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Abstract verting the large body of existing high quality, validated
code to Grid-enabled, Java-based services is both daunting
This paper describes a process for the semi-automatic and expensive. The main aim of the work described in this
conversion of numerical and scientific routines written in paper is to make this conversion task as automated as possi-
the C programming language into Triana-based computa- ble in order to facilitate the use of such services in compos-
tional servicesthat can be used within a distributed service- ing Grid-based scientific applications.

oriented architecture such as that being adopted for Grid
computing. This process involves two separate but related
tools, JACAW and MEDLI. JACAW is a wrapper tool based
on the Java Native Interface (JNI) that can automatically
generate the Java interface and related files for any C rou-
tine, or library of C routines. The MEDLI tool can then be
used to assist the user in describing the mapping between
the Triana and C data types involved in calling a partic-

The wrapping and data mapping functions are carried out
by two separate tools. The Java-C Automatic Wrapper (JA-
CAW) tool automatically wraps C routines as Java code us-
ing the Java Native Interface (JNI). This approach can be
applied to individual C routines, or to whole libraries, and
is based on the routine interfaces given in the C header files.

; : X JACAW allows users with no knowledge of JNI to quickly
ular routine. In this paper we describe both JACAW and and easily build a Java wrapper for C routines. The ap-

MEDLI, and demonstraie how they are used in praciice to proach taken is similar to that of Getov and co-workers in

convert legacy codeinto Grid services. the Java-C Interface (JCI) project [4, 6]. However, JACAW
extends the JCI functionality to deal with arrays of struc-
tures, and provides a graphical user interface through which
1. Introduction users can wrap legacy C libraries.

This paper describes a wrapping and data mapping tech- The MEdiation of Data and Legacy code Interface
nique for converting existing “legacy” code, particularly li-  (MEDLI) tool permits third-party Java software to be used
braries of scientific and mathematical software written in in Java environments. In the case of Triana, MEDLI wraps
the C language, for use as composable computational sercode so it conforms to the Triana component model and uses
vices within a Grid environment based around Triana. Tri- Triana data types for its input and output. MEDLI can be
ana is a visual programming environment that allows users applied to the wrapped C routines produced by JACAW, and
to create applications from code components supplied with so also allows C legacy code to be accessed as native Triana
the system by dragging components, dropping them into acomponents.
workspace, and connecting them together to build a work-
flow graph [9]. Triana was initially developed by scientists

in GEO60G, a major gravitational wave detection experi- This paper is organised as follows. In Section 2, a brief

ment, to help in the flexible analysis of massive data sets. overview iS_ given _Of other approa}ches to_addr(_essing the
problem of integrating legacy code into a Grid environment.

Java’s object-oriented features, platform independence, . . .
and numerous APIs for tasks such as network programming,Se.Ctlon 3 dlscqsses the main fefatures of ‘]A.CAW and de-
scribes the main features of its implementation. MEDLI

XML processing, and GUI building, make it a powerfuland " . .

increasingly popular language for developing Grid-based e- gﬁv'\fcuzsﬁﬂdlzguse?;?n 4;|_ .An eﬁamp(;eGofdthe use of ‘J'?'

Science applications. However, the task of manually con- .~ " anc - Within a Triaha-based 5rd environmen
is given in Section 5. Some concluding remarks are pre-

1See http://Aww.geo600.uni-hanover.de/. sented in Section 6.




2. Related Approaches to the Legacy Code 3. An Introduction to JACAW
Problem
JACAW can be used to wrap existing legacy code in C as
a Java code that calls the original code through the Java Na-
] ) . tive Interface. JACAW can be applied automatically to wrap
Two main approaches have been adopted in applying gnjre software libraries thereby saving time and substan-
Java to numerical computing. In the first approach, sci- i1y reducing the likelihood of introducing coding errors.
entific packages previously written in C, C++, or FOR- jacaw is based on the Java Native Interface (JNI) which is
TRAN are completely rewritten in Java. Examples include 55 Ap| that allows Java code to interact with code written in
commercial packages such as JNL from Visual Numer- 5qiher janguage. JACAW shields the user from the details
ics?, and packages from research projects such as JAMA of JNI, and does not require the user to have any knowledge
Work on the Numerically Intensive Java (NINJA) project ot how to use it. JACAW takes the C header files as input

[7] supports the view that there are no fundamental tech- 54 aytomatically creates the corresponding Java and C files

nical reasons why Java should not be used for high per-needed to make native calls. JACAW also automatically
formance numerical computing. NINJA uses language and .o mpijes the Java files, creates the header files, and builds a

compiler techniques to address Java performance problemsgpareq [ibrary of the JNI-enabled C routines. The user can
and this type of approach is essential if Java is to be adopteditiate and control all these actions through a simple GUI,
throughout the high performance computing community.  5though when used in conjunction with MEDLI this GUI

In the second approach, legacy packages are retained anép essentially replaced by the MEDLI interface. Details of
JNI [5] is used to integrate native methods (e.g., C code) the JACAW GUI, its support for multidimensional arrays
with Java. This may not always be an optimal or elegant and C structures, and performance issues are discussed in a
solution, but it is necessary when large scientific libraries S€parate paper.
are not immediately available in Java. Wrapping legacy C ~ As an example of what JACAW does, suppose the C
code can also result in better performance than pure Javaheader file util.h contains only two routines, the first of
code, though this benefit will presumably diminish as a va- Which generates a pseudo-random number, and the second
riety of compiler and runtime techniques continue to close SOrts an array of integers:
the performance gap between C and Java code. One ex-. gned int rand():
ample of the wrapping apprpach isa nga mterf_ace to MP1 04 bubbl esor t (i ’my int[]);

[1, 6]. The Janet (JAva Native ExTensions) project makes

use of Java language extensions and a preprocessing tool JACAW builds a class for each routine making it clearer
to develop Java interfaces to native code by automatically and more convenient for the user to call the routine from
generating JNI code [3]. This approach requires the sourcejava. In the second routine there are two inputs, and no
code, but this has the advantage of allowing a high degreereturn value — the second parameter int[ | provides both
of control over the low-level behaviour of the native code. the input (the array to be sorted) and output (the sorted
The Jaguar project [10] avoids the use of JNI in accessing array) for the routine. The Java class files generated au-
native code by extending the Java runtime environment to tomatically by JACAW for these two routines are called
enable direct Java access to operating system and hardwargtj|j_randM.java and utilbubblesortM.java. The class
resources. This avoids the need to copy data between thgyame is constructed from the name of the C header file that
Java and native code, and leads to efficient code, but thegefines the interface of the method and the method name.
approach is architecture specific. SWIG [2] connects pro- The capital ‘M’ appended to the method name indicates
grams written in C (and C++) with a variety of high-level  that this class is working as a method. This distinguishes
programming languages (including Java). It processes anit from a class that is working for struct ('S’), enum(E’)
interface file that defines all of the variables and functions and union('U’) types defined in the native code. The code

that need to be accessed from Java (or any other language)lyenerated by JACAW for the utiBubblesortM.java class is
and generates the JNI interface to the C code for Java. How-shown in Fig. 1.
ever, SWIG is not completely automatic (the interface file  The instance variables of this class are arg0, argl, and
needs to be written) and furthermore, in some cases SUffi'needCopy, where argn corresponds to the nth parameter of
cient knowledge of variables and functions may not possi- the bubblesort() routine. The Boolean variable needCopy
ble without the source code (which is often not available). gives the user the option of copying back the array that is
input to the native method when the method completes. The
default value of needCopy is “true”, but if the array does not
2 Java Numerical Library: see http:/mww.vni.com/productsiwpd/inl.  N€ed to be accessed in the Java code before it is next passed
3JAva MAtrix package: see http://math.nist.gov/javanumerics/jama/. to a C routine then setting heedCopy to “false” can reduce




public class utilJ_bubbl esortM
bool ean needCopy = true;

int argo;

int[] argl;

public utilJ_bubblesortMint arg0, int[] argl){
this.arg0 = argo0;
this.argl = argl;

}
public void nativeCall (){
utilJ. bubbl esort(this.arg0, this.argl,
t hi s. needCopy) ;

}
public int getArg0()({
return this.argo;

}

public int[] getArgl(){
return this.argl;

}

public voi d set NeedCopy(Bool ean needCopy) {
t hi s. needCopy = needCopy;
}

Figure 1. utilJ_bubblesortM.java: Java inter-
face for the native routine bubblesort() gener-
ated by JACAW.

#i ncl ude <jni.h>
#i nclude "util.h"
JNI EXPORT jint JN CALL

Java_utilJ_rand(JNIEnv * env, jclass cls) {

/* This is a native call for
net hod: signed int rand() */

signed int ret;

ret = rand();

return ret;

}
JNI EXPORT void JNI CALL

Java_util J_bubbl esort (
JNIEnv * env, jclass cls, jint argO,
jintArray argl, jbool ean needCopy) {
This is a native call for
met hod: voi d bubbl esort (int,
jint* arglp;
i nt node;
arglP = (*env)->GCetlntArrayEl enent s(
env, argl, NULL);
bubbl esort (arg0, arglP);
i f (needCopy == JNI_TRUE) node = 0;
el se node = JNI _ABORT;
(*env) - >Rel easel nt ArrayEl enent s(
env, argl, arglP, node);

/*
int [])*/

Figure 3. utilJCall.c: This code implements
the native methods.

the overhead in some cases by preventing JNI from copying
the value back to Java when it releases the reference to thearray buffer on exit. Otherwise, the mode will be set to
array. This does not apply to the bubblesort() code in Fig. 1. be INLABORT that will free the buffer without copying
Upon return from the bubblesort() native method the user back the possibly modified array. Figure 4 summarises the
can retrieve the sorted array by using the getArg1() method. functions of JACAW and the files it generates.

JACAW generates the Java class utilJ.java that loads and
links the native methods declared in the header file util.h
(see Fig. 2). JACAW also generates the C functions that
implement the native methods and stores them in the file
utilJCall.c (see Fig. 3). On compilation these are placed in
the “util” library referred to in Fig. 2.

utilJ_bubblesortM.java

[

Create Java file utilJ_randM.java

utild.java

utilJ_bubblesortM.clas

[

util.h I:>

Compile Java files utilJ_randM.class

public class utilJ{
public native static int rand();

public native static void bubblesort ( utilJ.class

int arg0, int[] argl, bool ean needCopy); Create the header file— utilJ.h
static {

System | oadLi brary("util"); Create the C file [ utilJCall.c
} Build the library —* libutil.so

Figure 2. utild.java: The class that loads and
links the native methods.

Figure 4. The inputs and outputs of JACAW

Once the library and the Java stub have been created the
' . native routine can be called from Java. The Java interface
The file utilJCall.c makes clear the role of the needCopy created by JACAW is similar to that of original C code. To

a][gumggt thatdls pas;ed t?] the Inatlve m((ejtho? ; the; v_a'lueca” a C routine, such as rand() or bubblesort(), from Java
of needCopy determines the release mode of the primitive . . <o needs to do the following:

array. If needCopy is true, then the mode is set to 0 and
JNI has to copy back the contents of the array and free the 1. Initiate the class corresponding to the wrapped routine.



2. Set the needCopy variable, if necessary, using the setwizard, which allows the user to specify the mediation (i.e.,
NeedCopy() method. The default value is true so this conversion) of the data types between the Java input classes
step can usually be omitted. and the target method and then from the return object of

) the target method to the Java output class. It also facilitates

3. Make the native call. the mediation between the input and output classes for vari-

4. Getthe return value, if any, using the getReturnvalue() ables that are not required in the target routine. Thus, one of

method.

MEDLI’s principal functions is as a graphical “port builder”

that allows the user to group the inputs and outputs of a tar-
5. Retrieve any arguments that may have been modifiedget routine into sub-sets, termed ports, that correspond to
by the call. the data types used by the application from which the target
method is invoked. MEDLI makes extensive use of the Java
An example of the code a programmer might write in introspection mechanism and so requires the classes of the
order to use the wrapped rand() and bubblesort() routinesapplication to provide public get and set methods for their
generated by JACAW is shown in Fig. 5. In this example instance variables, as is the case for Java beans and Triana
lines 1-7 create and initialise an array of 100 random inte- classes. Furthermore, the class of which the target method
gers, and lines 8-10 sort the array. Line 3 initialises the classis a member must have an empty constructor in the current
utilJ_randM. The constructor in this case has no argumentsversion of MEDLI.
because the original C routine, rand(), has none. Withinthe By building ports for target routines it becomes possible
for loop, in lines 5 and 6, the wrapped version of rand() is to use third-party software in an application as if it were
called through the nativeCall() method, and the getReturn- custom-coded for the application. In particular, MEDLI
Value() method is then used to retrieve the random integer provides a means to incorporate third-party software into
generated, which is then stored in the ivalues array. Line 8 Triana toolboxes so that it can be used in exactly the same
initialises the class utilbubblesortM and it should be noted  way as other Triana components.
that the arguments passed to the constructor are simply the JACAW can be used to wrap C routines as Java classes,
arguments of the original bubblesort() routine. The wrapped which can then have ports built for them using MEDLI. In
version of the bubblesort() routine is called in line 9, and in this way, third-party C routines can also be incorporated
line 10 the getArg1() method is used to copy back the argu- into Java-based software environments such as Triana.
ment at position 1 (i.e., the modified array) into the ivalues

array. 4.1. MEDLI and Triana

1. int[] ivalues = newint [100];

2. int len = ivalues.length(); Java requires support for the integration of legacy soft-
i- ;‘g'r' gi—r:g_”idi’: ;‘:]‘_”id:) ?ew utilJ_randM); ware in order to be widely adopted by the scientific and en-
5. rand. nativecal | 0 gineering communities_in C_;rid—enabled a_pplications. Triana
6. i val ues[i] = rand. get ReturnVal ue(); supports Java-based distributed computing and the develop-
7.} ment of MEDLI has been inspired by the need to provide
8. utilJ_bubbl esort M bubbl esort =

pluggable code components for use within Triana. Triana

new utilJ_bubbl esort M1 en, ival ues);
9 bubbl esort. nativeCall ();

. can be used as a workflow composition interface for Grid
10. ival ues = bubbl esort.get Argl();

applications. The basic building blocks of a Triana work-
flow graph are Triana components. These are usually writ-
ten to a certain data type specification, but MEDLI allows
third-party Java (and C) code to be connected to a Triana
component’s input and output ports and used in a Triana
workflow.

Triana has many pre-defined data types within its system.
In the example discussed in Section 5, a Fourier spectrum
is produced from an input waveform. In this case, the FFT
component takes a Triana SampleSet object as its input and
outputs a Triana ComplexSpectrum object and the units can
be connected because their data types match, i.e., one of

MEDLI is a graphical environment for mediating the the accepted data types for the FFT is a SampleSet. How-
conversion of data types between the classes of a Java apever, if we wanted to plug in a third-party Java FFT function
plication and the inputs and outputs of third-party Java soft- then the process is more complicated. The data will need to
ware. This is accomplished through the use of MEDLI's be mediated between the arrays variables of the SampleSet

Figure 5. An example of wrapped routines,
rand() and bubblesort(). The line numbers on
the left are for reference only and do not form
part of the code.

4 MEDLI



data type to the FFT function and the return argument will 4.3. Native Callsand MEDLI
result in the construction of a ComplexSpectrum data type

object. MEDLI provides this functionality. MEDLI also supports the mediation of data between Java
and C functions by integrating JACAW and a compilation
4.2. Usingthe MEDLI| Mediation Wizard wizard.
MEDLI uses JACAW to create JNI bindings to the C
The use of MEDLI is divided into three phases: function that gives it the Java binding it needs for the me-

diation wizard. MEDLI's compilation wizard then helps
the user to compile the C library in a flexible and intuitive
user then araphically mans some or all of these vari- way. '_I'hg compilation_wizard alk_)ws_the user to specify the
ables to th?e inpstancgvarigbles of a selected Java clas compilation process in a compiler-independent way. The
X . %ompilation wizard has a database of several compilers and
(such as a Triana class) through its get and set mGth'translates the GUI options specified by the user into the nec-

ijéégirify g:teitggtiir??: rfgr(ter;?etgrgﬁ;t"r Zlilltlir;it;nhciz essary command-line options of the compiler available on a
P P P particular platform.

variables passed through the target routine arguments The current version of MEDLI builds ports for target

have been mapped to a port. Java methods with empty constructors. However, when JA-

2. Next the user mediates the data returned from the tar-CAW wraps a C routine it creates a single class for that
get function to one or more Java output classes, therebyroutine and passes the arguments via the constructor, as dis-
creating one or more output port(s). This process is cussed in Section 3. Thus MEDLI's behaviour is slightly
very similar to the mapping of the instance variables different when building ports for a Java class generated by
of the target routine arguments. JACAW. In this case MEDLI generates the code to invoke

the constructor and the native method call, and then uses the

3. Finally, the user mediates any other data between thegetarg() and getReturnValue() methods to return the results
input Java class and the output Java class(es) in phasgs the native call.

2. This is data that is not needed by the target routine,

gnd henceils not passedtoitinits argurr_1ents, but which 5. Examples of the Use of JACAW and MEDL |
is needed in the output port(s) created in phase 2.

1. MEDLI displays the instance variables of the classes
in the arguments passed to the target routine. The

MEDLI uses a file browser interface to read in the Java  To demonstrate in more detail how JACAW and MEDLI
classes used to create the ports, and to read in the targeire used to integrate third-party software into a component-
routines. Introspection is then used to discover the instancebased software environment, such as Triana, two exam-
variables of the target and the get and set methods of theples will now be considered. The first example shows
Java classes. MEDLI actually creates a wrapper for the tar-how MEDLI mediates the data passed between Triana and
get Java code. Within this wrapper MEDLI generates code the following third-party fast Fourier transform (FFT) Java

similar to: method:
target _variable = javaQbject.getX(); cl ass FFT extends java.lang. Object {
. . public static double[][] real FFT1D (
when the user maps a target instance variable to the get doubl e[] data){
method of a Java class. This type of mapping is applied to ... transformcode. ..

the inputs of the target routine. After all the inputs to the tar-

get routine have been set, the target routine itself is called.

Similarly, when the user maps a target instance variable to  |n the above example, the realFFT1D() method evaluates

the set method of a Java class MEDLI generates: the FFT of a real input array — the double[] array that is its

input argument. The transformed data is returned as a 2-D

array of doubles, of size data.length() by 2, holding the real
This type of mapping is applied to the outputs of the tar- and imaginary parts of the transform.

get routine, and the code generated by MEDLI for this ap-  In Triana, the FFT method takes as its input a SampleSet

pears after the call to the target routine is called. object and outputs a ComplexSpectrum object. The corre-
A port for which all variables are inputs is tagged as an sponding classes have the simplified forms shown in Fig. 6.

input port, and a port for which all variables are outputsis  In this case MEDLI would integrate the realFFT1D()

tagged as an output port; otherwise, it is tagged as an inoutmethod by generating the code shown in Fig. 7. In line 5,

port. This information can then be used by visual program- the getData() method is used to pass the data array in the

ming environments such as Triana. SampleSet to the realFFT1D() method. In lines 7 and 8, the

javaObj ect. set X(target _vari abl e);



cl ass Sanpl eSet extends Vector Type
i mpl ement's Signal {
public double data[];
publ i c doubl e sanpli ngFrequency;
private doubl e acquisitionTineg;
public get and set nethods for
all instance variables..
}
cl ass Conpl exSpect rum ext ends Vect or Type
i mpl enents Spectral {
public double real[];
public double inmag[];
publ i ¢ doubl e sanpli ngFrequency;
private doubl e acquisitionTime
public get and set nethods for
all instance variables..

Figure 6. The Triana SampleSet and Com-

plexSpectrum data types.

This routine calculates the FFT of a setf real val-
ues stored in the input array data. On return the array
data contains the real and imaginary parts of the transform
packed as follows. The real-valued zeroth artti ele-
ments of the complex transform are stored in data[0] and
data[1]. The remainingg — 1 complex values are stored
in data[2],data[3],. .,data[2n-1] with the real parts being
stored in the even positions and the imaginary parts in the
odd positions. Only: + 1 complex transform values are
stored as the remaining values are all complex conjugates
of the values stored.

JACAW would wrap the realft() routine in a way that is
very similar to the bubblesort() example in Section 3, and
the JACAW-generated code would be used in an application
as follows:

doubl e[] data = new double [128];

int len = data.length()

...set value of elements of data array..

fftJ realftMrealft = new fftJ realftMlen, data);
real ft.nativeCall ()

output array is splitinto an array containing the real part of 4415 = realft. get Arg1();

the transform and an array containing the imaginary part.

These arrays are then inserted into the ComplexSpectrum  The JACAW interface closely follows that of the origi-
object that is returned by the MEDLI code. Finally, inlines na| C routine, and hence it is the user’s responsibility to be
9 and 10, the values of the samplingFrequency and acqui-aware of how the output data is stored. However, the current
sitionTime variables are set in the return object. These areyersion of MEDLI cannot deal with packed data arrays of
not required by the target method and so are copied directlyihe sort output by realft(). The ability to described parame-
form the input SampleSet to the output ComplexSpectrum. terised data types, such as array sections, may be added to

1. inport triana.types. Sanpl eSet
2. inport triana.types. Conpl exSpectrum

3 public class MEDLI _real FFT1D {

4. public static Conpl exSpectrum
real FFT1D( Sanpl eSet i nput) {

5. doubl e[][] output =

FFT. real FFT1D (i nput.getData())

6. Conpl exSpectrum retVal =
new Conpl exSpectrun()

7. retVal . set Real (out put[0])

8. retVal . set| mag(out put[1])

9 ret Val . set Sanpl i ngFr equency(

i nput . get Sanpl i ngFr equency())

10. return retVal;
11. }
12. }

Figure 7. An example of code generated
by MEDLI for integrating a third-party FFT

method as a Triana component.

MEDLI in the future using an approach similar to that used
in MPI for defining derived data types [8].

6 Concluding Remarks

JACAW provides a fast and convenient way of enabling
legacy C routines to be called from Java applications.
MEDLI provides a graphical interface for building ports for
third-party Java software so it can be integrated into soft-
ware environments such as Triana. By using JACAW and
MEDLI together, C routines can be used as pluggable com-
ponents in Triana as if they were custom-designed Triana
components.

Future versions of MEDLI will permit more general data
mappings between the input and output Java objects and the
data types of the target method. In particular, the ability
to map from and to parameterised array sections would be
useful.

Triana was originally designed as a visual programming
environment for signal processing applications in which

The second example considers the integration of a C Triana components are connected to build applications that
function for the in-place evaluation of a real 1-D FFT. Sup- can then be run on stand-alone systems. Triana is currently

pose the header file fft.h contains the following:

void realft (int n, double[] data)

being further developed for use within a distributed environ-
ment where the components making up an application may
execute on different machines and are accessible as Grid



services. Thus, future work on MEDLI will develop a wiz-
ard for deploying a software component as a Grid service.

JACAW will also be extended in the future to permit
wrapped code to be accessed as a Grid service. This will
involve generating a description of the service in an XML-
based format such as Web Services Description Language
(WSDL), and publishing the service in a UDDI and/or Jini
registry.

MEDLI is available from the GridOneD web sfteand
JACAW is available for download from the JACAW web
site’.
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