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Abstract

SMG (Smplified Wrapper and Interface Generator) is a freely available tool that integrates Perl,
Python, Tcl, and other scripting languages with programs written in C, C++, and Objective-C. This
paper provides an introduction to SMG and shows how it can be used to construct Per| extension
modules. In addition, a number of applicationsin which SMG has been utilized are described. While
SMG issimilar to other Perl extension building tools such as xsubpp and h2xs, SM G has a number of
unique features that help simplify the task of creating Perl extension modules. Many of these features are
described as well as limitations and future directions. This paper is primarily intended for developers
who are interested in combining Per| with applications writtenin C or C++ aswell as current SMG
users who are interested in learning more about some of SMG's advanced features.

1 Introduction

One of Perl's greatest strengthsisits ability to ssmplify hard programming tasks as well as being able to
solve the odd and varied computing problems that occur on a day-to-day basis. While it would be nice to
use Perl (or other high-level languages) for everything, thisis simply not practical for many applications.
In fact, performance critical tasks, low-level systems programming, and complex data structures are
likely to be implemented in a compiled language such as C or C++ (and may be easier to manage in such
languages). Furthermore, developers often need to work with awide variety of existing applications and
“legacy" systems that are written in such languages.

The integration of Perl and code written in compiled languages has a number of practical benefits. First,

http://www.swig.org/papers/Perl98/swigperl.htm (1 of 36) [27/06/2001 15:24:22]


http://www.swig.org/papers/Perl98/swigperl.pdf

Perl Extension Building with SWIG

it allows existing C/C++ applications to be incorporated into a high-level interpreted environment. This
environment provides greater flexibility and often ssmplifies development since debugging and testing
can be performed using Perl scripts. Second, Perl can serve as a powerful user interface. In other words,
rather than writing a user interface from scratch, it is possible to use a Perl interpreter instead. This also
allows other for other possibilities such as graphical user interface development with Perl/Tk. Finally,
Perl provides devel opers with a mechanism for assembling and controlling software components. Rather
than creating a huge monolithic package, C/C++ programs can be packaged as collections of Perl
extension modules. As aresult, programs become more modular and easier to maintain. Furthermore, it
IS even possible to combine entirely different programs together within a shared Perl interpreter.

This paper provides an introduction and overview of SWIG, atool designed to integrate C code with a
variety of scripting languages including Perl, Python, and Tcl. Currently, SWIG can construct Perl
extension modules on Unix and Windows-NT systems. It also supports the ActiveState Perl for Windows
and Perl4. SWIG has been freely available since February, 1996 and has been previously described in
Advanced Perl Programming, The Perl Journal, and Dr. Dobb's Journal[1,2,3]. In addition, SWIG is
packaged with a 300 page user manual describing its use [4]. The goal of this paper is not to repeat all of
thisinformation, but to provide an overview of SWIG, demonstrate the use of some of its more advanced
features, and describe some of the waysthat it is currently being used. The authors include the devel oper
of SWIG and two of SWIG'sforemost Perl experts who have made substantial contributionsto SWIG's
development.

2 Perl Extension Building

To interface Perl with code written in C or C++, it is necessary to write wrappers that serve asaglue
layer between the Perl interpreter and the underlying C code. These wrappers are responsible for
converting data between Perl and C, reporting errors, and other tasks. Perl is packaged with severa tools
for creating these wrappers. One such tool isxsubpp, acompiler that takes interface definitions written
in aspecial language known as XS and converts them into wrappers. For example, suppose that you had
the following C function:

int fact(int n);
To wrap this function into a Perl module with xsubpp, you would write the following XSfile:

/* file : exanple.xs */
extern int fact(int n);

MODULE = Exanpl e PACKAGE = Exanpl e
I nt
fact (n)

I nt n

When processed with xsubpp, the following wrapper file is produced

#i ncl ude " EXTERN. h"
#i ncl ude "perl.h"
#i ncl ude " XSUB. h"
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extern int fact(int n);

XS( XS _Exanpl e_fact)

{
dXSARGS;
If (items !'= 1)
croak("Usage: Exanple::fact(n)");
{
I nt n = (int)SvlV(ST(0));
I nt RETVAL;
RETVAL = fact(n);
ST(0) = sv_newnortal ();
sv_setiv(ST(0), (IV)RETVAL);
}
XSRETURN( 1) ;
}
XS(boot Exanpl e)
{
dXSARGS;
char* file = FILE ;
XS VERSI ON_BOOTCHECK ;
newXS(" Exanpl e: : fact",
XS Exanpl e fact, file);
ST(0) = &sv_yes;
XSRETURN( 1) ;
}

To use the module, the wrapper code must be compiled and linked into a shared library that can be
dynamically loaded into the Perl interpreter. The easiest way to do thisis with the MakeMaker utility by
writing a script as follows:

# file : Makefile.PL
use ExtUtil s:: MakeMaker;
WiteMakefil e(

' NAME' => ' Exanpl e',

"OBJECT' => 'exanple.o fact. o
);

this script is then used to create a Makefile and module as follows:

uni x > perl Makefile.PL
uni x > nmake
uni X > nmake install

Finally, in addition to creating the C component of the extension module, it is necessary to writea. pm
filethat is used to load and initialize the module. For example,
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# file : Exanple.pm

package Exanpl e;

requi re Exporter;

requi re DynalLoader;

@ SA = g Exporter DynalLoader);

boot strap Exanpl e;

1;
At this point, you should have aworking Perl extension module. In principle, building a Perl extension
requires an XS specification for every C function that is to be accessed. To simplify the process of
creating these specifications, Perl includes h2xs, atool that converts C header filesto XS descriptions.
While useful, h2xs is somewhat limited in its ability to handle global variables, structures, classes, and
more advanced C/C++ features. Asaresult, h2xs can be somewhat difficult to use with more complex
applications.

3 SWIG Overview

In anutshell, SWIG is aspecialized compiler that transforms ANSI C/C++ declarations into scripting
language extension wrappers. While somewhat similar to h2xs, SWIG has a number of notable
differences. First, SWIG is much less internals oriented than XS. In other words, SWIG interfaces can
usually be constructed without any knowledge of Perl'sinternal operation. Second, SWIG is designed to
be extensible and general purpose. Currently, wrappers can be generated for Perl, Python, Tcl, and Guile.
In addition, experimental modules for MATLAB and Java have been developed. Finally, SWIG supports
alarger subset of C and C++ including structures, classes, global variables, and inheritance. This section
provides atour of SWIG and describes many of its interesting features.

3.1 A Small Taste

As afirst example, suppose that you wanted to build a Perl interface to Thomas Boutell's gd graphics
library [footnote: The gd library is afreely available graphics library for producing GIF images and can
beobtained at ht t p: / / www. bout el | . con’ gd/ gd. ht ml . A Perl module to gd, developed by
Lincoln Stein, is aso available on CPAN so interested readers are encouraged to compare the results of
using SWIG against an existing Perl extension.]

SincegdisacC library, images are normally created by writing C code such asfollows:

#i ncl ude "gd. h"
int main() {
gdl magePtr im
FI LE *out ;
I nt bl k, wht ;

/* Create an i nage */
I m=gdl mageCr eat e( 200, 200) ;
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/* Al ocate sone colors */
bl k=gdl mageCol or Al | ocate(im O, 0, 0);
wht =gdl mageCol or Al | ocat e(i m 255, 255, 255) ;

/[* Draw a line */
gdl magelLi ne(i m 20, 50, 180, 140, wht ) ;

/* Qutput the image */

out =f open("test.gif", "wbh");
gdl mageG f (i m out) ;

fcl ose(out);

/* Clean up */
gdl mageDestroy(i m;
}

By building a Perl interface to gd, our goal isto write similar code in Perl. Thus, the functionality of the
gd library must be exposed to the Perl interpreter. To do this, a SWIG interface file can be written as
follows:

/Il File : gd.i
%rodul e gd

A

#i ncl ude "gd. h"
%

t ypedef gdl mage *gdl magePtr;

gdl magePtr gdl mageCreate(int sx, int sy);
voi d gdl mageDest roy(gdl magePtr im;
voi d gdl mageLi ne(gdl magePtr im

int x1, int y1,

Int x2, int y2,

I nt color);
I nt gdl mageCol or Al | ocat e( gdl magePtr im

int r, int g, int b);
void gdlmgeQG f(gdlmagePtr im FILE *out);

Il File 1/O functions (explained shortly)
FI LE *fopen(char *name, char *node),;
void fclose(FILE *);

In thisfile, the ANSI C prototypes for every function that we would like to access from Perl are listed. In
addition, a number of SWIG directives (which are always preceded by a " %") appear. The %odul e
directive specifies the name of the extension module. The %4, % block isused to insert literal code
into the output wrapper file [footnote : This syntax is derived from lex and yacc]. In this case, we simply
include the "gd. h" header file. Finally, afew file 1/O functions also appear. While not part of gd, these
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functions are needed to manufacture file handles used by several gd functions.

To run SWIG, the following command is executed:

unix > swig -perl5 gd.i
Generating wappers for Perl 5

This producestwo files, gd_wr ap. ¢ and gd. pm Thefirst file contains C wrapper functions that
appear similar to the output that would have been generated by xsubpp. The . pmfile contains
supporting Perl code needed to load and use the module.

To build the module, the wrapper file is compiled and linked into a shared library. This process varies on
every machine (consult the man pages), but the following steps are performed on Linux:

uni x > gcc -fpic -c gd wap.c \
- Dbool =char \
-1 /usr/lib/perl5/i586-1inux/5.004/ CORE
uni X > gcc -shared gd wap.o -lgd -o gd.so
At this point, the module is ready to use. For example, the earlier C program can be directly translated
into the following Perl script:

#! [ usr/ bi n/ perl
use gd;

# Create an inmage
$i m = gd: : gdl mageCr eat e( 200, 200) ;

# Al l ocate sone colors

$bl k=gd: : gdl nageCol or Al | ocat e($i m 0, 0, 0) ;

$wht =gd: : gdl nageCol or Al | ocat e( $i m 255,
255, 255) ;

# Draw a |line
gd: : gdl mageLi ne($i m 20, 50, 180, 140, $wht ) ;

# Qut put the inage

$out =gd: : fopen("test.gif", "wh");
gd: : gdl mageG f ($i m $out ) ;

gd: : fcl ose($out) ;

# C ean up
gd: : gdl mageDest roy($i m ;
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3.2 Input Files

In the gd example, SWIG was given a specia interface file containing alist of the C declarationsto be
included in the Perl module. When working with alarge C library, interface files can often be
constructed by copying an existing header file and modifying it slightly. However, in some cases, it is
possible to include a header file asfollows:

%odul e

A

#i ncl ude "gd. h"
%

/1 Grab the declarations fromgd.h
% ncl ude "gd. h"

/1 Some file I/O functions
FI LE *fopen(char *name, char *node),;
void fclose(FILE *);
The % ncl ude directivetells SWIG to include afile and parse al of the declarations it contains. In this

case, the interface would now wrap every function in the gd library as opposed to the half-dozen
functions listed in the first example.

SWIG aso includes a C preprocessor that can be used for macro expansion and conditional compilation.
If anew application is being written with SWIG in mind, header files can be written as follows:

#i fdef SWG
%rodul e gd

A

#i ncl ude "gd. h"
%

#endi f

[ * C decl arations */

With this approach, the file can serve as both avalid C header file and as an interface specification. The
SW Gsymbol is only defined when SWIG is parsing so special directives can be easily hidden from the
C compiler as needed.

Finaly, for thetruly lazy, SWIG can sometimes be run directly on C header and source files. For
example,

%swg -perl5 -nodul e gd gd. h
% sw g -perl5 -nodul e exanpl e exanpl e. c

Most users, however, use a mix of dedicated interface files and header files.
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3.3 Data Model

The most critical part of interfacing Perl to C programs is the management of data. Since Perl and C
utilize a different set of internal datatypes, wrapper generators are responsible for producing code that
marshals data and objects between languages. For fundamental types such asi nt and doubl e the
conversion process is straightforward. However, pointers, arrays, structures, and objects complicate the
process. Furthermore, since most C/C++ programs make extensive use of these datatypes, it is important
for wrapper generators to support as many of these datatypes as possible.

3.3.1 Pointers

SWIG maps C pointers and C++ references into Perl blessed references. These references contain both
the value of the pointer itself, plus atype-signature. In the gd example, pointers were used to manage
both images and files. If one were to print out the value a pointer, it would appear as follows:

gdl magePt r =SCALAR( 0x80b9914)

SWIG uses the type-signature to perform run-time checking of all pointer values. These checks emulate
many of the checks that would have been performed by a C compiler. When an invalid Perl datatype or
pointer of invalid typeis used, arun-time error is generated. For example,

% per |

use gd;

$f = gd::fopen("test.qgif","W);

gd: : gdl mageli ne( $f, 20, 50, 180, 140, 0);
Type error in argunment 1 of gdl magelLi ne.
Expected gdl magePtr. at - |ine 3.

Type-checking is based on the name of each datatype. However, the type-checker also keeps track of
C++ inheritance hierarchiesand t ypedef definitions. Thus, an acceptable pointer type includes any
alternate names that might have been created with at ypedef declaration aswell as any derived
datatypesin C++.

When pointers are manipulated in Perl, they are opaque values. That is, pointers can be created and
passed around to other C functions, but they can not be dereferenced directly. Thus, in the example, itis
difficult (or impractical) for auser to directly manipulate the internal representation of an image from the
Per| interpreter. Furthermore, SWIG, by default, handles all pointersin a uniform manner. Thus,
datatypessuch asFI LE * arerepresented as blessed references even though such types may appear
remarkably similar to other Perl datatypes such asfile handles.

3.3.2 Arrays
SWIG maps al arraysinto pointers where the “"value" of an array is simply a pointer to the first element

in the array. Thisisthe same model used by C compilersand like C, SWIG performs no bounds or size
checking. Thus, afunction such as

voi d foo(double a[4][4]);
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would accept any object of typedoubl e *. Itisup to the user to ensure that the pointer isvalid and
that it points to memory that has been properly allocated.

3.3.3 Structures and Objects

Finally, all structures and objects are represented as pointers. This includes cases where objects are
manipulated by value. For example, the functions

doubl e dot product (Vector a, Vector b);
Vector cross_product (Vector a, Vector b);

are transformed by SWIG into the following wrappers [footnote: When C++ is used, SWIG uses the
default copy constructor instead of mal | oc]:

doubl e
wrap_dot _product(Vector *a, Vector *b) {
return dot product(*a, *b);

}

Vector *

wrap_cross_product (Vector *a, Vector *b) {
Vector *r;
r = (Vector *) mall oc(sizeof (Vector));
*r = cross_product(*a,*b);
return r;

}

The representation of objects by reference avoids the problem of marshaling objects between a C and
Perl representation--a process that would be extremely difficult for very complicated C datatypes. It also
provides better performance since manipulating references is more efficient than copying object data
back and forth between languages. Finally, the use of references closely matches the way in which most
C/C++ programs already handle objects.

The downside to this approach is that objects are opaque in Perl. This prevents users from examining
their contents directly. In addition, SWIG wrappers occasionally need to perform implicit memory
allocations as shown above. It is up the user to free the resources used by such functions (or learnto live
with amemory leak). Of course, this naturally brings us to the next topic.

3.3.4 Memory Management

SWIG maintains a strict separation between the management of Perl and C objects. While Perl uses
reference counting to keep track of its own objects, this scheme is not extended to C/C++ extensions
created with SWIG. Thus, when Perl destroys a blessed reference containing the value of a C pointer,
only the pointer value disappears, not the underlying C data that it points to.

From a user standpoint, SWIG generated C/C++ extensions follow the same memory management rules
as the underlying application. Thus, if aprogramreliesonmal | oc and f r ee to allocate and deall ocate
objects, these will a'so be used from the Perl interpreter. Likewise, a C++ extension typically requires
explicit invocation of constructors and destructors. Furthermore, for functions that implicitly allocate
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memory as in the previous section, it is up to the user to explicitly destroy theresult usingf r ee or a
C++ destructor. While such a scheme may seem problematic, it is no less problematic than memory
management in C (which may or may not be a good thing depending on your point of view). Evenif it
were possible to have Perl automatically manage C/C++ objects, this would be an inherently dangerous
affair--especially since Perl has no way to know how an underlying C application really operates.
Furthermore, it would be afatal error for Perl to deallocate objects that were still in use. Therefore,
SWIG leaves memory management largely up the user.

3.3.5 Pointers, Arrays, and Perl

A common confusion among some novice usersis the difference between C datatypes and similar Perl
datatypes. In particular, Perl references are not the same as a C pointers and Perl arrays are not the same
as C arrays. Differences also apply to other datatypes such asfiles (thisis the reason that the ssimple
example included prototypesfor f open and f cl ose). The primary reason for these differences is that
objectsin Perl have adifferent internal representation than objects in C. For example, aPerl array is
represented as a collection of references to Perl objects which may be of mixed types. The internal
representation of this array is entirely different than what would be used for anormal C array. Therefore,
it isimpossible to take a Perl array and pass it in unmodified form to an arbitrary C function.

The difference between Perl and C datatypes often arises with C functions such as the following:

/* Plot some points */

voi d
pl ot pts(gdl magePtr im int x[], int y[],
int npts, int c)
{
for (int i =0; i < npts; i++) {
gdl mageSet Pi xel (imx[i],y[1],¢);
}
}

Ideally, a user might want to pass Perl arrays as arguments as follows:

@ = (10, 20, 30, 40);

@ (50, 70, 60, 200) ;

gd: :plotpts($im\@,\ @, 4,1); # Error!
However, this script generates atype error instead of acting as one might expect. While such behavior
may seem restrictive or bizarre, SWIG has been deliberately designed to operate in this manner. In fact,
there are even benefitsto this approach. If Perl arrays were to be used as C arrays, a copy would be
made, verified for type-correctness, and deallocated every time an array was passed to a C function. For
large arrays, this would introduce a substantial performance overhead. Space requirements are also a
concern for some C programs. For example, a numerical application might manipulate arrays with
millions of elements. Converting such arrays to and from a Perl representation would clearly introduce
substantial memory and performance overhead. In contrast, manipulating pointers to such arraysis easy
and efficient.
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It should also be noted that SWIG provides avariety of customization options that can be used to change
its behavior. In fact, one can even make SWIG map Perl arraysinto C arraysif desired. Therefore, most

restrictions can be eliminated with a little extra work. Some of these customization techniques are
described shortly.

3.4 Helper Functions

Sometimes the Perl interface constructed by SWIG islacking in functionality or is difficult to use. For
example, in the previous section, afunction operating on C arrays was presented. To construct C arrays
from Perl, it is necessary to add some additional functions to the SWIG interface. This can be done using

the % nl | ne directive asfollows:

/1 Add sone hel per functions for C arrays
% nline %
int *int_array(int size) {

return (int *) malloc(sizeof (int)*size);

}

void int_destroy(int *a) {
free(a);

}

void int_set(int *a, int i, int val) {
a[i] = val;

}

int int_get(int *a, int i) {
return a[i];
}

%

When SWIG builds the scripting interface, these functions become part of the extension module and can

be used as follows:

# Convert a Perl array into a Cint array
sub create_array {
$len = scalar(@) ;
$ia = gd::int_array($l en);
for ($i =0; $i < $len; $i++) {
val = shift;
gd: :int_set($ia,$i,$val);

}

return $ia;
}

@ = (10, 20, 30, 40);

@ = (50, 70, 60, 200);

$ia = create_array(@); # Create C arrays
$ib = create_array( @) ;
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gd::plotpts($imSia,$ib,4,1);

gd cint_destroy($ia);
gd::int_destroy(%$ib);

3.5 Classes and Structures

While SWIG represents all objects as opaque pointers, the contents of an object can be examined and
modified through the use of accessor functions as follows:

/* Extract data from an object */

doubl e Point _x _get(Point *p) {
return p->x;

}

/* I nvoke a C++ nenmber function */
I nt Foo_bar(Foo *f) {

return f->bar();
}

From a Perl script, auser ssmply passes an object pointer to accessor functions to extract internal
information or invoke member functions.

Whileit is possible to write accessor functions manually, SWIG automatically creates them when it is
given structure and class definitions. For example, in the gd library, the following structure is used to
contain image information:

t ypedef struct gdl mageStruct {
unsi gned char ** pixel s;
I nt sXx;
I nt sy;
i nt colorsTotal;

j»”gdl mage;

If this structure definition were placed in the SWIG interface file, accessor functions would automatically
be created. These could then be used to extract information about images as follows:

#! [ usr/ bi n/ perl

use gd;

$i m = gd: : gdl mageCr eat e( 400, 300);

# Print out the inmage w dth

print gd::gdlmge sx get($im, "\n";
Accessor functions are also created for C++ classes and Objective-C interfaces. For example, the class
definition

cl ass List {

http://www.swig.org/papers/Perl98/swigperl.htm (12 of 36) [27/06/2001 15:24:22]



Perl Extension Building with SWIG
publ i c:
List();
~List();
void insert(Qbject *);
obj ect *get(int i);
int length();

}

Is tranglated into the following accessor functions:

Li st *new List() {
return new List;

}

void delete List(List *I) {
delete |;

}

void List insert(List *I, Object *o0) {
| ->i nsert(0);

}

3.6 Shadow Classes and Perl Objects

As an optional feature, the accessor functions created by SWIG can be used to write Perl wrapper classes
(thisis enabled by running SWIG with the - shadow option). While al the gory details can be found in
the SWIG Users Manual, the general ideais that the accessor functions can be encapsulated in a Perl
class that mimics the behavior of the underlying object. For example,

package List;
@SA = gM exanple );

sub new {
ny $self = shift;
ny @rgs = @;

$sel f = new List(@rgs);
return undef if (!defined($self));
bl ess $sel f, "List";
ny % etval ;
tie %etval, "List", $self;
return bless \%etval,"List";
}
sub DESTROY {
delete List(@);
}

sub insert {
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return $result = List _insert(@);

}

This class provides a wrapper around the underlying object and is said to " shadow" the original object.
Shadow classes allow C and C++ objects to be used from Perl in anatural manner. For example,

$l = new List;
$l - >i nsert (%$0);

$I - >DESTROY() ;

For C structures, access to various attributes are provided through tied hash tables. For the gd library,
members of the image data structure could be accessed as follows:

$i m = gd: : gdl nageCr eat e( 400, 400) ;
$width = $i m>{sx};
$hei ght = $i m >{sy};

The other significant aspect of shadow classesis that they allow Perl to perform alimited form of
automatic memory management for C/C++ objects. If an object is created from Perl using a shadow
class, the DESTROY method of that class automatically invokes the C++ destructor when the object is
destroyed. Asaresult, C/C++ objects wrapped by shadow classes can be managed using the same
reference counting scheme utilized by other Perl datatypes.

3.7 Class Extension

When building object-oriented Perl interfaces, it is sometimes useful to modify or extend objects with
new capabilities. For example, the gd library defines the following data structure for defining points:

t ypedef struct {
int X,vy;
} gdPoi nt;

To make this structure more useful, we can add constructors, destructors, and various methods to it
(regardless of whether it isimplemented in C or C++). To do this, the SWIG %addnet hods directive
can be used as follows:

/* Add sone nethods to points */
%addnet hods gdPoi nt {
/* Create a point or an array of points */
gdPoint(int npts = 1) {

return (gdPoint *)

mal | oc(si zeof (gdPoi nt) *npt s) ;

}
/* Destroy a point */
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~gdPoi nt () {
free(self);

}

/* Array indexing */

gdPoi nt *get(int 1) {
return self+i;

}

/* A debuggi ng function */
voi d output () {

printf(" (%, %d)\ n", sel f->x, self->y);
}

b
Now, in the Perl interface gdPoi nt will appear just like a class with constructors, destructors, and
methods. For example,

# Create a point
$pt = new gdPoi nt ;
$pt ->{x} = 20;
$pt->{y} = 50;

$pt - >out put () ;

# Create an array of points

$pts = new gdPoi nt (10);

for ($i = 0; $i < 10; $i++) {
$p = $pts->get ($i);
$p->{x} = Si;
$p->{y} = 10*$i;

}

# Pass the points to a function
gd: : gdl nagePol ygon($i m $pt s, 10, 1);

The class extension mechanism is also a powerful way to repackage existing functionality. For example,
the gdI mage structure and various functions in the gd library could be combined into a Perl class as
follows:

%addmet hods gdl mage {
gdl mage(int w, int h) {
return gdl mageCreate(w, h);

}
~gdl mage() {
gdl mageDestroy(sel f);
}
I nt
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colorAllocate(int r, int g, int b) {
return gdl mageCol or Al |l ocate(self,r, g, b);

}

voi d

line(int x1,int yl,int x2,int y2,int c) {
gdl magelLi ne(sel f, x1,y1,x2,y2,c¢);

}

b

Users can now write scripts as follows:

#! [ usr/ bi n/ perl

use qgd;

$i m = new gdl mage(400, 400) ;

$bl ack = $i m >col or Al l ocate(0, 0, 0);
$white = $i m >col or Al | ocat e( 255, 255, 255) ;
$i m >l i ne(20, 50, 180, 140, $whi te);

With these simple modifications, our interface is already |ooking remarkably similar to that used in the
GD module on CPAN. However, more improvements will be described shortly.

3.8 Access Control and Naming
In certain instances, it may be useful to restrict access to certain variables and class members. Hiding

objects is easy--simply remove them from the interface file. Providing read-only access can be
accomplished using the % eadonl y and % eadw i t e directives. For example,

/| Create read-only vari abl es

% eadonl y
i nt foo; /| Read-only
doubl e bar; /'l Read-only

% eadwrite

/|l Create read-only class nenbers
class List {
% eadonl y

int length; // Read-only nenber
% eadwite

}
When read-only mode is used, attempts to modify a value from Perl result in arun-time error.
Another common problem is changing the name of various C declarations. For example, a C function
name may conflict with an existing Perl keyword or subroutine. To fix this problem, the ¥%mane directive
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can be used. For example,

%ame( cpack) void pack(Object *);

creates anew command " cpack." If name conflicts occur repeatedly, the % enarme directive can be used
to change all future occurrences of a particular identifier as follows:

% enane pack cpack;

The renaming operations can also be applied to C/C++ class and structure names as needed. For
example,

%manme( | mage) class gdl mage {

3.9 Exception Handling

To catch errors, SWIG allows users to create user-defined exception handlers using the Yexcept
directive. These handlers are responsible for catching and converting C/C++ runtime errors into Perl
errors. As an example, the following error handler can be used to catch errorsin the standard C library:

%except (perl5) {
errno = 0O;
$f uncti on
i f (errno) {
die(strerror(errno));
}

}

When defined, the exception handling code is placed into all of the wrapper functions. In the process, the
$f unct i on token isreplaced by the actual C function call. For the example shown, the exception
handler resetsthe er r no variable and calls the C function. If the value of er r no ismodified to a
non-zero value, an error message is extracted from the C library and reported back to Perl.

While catching errors in the C library has been illustrated, exception handlers can aso be written to catch
C++ exceptions or to use any special purpose error handling code that might be present in an application.

3.10 Typemaps

Typemaps are one of SWIG's most powerful features and the primary means of customization. Simply
stated, atypemap isasmall bit of C code that can be given to SWIG to modify the way that it processes
specific datatypes. For instance, Perl arrays can be converted into C arrays, Perl references can be
substituted for pointers, and so forth. This section briefly introduces typemaps and their use. However,
typemaps are a complicated topic so it isimpossible to cover all of the details here and interested readers
are strongly advised to consult the SWIG documentation.
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3.10.1 Example: Output Values

Asafirst typemap example, consider afunction that returns values through its parameters as follows:

voi d
| mgesi ze(gdl magePtr im int *w, int *h) {
*w = gdl mageSX(in;
*h = gdl mageSY(i nm;
}
Asis, this function would be difficult to use because the user must write hel per functions to manufacture,
dereference, and destroy integer pointers. These functions might be used as follows:

$wptr = new.integer(); # Create an 'int *'
$hptr = new.integer();
I mgesi ze($im $wptr, S$hptr);

$w = integer_val ue($wptr); # Dereference
$h = integer _val ue($hptr);
del et e_i nteger ($wptr); # Cl ean up

del et e_i nt eger ($hptr);
A more elegant solution is to use the SWIG typemap library in the interface file as follows:

% ncl ude typemaps. i
voi d i magesi ze(gdl magePtr im int *OUTPUT,
i nt *QOUTPUT) ;
Now, in the Perl script, it is possible to do this:

($w, $h) = i magesi ze($i M ;
Inasimilar spirit, it is also possible to use Perl references. For example:

% ncl ude typemaps. i

voi d

| magesi ze(gdl magePtr im int *REFERENCE,
i nt * REFERENCE) ;

Now in Perl:

# Return values in $w and $h
i magesi ze($i m\ $w, \ $h) ;

To implement this behavior, thefilet ypemaps. i defines a collection of typemap "rules’ that are
attached to specific datatypes such asi nt * OQUTPUT and i nt * REFERENCE. The creation of these
rulesis now discussed.

3.10.2 Creating New Typemaps
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All wrapper functions perform a common sequence of internal ~"operations.” For example, arguments
must be converted from Perl into a C representation, afunction's return value must be converted back
into Perl, argument values might be checked, and so forth. SWIG gives each of these operations a unigue
name such as "'in" for input parameter processing, ~ out" for returning values, — check” for checking
values, and so forth. Typemaps allow a user to re-implement these operations for specific datatypes by
supplying small fragments of C code that SWIG inserts into the resulting wrapper code.

To illustrate, consider the gd example. In the original interface file, two functions were included to open
and close files. These were required because SWIG normally maps all pointers (including files) into
blessed references. Since a blessed reference is not the same as a Perl file handle, it is not possible to pass
Perl filesto functions expecting aFI LE *. However, thisis easily changed with atypemap as follows:

% ypemap(perl 5,in) FILE * {
$target = lol FP(sv_2i o($source));
}

This declaration tells SWIG that whenever aFl LE * appears as afunction parameter, it should be
converted using the supplied C code. When generating wrappers, the typemap code isinserted into all
wrapper functionswhereaFl LE * isinvolved. In the processthe $sour ce and $t ar get tokensare
replaced by the names of C local variables corresponding to the Perl and C representations of an object
respectively. As aresult, this typemap allows Perl files to be used in a natural manner. For example,

open(QUT, ">test.qgif") || die "error!\n";

# Much better than before
gd: : gdl mageG f ($i m *CQUT) ;
Certain operations, such as output values, are implemented using a combination of typemaps as follows:

% ypemap(perl 5,ignore)

I nt *OQUTPUT(int tenp) {
$target = & enp;

}

% ypemap(perl 5, argout) int *OQUTPUT {
i f (argvi >= itens) {
EXTEND( sp, 1) ;
}

$target = sv_newrortal ();

sv_setiv($target, (IV) *($source));

ar gvi ++;

}

In this case, the ““ignore” typemap tells SWIG that a parameter is going to be ignored and that the Perl
interpreter will not be supplying avalue. Since the underlying C function still needs a value, the typemap
sets the value of the parameter to point to atemporary variablet enp. The “argout” typemap is used to
return avalue held in one of the function arguments. In this case, the typemap extends the Perl stack (if
needed), and creates anew return value. Thear gvi variable is a SWIG-specific variable containing the
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number of values returned to the Perl interpreter (so it isincremented for each return value).

The C code supplied in each typemap is placed in a private scope that is not visible to any other
typemaps or other parts of awrapper function. This allows different typemaps to be used
simultaneously--even if they define variables with the same names. This also allows the same typemap to
be used more once in the same wrapper function. For example, the previous section used the i nt

* QUTPUT typemap twice in the same function without any adverse side-effects.

3.10.3 Typemap Libraries

Writing new typemaps is a somewhat magical art that requires knowledge of Perl'sinternal operation,
SWIG, and the underlying application. Books such as Advanced Perl Programming and the man pages
on extending and embedding the Perl interpreter will prove to be quite useful. However, since writing
typemaps from scratch is difficult, SWIG provides away for typemaps to be placed in alibrary and
utilized without knowing their internal implementation details. To illustrate, suppose that you wanted to
write some generic typemaps for checking the value of various input parameters. This could be done as
follows:

/'l check.i
/'l typemaps for checking argunent val ues
% ypemap( perl 5, check) Nunber POSI Tl VE {
if ($target <= 0)
croak(" Expected a positive value");

}

% ypemap( perl 5, check) Pointer *NONNULL {
i f ($target == NULL)
croak("Received a NULL pointer!");

}

To use these typemaps, a user could include thefilecheck. i and usethe ¥%appl y directive. The
%appl y directive smply takes existing typemaps and makes them work with new datatypes. For
example:

% ncl ude check. i

/| Force 'double px' to be positive
%apply Nunmber Positive { double px };

/'l Force these pointers to be NON NULL
%pply Pointer NONNULL { FILE *,
Vect or *,
Matrix *,
gdl mage * };
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/'l Now sone functions
doubl e | og(doubl e px); [l '"px' positive
doubl e dot product(Vector *, Vector *);

In this case, the typemaps we defined for checking different values have been applied to a variety of new
datatypes. This has been done without having to examine the implementation of those typemaps or
having to look at any Perl internals. Currently, SWIG includes a number of libraries that operate in this
manner.

3.11 Other SWIG Features

SWIG has a number of other features that have not been discussed. In addition to producing wrapper
code, SWIG aso produces simple documentation files. These describe the contents of a module. In
addition, C comments can be used to provide descriptive text in the documentation file. SWIG isaso
packaged with alibrary of useful modules that include typemaps and interfaces to common libraries.
These libraries can simplify the construction of scripting interfaces.

3.12 Putting it All Together

In thefirst part of this section, aminimal interface to the gd library was presented. Now, let's take alook
at amore substantial version of that interface.

/1 gd.i

%rodul e gd

A

#i ncl ude "gd. h"
%

[/ Make FILE * work
% ypemap(perl 5,in) FILE * {

$target = lol FP(sv_2i o($source));
}

/1 Grab the gd.h header file

% ncl ude "gd. h"

/! Extend the interface a little bit
%addnet hods gdl nage {

gdl mage(int w, int h) {
return gdl mageCreate(w, h);
}

~gdl mage() {
gdl mageDestroy(sel f);
}

etc ...
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b

%addnet hods gdPoi nt {

... etc ...

}

/1 Wap the fonts (readonly vari abl es)
% eadonl y

% ncl ude "gdfontt.h"
% ncl ude "gdfonts. h"
% ncl ude "gdfontnb. h"
% ncl ude "gdfontl.h"
% ncl ude "gdfontg. h"
% eadwite

Finally, hereisasimple script that uses the module. Aside from afew minor differences, the script is
remarkably similar to the first example given in the standard GD modul e documentation.

use gd;

$i m = new gdl mage( 100, 100);

$white= $i m >col or Al | ocat e( 255, 255, 255);
$bl ack= $i m >col or Al | ocat e(0, 0, 0);
$red= $i m >col or Al | ocat e( 255, 0, 0);
$bl ue= $i m >col or Al | ocat e(0, 0, 255);
$i m >transparent col or ($white);
$im>interlaced(1);

$i m >rectangl e(0, 0, 99, 99, $whi te);

$i m >ar c(50, 50, 95, 75, 0, 360, $bl ue) ;
$Sim>fill (50,50, $red);

open(I M5 ">test.gif");
Sim>gif(*IM3;

close(I M5 ;

4 Interface Building Strategies

SWIG simplifies the construction of Perl extensions because it hides Perl-specific implementation details
and allows programmers to incorporate C/C++ applications into a Perl environment using familiar ANSI
C/C++ syntax rules. In addition, SWIG interfaces are generally specified in aless forma manner than
that found in XS or component architectures such as CORBA and COM. As aresult, many users are
surprised to find out how rapidly they can create Perl interfaces to their C/C++ applications. However, it
Is amisperception to think that SWIG can magically take an arbitrary C/C++ header file and instantly
turn it into auseful Perl module. This section describes some of the issues and solution strategies for
effectively using SWIG.
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4.1 Wrapping an Existing Program

Building a Perl interface to an existing application generally involves the following steps :
1. Locate header files and other sources of C declarations.
2. Copy header filesto interfacefiles.
3. Edit theinterface file and add SWIG directives.
4. Remove or rewrite the application'smai n() function if necessary.
5. Run SWIG, compile, and link into a Perl extension module.

Whileit istheoretically possible to run SWIG directly on a C header file, thisrarely resultsin the best
scripting interface. First, araw header file may contain problematic declarations that SWIG doesn't
understand. Second, it is usually unnecessary to wrap every function and variable in alarge library. More
often than not, there are internal functions that make little sense to use from Perl. By copying header files
to a separate interfacefile, it is possible to eliminate these functions and clean things up with alittle
editing [footnote: An alternative approach to copying header filesisto modify the header files using
conditional compilation to add SWIG directives or to remove unnecessary functions]. Finally, the
underlying application may require afew slight modifications. For example, Perl suppliesits own

mai n() function so if an application also contains mai n( ) , it will have to be removed, rewritten, or
not linked into the extension module.

4.2 Evolutionary Interface Building

After aPerl interfaceisfirst built, its use will expose any problems and limitations. These problems
include functions that are awkward to use, poor integration with Perl datatypes, missing functionality,
and so forth. To fix these problems, interface files can be enhanced with helper functions, typemaps,
exception handlers, and other declarations. Since interfaces are easily regenerated, making such changes
isarelatively straightforward process. However, as aresult, SWIG interfaces tend to be built in an
evolutionary and iterative manner rather than being formally specified in advance.

4.3 Traps and Pitfalls

Finally, there are a number of subtle problems that sometimes arise when transforming a C/C++ program
into a Perl extension module. One of these problems is the issue of implicit execution order dependencies
and reentrant functions. From the Perl interpreter, users will be able to execute functions at any time and
in any order. However, in many C programs, execution is precisely defined. For example, a precise
sequence of function calls might be performed to properly initialize program data. Likewise, it may only
be valid to call certain functions once during a single execution. From Perl, it is easy for a user to violate
these constraints--resulting in a potential program crash or incorrect behavior. To fix these problems,
applications can sometimes be modified by introducing additional state variables. For example, to
prevent repeated execution, a function can be modified as follows:

void foo() {
static int called = 0O;
if (called) return;
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called = 1;
}

It is also possible to catch such behavior using exception handlers. For example,

%except (perl5) {
static int called = O;
i f (called)
croak(" Al ready executed!\n");
$f uncti on
called = 1;
¥
[/ List all non-reentrant functions
void foo();

// | Cl ear the exception handl er
Y%except (perl 5);

Another common problem is that of improper memory management. As previously mentioned, SWIG
extensions use the same memory management techniques as C. Therefore, careless use may result in
memory leaks, dangling pointers, and so forth. A somewhat more obscure memory related problem is
caused when a C program overwrites Perl data. This can be caused by afunction such as the following:

void geterror(char *nsg) {
strcpy(nsg, strerror(errno));
}

This function copies a string into memory pointed to by nsg. However, in the wrapper function, the
value of nsq isreally apointer to data buried deep inside a Perl scalar value. When the function
overwrites the value, it corrupts the value of the Perl scalar value and can cause the Perl interpreter to
crash with amemory addressing error or obscure run-time error. Again, this sort of problem can usually
be fixed with the use of typemaps. For example, it is possible to turn the ns g parameter into an output
value asfollows:

/|l Use a tenporary array for the result
% ypemap(perl 5,ignore)
char *nmsg (char tenp[512]) {
$target = tenp;
}

/1l Copy the output into a new Perl scal ar
% ypemap(perl 5,argout) char *nsg {
I f (argvi >= itens) {
EXTEND( sp, 1) ;
}

$target = sv_newnortal ();
sv_set pv($t arget, $source);
ar gvi ++;
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}
5 Applications

SWIG iscurrently being used in an increasing variety of applications. This section describes some of the
ways in which has been used. A number of advanced SWIG/Perl interfacing techniques such as typemaps
and callback functions are also described.

5.1 Electronic CAD

SWIG plays apivotal role in the development process of Badger, an el ectronic computer-aided design
system, being developed by Fusion MicroMedia, used in the design of integrated circuits and other
electronic components. Badger is afully object-oriented, modular, and highly extensible system, running
under various flavors of the UNIX operating system as well as Windows-NT.

The core componentsin Badger are constructed in C++ and are delivered as a set of shared (dynamically
loaded) libraries. The libraries are not directly linked into an executable program. Instead, each library
comes with an extension language (EL) interface that is generated by SWIG, allowing the library to be
used within a Perl program [footnote: For now, Perl is the only supported extension language. Tcl and
Javawill be supported in the future]. The combination of a powerful EL and well-tuned,
application-specific software resultsin a system that is potent, flexible, and easy to use.

For the most part, SWIG isused ina "normal” fashion: a description of the classes contained within a
library is presented to SWIG, and it generates an EL interface that allows the code within that library to
be accessed from an EL. There are two interesting facets to the use of SWIG within Badger: the use of
““smart references,” and the use of callbacks from C++ to the EL,

5.1.1 Smart References

Suppose a Perl program calls a function defined by Badger (and wrapped with SWIG) in order to create
and return some object. Any Perl variable used to refer to that object really holds a handle to the object,
implemented as a blessed reference containing the object's type and its memory address. Although the
implementation is abit more involved, the handle, in effect, actslike a pointer in C. Now, suppose
another function within Badger is called that causes the original object to be destroyed. Severe problems
will occur if the Perl variable is supplied to another Badger function, because the variable refersto a
non-existent object. The reason for the difficulty is that the extension language expects to have control
over the lifetime of the object, but the external system (Badger) cannot meet this expectation.

It is possible to design Badger so that the extension language has compl ete control over the lifetime of all
the objects within the system. Unfortunately, this approach resultsin a system that istoo closely tied to
the implementation of a particular language, and adding a new extension language to the mix is difficult.
An alternate solution that is simple to implement and is portable, isto introduce " smart references” (also
called proxies) into the design [5, pg. 207]. In effect, a smart reference is an object that has the same set
of operationsasa " real" object, but the smart reference's implementation consists solely of asingle
pointer to a rea" object of the appropriate type.

The extension language interfaces within Badger have been crafted so that the extension language
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manipulates smart references and that the lifetime of a smart reference is completely under the control of
the extension language. Under most circumstances, the extension language performs an operation on the
smart reference, and the smart reference then attempts to transfer the operation to the real object. If the
real object has been destroyed then the smart reference will have been invalidated (it pointstoni | ). In
this case, the operation is aborted and, if possible, an exception israised in the extension language.
Badger contains the necessary machinery to invalidate any smart references that point to an object being
destroyed.

Modern C++ compilers, with their support for templates, run-time type identification, and so forth,
provide the means to automatically construct smart reference classes. For a variety of reasons, we are not
able to aways utilize modern compilers. Hence, we have created the implementations of the smart
references manually, which is atedious process. Fortunately, thistask can be mostly automated by
creating our own code generator as part of SWIG. Thisis asimple matter, as SWIG isamodular
software system.

5.1.2 Callbacks

The extension language interface produced by SWIG allows functions defined in the external system to
be called from within an extension language. Unfortunately, the interface produced by SWIG does not
support the calling of extension language functions within C, C++, or Objective-C. The ability to invoke
functions bidirectionaly is needed by Badger, so support for callbacks from C++ to Perl has been
developed [footnote: For now, callbacks only work with Perl. Support for callbacks with Tcl and Java
will be added later]. The basic approach isthis:

« Defineafunction.
« Register the function.
« Perform some operation that causes the registered function to be invoked.

To make thiswork, Badger provides an abstract base classin C++ called Tr i gger , so called because a
function associated with objects of this classis invoked when an event of some kind occurs. Badger also
provides the machinery to associate Tr i gger objects with an event name and with one or more objects
internal to the system. When an internal object " receives' an event, it examines the set of registered
functions looking for amatch. If amatch isfound thenthe Tr i gger object isinvoked, and the name of
the event and the object that received the event are supplied as arguments.

Badger provides a number of classes derived from Tr i gger that specialize its behavior for certain
extension languages, for C++, or for an object request broker. For example, the Per | 5Tr i gger classis
derived from Tr i gger and it specializesits base class by storing a pointer to a Perl function reference
(an SV*), and by providing the machinery needed to invoke that Perl function.

For example, consider the following Perl fragment:

sub MyFcn {
ny $Event Nane = shift;
ny $Cbject = shift;
# ... rest of function here.

}
nmy $Cbj ect = BadgerFunction(....);
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ny $Nanme = "Can't find file";
Badger : : Regi st er ByQhj ect ( $Nane,

$bj ect, \&WFcn);
$vj ect - >ReadFi | e("A bogus file nanme");

The MyFcn() Perl function isthe callback (trigger) function, and it is registered with $Cbj ect using
theevent namecalled "Can't find fil e". Now, supposethat the $Cbj ect - >ReadFi | e()
operation fails. Internally, Badger will note the failure, determine the appropriate event name, attempt to
find a Trigger object associated with that event, and if found, will ““invoke the Trigger” by calling the
appropriate member function. For the example above, this means that the MyFcn() function will be
caled with$Cbj ect and "Can't find fil e" supplied asarguments. The function may require
more information such as the file name (that could not be opened), and it might find this information by
“pulling” data from the external library using the functions wrapped by SWIG.

The Regi st er ByQhj ect () function isresponsible for creating an object of the Per | 5Tr i gger
class, and for creating the association between the Per | 5Tr i gger , the event name, and the object
receiving the event. There is abit of typemap trickery involved when intercepting the arguments from
Perl:

% ypemap(perl 5,in) SV* pFcn {
i f (! SYROK($source))
croak( " Expected a reference.\n");
$target = SvRV($source);
}
voi d
Regi st er By(bj ect (const char* pcEvent Nane,
Ref* pRef, SV* pFcn);

Thefina portion of the system left to describe is the implementation of the

Per| 5Tri gger: : |l nvoke() member function, whichisresponsible for calling the Perl function
from the C++ side of the world. The implementation of this, taken nearly verbatim from the Advanced
Perl Programming book [1, pg. 353], looks like this:

bool
Per| 5Tri gger::
| nvoke(const char* pcEvent Nane,
voi d* pQbj ect,
const char* pcTypeNane) ({
dSP;
ENTER;
SAVETMPS;
PUSHMARK( sp) ;
SV* pSV = sv_newnortal ();
sv_set pv(pSV, (char*) pcEvent Nane);
XPUSHs(pSV) ;
pSV = sv_newnortal ();
sv_setref pv(pSV, (char*) pcTypeNane,
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pQoj ect) ;

XPUSHs( pSV) ;

pSV = sv_newnortal ();

sv_setpv(pSV, (char*) pcTypeNane);

XPUSHs(pSV) ;

PUTBACK;

int n = perl_call _sv(this->pPerl5Fcn,
G _SCALAR) ;

SPAGAI N;

if (n ==1)

n = POPi ;

PUTBACK;

FREETMPS;

LEAVE;

return n == 0 ? false : true;

}

5.1.3 Benefits And Limitations

The benefits that SWIG provides to Badger are enormous.

« Not counting custom code (e.g., language-specific callbacks), an extension language interface can
be developed in a day, compared with weeks for a hand-crafted approach.

o SWIG supports the use of multiple extension languages with ease.

« Theresulting solution isflexible, and the results can be tailored to meet the needs of complex
applications (e.g., callbacks, smart references, and so on).

SWIG does have limitations, but so far, none of these limitations has proven to be areal impediment. It
also appears that most of these limitations will be eradicated, once SWIG has its own extension language
Interface (see Section 7).

5.2 TCAP and SCCP from HP OpencCall

One of the well known pitfalls of systematic library testing is the creation of a huge number of small C
programs--each designed to perform a single test. More often than not, these C programs have a lot of
common code that is copied from one test case to the other. Testing is further complicated by the tedious
process of editing, compiling, and executing each of these programs.

To solve this problem, SWIG can be used to incorporate libraries into Perl extension modules where test
cases can be implemented as Per| scripts. As aresult, the compile-execute cycleis no longer a problem
and Perl scripts can be used to implement common parts of various test cases.

This section describes the integration of Perl with an API that is part of a HP OpenCall telecom product
developed at HP Grenoble. The API provides access to the TCAP and SCCP layers of the SS7 protocol
and consists of about 20 function and 60 structure declarations. Furthermore, most function parameters
are pointers to deeply nested structures such as follows:
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t ypedef enum {

} ié;address_nature;

t ypedef struct {
fé;address_nature nat ur e;

} tc_global title;

t ypedef struct tc_address struct {
ié;global_title gt;

} t ;:._addr ess;
From a Perl users point of view, the functionality offered by the SWIG generated module must be not be
very different from the underlying C API. Otherwise, test writers may be confused by the Perl APl and

testing will be unnecessarily complicated. Fortunately, SWIG addresses this problem because Perl
interfaces are specified using C syntax and the resulting interface closely resembles the original API.

5.2.1 Creating the SWIG Interface

To wrap the C API, there were three choices. copy and modify the header filesinto a SWIG interface
file, feed the header files directly to SWIG, or write an interface file that includes some parts of the
header files. The first choice requires the duplication of C definitions--atask that is difficult to manage as
the API evolves (sinceit is hard to maintain consistency between the interface file and header files). The
second choice may work if the header files are written in avery clean way. However, it can break down

if header files are too complicated. Therefore, amix of header files and interfaces was utilized.

As part of the interface building process, header files were to be included directly into interface files.
Thisiseasily done using the % ncl ude directive, but a number of problematic nested structure
declarations had to be fixed. For example,

struct tcStat {
uni on {
struct stat _p _abort {
i nt val ue;

tc_p_abort cause p_abort;
} abort;

}op
} tc_stat;
To make this structure more manageable in SWIG, it can be split into smaller pieces and rewritten as
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follows:

t ypedef struct {

I nt val ue;

tc_p_abort cause p_abort;
} tc_stat _abort;

struct TcStat {

tc_stat _abort abort;

.

Such changes have no impact on user code, but they simplify the use of SWIG.

In addition to splitting, a number of structuresin the header files were to be hidden from the SWIG
compiler. While this could be done using asimple #i f ndef SW Gin the code, this could potentially
result in a huge customer problem if they also defined a SW G macro in their compilation process.
Therefore, conditional compilation was implemented using some clever C comments that were parsed by
vpp (See the Text::Vpp module) during the build of the SWIG interface. For example,

/*

HP reserved conment

@f not $ hp reserved t

*/

t ypedef struct {
I nt | engt h;
unsi gned char datas[ MAX ABORT LEN];

} tc_u_abort;

/*

@ndi f

*/

5.2.2 Shadow Classes

By default, SWIG converts structure definitions into accessor functions such as

tc_global title *
tc_address gt _get(tc_address *);

tc_address _nature

tc_global _title nature_set(
tc _global title *t,
tc_address _nature val);

Unfortunately, using such functions is somewhat unfriendly from Perl. For example, to set asingle value,
it would be necessary to write the following:
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$param = new tc_address();
tc_global title nature_set(
tc_address_gt get ($paran),
$val ue) ;
Fortunately, shadow classes solve this problem by providing object-oriented access to the underlying C
structures. Asaresult, it is possible to rewrite the above Perl code as follows:

$parm = new t c_address;
$param >{ gt }{nature} = $val ue;

Needless to say, this approach is much easier for users to grasp.
5.2.3 Customization With Typemaps

To improve the Perl interface, a number of typemaps were defined for various parts of the interface. One
use of typemaps was in structures such as the following:

t ypedef struct {
tc_u abort abort reason;

} tc_dialog portion;
Sincet ¢c_u_abort isdefined by the structure shown earlier, SWIG normally tries to manipulate it

through pointers. However, atypemap can be defined to change this behavior. In particular, it was
decided that testers should be able to set and get this value using BCD encoded strings such as follows:

ny $dialog = new tc_dial og portion;
$di al og- >{abort _reason} = ' 0f 456A";

# O
print "User abort reason is \
$di al og->{abort _reason} \n";

To do this, atypemap for converting BCD Perl strings into an appropriate byte sequence were devel oped.
In addition, the typemap performs afew sanity checks to prevent invalid values.

% ypemap (perl5,in) tc_u_abort *
($baset ype tenp)
{

int i;

STRLEN | en;
short tnp;

char *str;
$target = &t enp;
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[* convert scalar to char* */

str = SvPV($source, | en);

/[* check if even # of char */

if ( (len %2) '=0) {
croak("Uneven # of char");

}

/* set length field */
$target - >l engt h=(1 en/ 2) ;
if ((len/2)>(sizeof ($basetype)-1))

{
croak("Too many bytes in value\n");
}
for (i=0;i<$target->length;i++)
{
I f (sscanf(str,"%hx", &np) '=1)
croak("sscanf failed on %, \
Is it hexa ?2\n",str);
$target->datas[i] = tnp;
str+=2;
}

}
To return the byte buffer back to Perl as a string, a somewhat simpler typemap is used:

% ypemap (perl5,out) tc_u abort *

{
int i;
$t ar get =newSVpvf (" %", $sour ce- >dat as[ 0] ) ;

for (i=1; i< $source->length; i++) {
sv_cat pvf ($target, " %",
$source->datas[i]);
}

argvi ++;
}
SWIG typemaps were also used to fix afew other functions. For example, some functions required an
address parameter encoded as atwo-element array. By default, SWIG wraps this parameter as a pointer,
but this leaves the Perl writer with the painful tasks of creating and filling a C array with sensible values
using the SWIG pointer library or helper functions. Fortunately, with typemaps, it was possible to create
and set this parameter using Perl hashes as follows:

# $address is an ordinary perl hash
# $address will be used as an array
$addr ess->{pc} = 10;
$addr ess->{ssn}= 12;
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SCCP_oantnd($cnxld, $time, undef, $address,
$command, $cnd_par ns);

The typemap implementing this behavior is as follows:

% ypemap (perl5,in) SccpCamAddress* ({
HV* passedHash;
Sv** val uePP;
SccpCamAddr ess t enpAddr ess;
I f (!SvOK($source)) {
/* we were passed undef */
t enpAddr ess| 0] 0;
t enpAddr ess| 1] 0;
} else {
i f (! SvROK($source))
croak("Not a reference\n");
i f (SVTYPE(SVRV($source)) != SVt _PVHV)
croak("Not a hash reference\n");

passedHash = (Hv*) SvRV($source);
val uePP=hv_f et ch(passedHash, “ssn", 3, 0);

i f (*val uePP == NULL)
croak("M ssing 'ssn' key\n");
t enpAddr ess[ 1] = Svi V(*val uePP);
val uePP=hv_f et ch(passedHash, "pc", 2, 0);
I f (*val uePP == NULL)
croak("M ssing 'pc' key\n");
t enpAddr ess[ 0] = Svl V(*val uePP);

}
$target = &t enpAddress;

}

/* SccpOamAddress is returned as
{'ssn' =>ssn_val ue, 'pc'=>pc_val ue} */
% ypemap (perl5,out) SccpCamAddress* {
HV* passedHash;
SV* t heSsn;
SV* thePc;

thePc = newSViv((*$source)[0]);

t heSsn = newSVi v((*$source)[1]);
passedHash = newHV();

hv_st or e( passedHash, "ssn", 3, t heSsn, 0) ;
hv_st or e( passedHash, "pc", 2, t hePc, 0) ;
$target = newRV_noi nc((SV*) passedHash);
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argvi ++;

}
5.2.4 Statistics

Table 1 shows the amount of code associated with .i files and header files as well as the amount of code
generated by SWIG (.C and .pm files). While it was necessary to write afew .i files, the size of these
filesissmall in comparsion to the generated output files.

Module | .i files | .h files | .C files | .pm files
TCAP (434 | 977 16098 | 3561
SCPP | 364 |49 13060 | 2246

Table 1: TCAP and SCPP Modules
5.2.5 Results

Overdl, SWIG saved time when providing Perl access to the TCAP and SCCP libraries. While it took
some time and hard work to write the typemaps, the SWIG approach has several advantages compared to
XS or the pure C approach:

« Theinterfacefiles are quite short so if they are well documented, a new SWIG user should not
have any maor problems maintaining them.

« A new version of the API iswrapped with a'make’ command, so there is no need to edit any file.
In most cases the interface files can remain unmodified, provided there are no weird constructs
introduced in the new version of the API.

« New comments added in the header files will be automatically added in the documentation files
generated by SWIG.

« If necessary, new helper functions may be added in the .i files without impacting other parts of the
code or typemaps. This allows anew user to do it without reading the whole SWIG manual.

« Typemapsthat deal with basic types or simple structures are reusable and can be used with other
APIs.

For those who are considering SWIG's advanced features, the learning curve is alittle steep at first, but
the rewards are great because SWIG advanced features will enable you to provide an improved interface
to the Perl user.

6 Limitations

Currently, SWIG is being used by hundreds of usersin conjunction with a variety of applications.
However, the current implementation of SWIG has a number of limitations. Some of these limitations are
dueto the fact that SWIG isnot afull C/C++ parser. In particular, the following features are not currently
supported:

« Variablelength arguments(...)
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« Pointersto functions.
o Templates.
« Overloaded functions and operators.
o C++ Namespaces.
« Nested class definitions.

When these features appear in a SWIG input file, a syntax error or warning message is generated. To
eliminate these warnings, problematic declarations can either be removed from the interface, hidden with
conditional compilation, or wrapped using helper functions and other SWIG directives.

A closely related problem is that certain C/C++ programs are not easily scripted. For example, programs
that make extensive use of advanced C++ features such as templates, smart pointers, and overloaded
operators can be extremely troublesome to incorporate into Perl. Thisis especially the case for C++
programs that override the standard behavior of pointers and deferencing operations---operations that are
used extensively by SWIG generated wrapper code.

In addition, SWIG does not provide quite as much flexibility as xsubpp and other Perl specific
extension building tools. In order to be general purpose, SWIG hides many of the internal
implementation details of each scripting language. As aresult, it can be difficult to accomplish certain
tasks. For example, one such situation is the handling of functions where arguments are implicitly related
to each other as follows:

void foo(char *str, int len) {
/'l str = string data
/Il len = length of string data

}

Idedlly, it might be desirable to pass a single Perl string to such afunction and have it expanded into a
data and length component. Unfortunately, SWIG has no way to know that the arguments are related to
each other in this manner. Furthermore, the current typemap mechanism only applies to single arguments
S0 it can not be used to combine arguments in this manner. XS, on the other hand, is more closely tied to
the Perl interpreter and consequently provides more power in the way that arguments can be converted
and passed to C functions.

Finally, SWIG is still somewhat immature with respect to its overall integration with Perl. For example,
SWIG does not fully support Perl's package and module naming system. In other words, SWIG can
create amodule “"Foo", but can't create amodule " Foo::Bar." Likewise, SWIG does not currently utilize
MakeMaker and other utilities (although users have successfully used SWIG with such tools). In
addition, some users have reported occasional problems when SWIG modules are used with the Perl
debugger and other tools.
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7 Future Directions

Future development of SWIG isfocused on three primary areas. First, improved parsing and support for
more advanced C++ are being added. These additions include support for overloaded functions and C++
namespaces. Limited support for wrapping C++ templates may also be added. Second, SWIG's code
generation abilities are being improved. Additions include more flexible typemaps and better access to
scripting-language specific features. Finally, an extension APl is being added to the SWIG compiler.
This API will alow various parts of the SWIG compiler such as the preprocessor, parser, and code
generators to be accessed through a scripting language interface. In fact, this interface will even allow
new parsers and code generators to be implemented entirely in Perl.
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9 Availability

SWIG isfreely available on CPAN at

www. per | . com’ CPAN aut hor s/ Dave Beazl ey.

Additional information is also available on the SWIG homepage at www. Swi g. or g. An active mailing
list of several hundred subscribersis also available.
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