab o v e, t w o definitions of template f are pro vided, one in file f.c and one in file f2.c . Both files can b e compiled

pro vided that only one of the ob ject files is included when the program is link ed. Because y ou

kno w nothing ab out the template definition at the p oin t at whic h it is referenced, y ou can’t

kno w whic h sym b ols from the curren t con text migh t b e referenced b y the template. It is the

requiremen t that the link age b et w een template reference and template definition o ccur at link

time that forces all instan tiations to b e done at link time.

No w, I’ll admit that a mo del that uses separate compilation of templates is the most natural

from a user’s p ersp ectiv e. It is the first thing that came to mind when I w as first exp osed to

templates. But it is not the “user in terface” asp ects of the mo del that I ob ject to, it is the

consequences of that in terface. And m y primary concern is the impact of these consequences

on the user, not the implemen tor (although I am concerned ab out the implemen tation issues

to o).

The follo wing is an excerpt from reflector message c++std-ext-2579 , written b y T on y

Hansen of A T&T.

However, on a similar note, her e is another situation r e gar ding templates that I fe el should

b e le gitimate, but no curr ent c ompilers even c ome close to al lowing:

a.h:

----

// declare the template function

template <class T> int f(T);

b.c:

----

#include "a.h"

// define the template function

template <class T> T f(T a)

{ return a * a * a; }

c.c:

----

#include "a.h" // get template function declaration

void foo()

{

int x = f(3); // invoke the template

}

A lthough it may not lo ok like it, I’ve chosen the ab ove filenames c ar eful ly. I would ful ly

exp e ct this pr o gr am to b e c ompilable by typing in:

xcc b.c c.c # 1

(wher e xcc is your favorite c ompiler). I would also exp e ct to b e able to do the fol lowing:

xcc -c b.c # compile the template definition

ar r b.a b.o # put it in a library

xcc c.c b.a # link the library with c.c

As I said, I ha v en’t seen the final definition of the compilation mo del in the WP , but I

b eliev e that the p eople who discussed it w ould probably agree that the command lab eled #1 ab o v e should w ork to compile, instan tiate, and link the program. The concept of a library or

arc hiv e is b ey ond the scop e of the WP , so dep ending on y our p oin t of view, translation phase

8 “The translation units that form a program are com bined. All external ob ject and function

references are resolv ed.” could b e considered to include T on y’s more complex example to o.

But with or without libraries, the fact that the link age of template definition o ccurs at link

time, and the fact that translation units ma y b e link ed with others in arbitrary w a ys mak es

it imp ossible to use a rep ository . The information that is sa v ed w ould ha v e to b e part of the

ob ject file, and ultimately part of the library if the ob ject is used to build a library .

Let’s consider the cost of pro viding this functionalit y . When a file con taining a template

definition is compiled, the resulting ob ject file m ust con tain a represen tation of the template

definition plus complete information ab out an y t yp es, v ariables, functions (including the b o dies

of inline functions), etc. that are referenced b y the template. When a file con taining a template

reference is compiled, the resulting ob ject file m ust con tain a represen tation of an y t yp es,

v ariables, functions (including the b o dies of inline functions), etc. that ma y p otential ly b e

referenced b y the template.

F or a t ypical compilation unit, this could easily mean sa ving sev eral megab ytes of infor-

mation. The most compact metho d of storing this information w ould b e to sa v e the en tire

prepro cessed source co de for a giv en translation unit (this w ould, ho w ev er, b e the most exp en-

siv e represen tation when the information actually had to b e used).

Is it p ossible to optimize this pro cess? Y es, but not in a w a y that w ould remain conforman t

to the standard. When compiling a file, y ou ha v e no idea ho w that file ma y or ma y not b e

link ed with other files y ou are compiling. If template references and definitions are simply

lik e other external references and definitions, the WP places no constrain ts on ho w separate

translation units ma y b e com bined.

Con text Merging

In the new compilation mo del, instan tiating a template requires that information from the

definition con text b e merged with information from the reference con text.

Con text merging suffers from a n um b er of problems

• it is inheren tly exp ensiv e

• it is difficult for users to deal with

Con text merging presen ts problems for users of templates b ecause it mak es the diagnosis

and correction of errors m uc h more difficult. It ev en in tro duces a new source of errors not

otherwise presen t. If a name conflict o ccurs during con text merging, ho w w ould a user go

ab out fixing suc h a problem? Suc h problems already exist in the limited con text syn thesis used

b y the cfron t instan tiation mec hanism. Ev en when the errors are the caused b y a mistak e on

the part of the user, it is difficult to understand the cause of the error and the correctiv e action

required b ecause there is no one place that to whic h the user can go to understand the con text

in whic h the error o ccurred.

In addition to these general problems, there is the additional problem that ho w the con texts

are to b e merged is completely unsp ecified. I’m sure that once there is any definition of the merging pro cess, man y questions will arise. In the mean time, I’d lik e to start with t w o

fundamen tal questions:

• whic h names from eac h con text participate in the merging pro cess?

• what kind of conflicts are p ossible and ho w should they b e handled?

Prop osed Changes

I ha v e t w o prop osals: A simple prop osal that I susp ect w ould b e rejected b ecause it lac ks

elegance, and a more complex prop osal that retains some of the comp onen ts of the curren t

mo del while eliminating those that mak e efficien t implemen tations difficult or imp ossible.

Both of these prop osals p ermit a wider range of implemen tations than is p ossible with the

existing compilation mo del (in fact, they supp ort all existing instan tiation mec hanisms that I

kno w of ). Both p ermit instan tiation mec hanisms that generate the needed instan tiations as part

of the normal compilation pro cess as is the case with most existing implemen tations. Allo wing

instan tiations to o ccur while compiling a translation unit that uses a template w as formerly

seen as an imp ortan t ob jectiv e. So imp ortan t, in fact, that the rule requiring sp ecializations

to b e declared b efore they could b e used w as in tro duced to mak e that instan tiation mo del

p ossible. W e should mak e the c hanges necessary to that that mo del is once again p ossible.

A Simple Alternativ e

The simple alternativ e is to simply require that template definitions b e included wherev er

they are referenced, and to sp ecify nothing more ab out ho w an implemen tation is to handle

instan tiation.

The ob jections that ha v e b een raised to this approac h are

1. It is to o exp ensiv e b ecause of the extra text included in eac h compilation unit.

2. It is to o exp ensiv e b ecause the function definitions ma y themselv es require additional files

to b e included in eac h compilation.

3. This sub jects template definitions to the macros defined in the referencing program.

There is a fourth concern that is sometimes raised, but it is not included in the ab o v e list

b ecause it is simply wrong. Some assume that simply b ecause the template definition files

are included in eac h compilation unit, duplicate instan tiations are actually generated in eac h

ob ject file and m ust b e filtered out later. Y ou ha v e to separate the “source mo del”, whic h

sp ecifies ho w source files m ust b e presen ted to the compiler, from the “instan tiation mo del”

whic h is ho w an implemen tation c ho oses to decide when and where a giv en instan tiation is to

b e p erformed. The b eaut y of the mo del prop osed here is that it giv es implemen tations the

greatest p ossible degree of freedom in deciding when, where, and ho w instan tiations are to b e

done. And, giv en the uncertain t y ab out ho w future implemen tations ma y b e structured, isn’t

this an imp ortan t ob jectiv e?

As for the other p erformance concerns, there are t w o resp onses: First, scanning of template

definitions is a v ery c heap op eration for most compilers. Second, most compilers implemen t some form of precompiled header pro cessing. C++ is a v ery header file in tensiv e language

and mec hanisms for making this pro cess as efficien t as p ossible are widely kno wn and widely

deplo y ed.

In other w ords, this is a pro cess that can already b e done efficien tly b y most implemen ta-

tions.

Finally , as for the concern ab out macros: the class template definitions, function template

declarations, and inline function definitions are already sub jected to an y macros presen t in

the referencing program. Existing implemen tations exp ose the definitions to macros in the

referencing program. This has not presen ted problems in practice.

A More Complex Alternativ e

This alternativ e is in tended to address the t w o most serious problems with the new compilation

mo del while retaining the follo wing prop erties:

• The template definition files can b e separately compiled

• T emplate definitions need not b e included in ev ery referencing translation unit

• Suc h template definitions are not sub jected to macros in the referencing translation unit

The imp ortan t c hanges from the existing compilation w ould b e:

• Instan tiations are not required to b e done at link time; they ma y b e done earlier.

• There is no con text merging. Instan tiation is done in one of the referencing con texts.

In this prop osal, when a template definition file is compiled the result is essen tially a

tok enized represen tation of the template definition. When a template needs to b e instan tiated,

it is done in the one of the con texts from whic h it w as referenced. It is unsp ecified when and

ho w the implemen tation finds the template definition that is to b e used for a giv en reference.

If there is more than one template definition that matc hes the reference, then the result is

undefined. The phase 1 name binding o ccurs at the p oin t in the referencing con text at whic h

the template is declared (for function templates) or, for mem b er functions and static data

mem b ers, at the p oin t at whic h the phase 1 name binding w as done for the asso ciated class

template.

This w ould require that an y header files needed to define names used b y the template

definitions w ould need to b e included b y eac h referencing translation unit. In practice, I don’t

b eliev e this w ould b e a significan t cost, and w ould certainly b e a m uc h smaller cost than sa ving

and restoring con text information as required b y the curren t mo del.

Conclusion

The curren t compilation mo del needs to b e replaced with one that p ermits a wider range

of implemen tations and a v oids the p erformance and user in terface problems asso ciated with

con text merging. I ha v e pro vided t w o p ossible alternativ es, and I’m sure there are others.