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Abstract. The message passing paradigm is the dominating program-
ming model for parallel processing on distributed-memory architectures.
OpenMP is the most widely used parallel programming model for shared-
memory systems. Contemporary parallel computers consist of multiple
shared-memory computers connected via a network so that a hybrid par-
allelization approach combining message passing and OpenMP is often
desired. We present a hybrid parallelization of an iterative method for
the solution of linear systems with a large sparse symmetric coefficient
matrix which is implemented in Java. To this end, we bring together
mpiJava and JOMP and compare the performance on a Sun Fire 6800
system with a hybrid parallel version of the same problem implemented
in Fortran. The scalability of both implementations is similar while, sur-
prisingly, the performance of the Fortran version with data prefetching
is only a factor of about 2 larger than the Java version when up to 22
processors are used.

1 Introduction

Java is emerging as the de facto standard language for platform independent soft-
ware development in higher education and is also becoming increasingly popular
in scientific and engineering applications. Though scientific and engineering com-
putation is certainly not its primary target area and its inefficiency has often
been blamed, Java is today seriously considered for high-performance computing
because its performance has been significantly increased over the last years. In
a few years from now, Java might even obtain better performance than C++
or Fortran; see [3, 9, 15, 19] and the references therein for details on Java in
connection to high-performance computing.

By its feature of native threads [12, 16], Java offers simple and tightly-
integrated support for multiple tasks that behave as though they are all in
progress at one time. Thus, Java is interesting from a parallel computing point of
view. Though there is no integrated support for distributed- and shared-memory
programming, preliminary prototype interfaces to the Message Passing Interface



(MPI) [14, 21] and OpenMP [17, 18] standards are available. With the emer-
gence of multiple shared-memory computers connected via a network, a hybrid
parallelization is becoming more and more attractive. In such an approach, an
application is developed as an ensemble of distributed-memory processes (MPI)
with shared-memory parallelism (OpenMP) used within each process [20].

As a computational problem which frequently arises from different scientific
and engineering areas, we consider the iterative solution of a large sparse system
of linear equations with a symmetric positive definite coefficient matrix by the
conjugate gradient method [8]. The aim of this note is different from the work
in [7, 11, 13] where, using Fortran, different hybrid parallelization strategies for
this given problem at hand are described. Here, the focus is on the programming
language Java and its connection to parallel programming models which are vital
in large-scale computational science. In particular, we demonstrate that Java’s
preliminary prototype interfaces to the MPI and OpenMP standards work to-
gether. To the best of our knowledge, this is the first time a hybrid parallelization
approach is used for Java programs.

The structure of this note is as follows. In Sec. 2, references to Java’s pro-
totype interfaces to the MPI and OpenMP standards are given. A simple MPI-
OpenMP approach to parallelize the conjugate gradient method is sketched in
Sec. 3. Experimental results of the hybrid Java implementation are reported
in Sec. 4. The Java implementation is also contrasted with a hybrid reference
implementation in Fortran.

2 Parallel Computing in Java Using mpiJava and JOMP

MPT is the dominating programming model for parallel processing on distributed-
memory architectures. OpenMP is the most widely used parallel programming
model for shared-memory systems. For Java, prototype interfaces to the MPI
and OpenMP standards are available.

MPI [14, 21] is a specification for a set of portable functions for manag-
ing communication between multiple processes. The standard is available via
http://www.mpi-forum.org. Official bindings are defined for C/C++ and For-
tran. The Java Grande Forum [9] proposed a reference message passing interface
for Java called MPJ [1]. Unfortunately, there is currently no complete implemen-
tation of MPJ. However, the mpiJava [2] package is currently implemented as
an object-oriented Java interface to an underlying MPI implementation. Version
1.2 of mpiJava is close to MPJ.

OpenMP [5, 17, 18] is a set of portable compiler directives, library routines,
and environment variables that can be used to specify shared-memory parallelism
in C/C++ and Fortran programs. The standard defined by a group of computer
hardware and software vendors is available via http://www.openmp.org. The
University of Edinburgh developed a package called JOMP [4, 10] providing an
OpenMP-like set of directives and library routines for Java heavily based on
the existing OpenMP C/C++ specification and enables a high-level approach to



shared-memory programming. A prototype compiler and a runtime library are
available.

3 Hybrid Parallelization Approach for the CG Method

In order to demonstrate the feasibility of a hybrid parallelization strategy and to
asses its quality, we consider the iterative solution of a large linear system of equa-
tions with a sparse coefficient matrix. To this end, we solve the two-dimensional
Laplace equation on the unit square. Finite differences with a five-point stencil
on a regular grid are employed to discretize the partial differential equation lead-
ing to a symmetric coefficient matrix. The conjugate gradient method (CG) [§]
is applied to iteratively solve the resulting sparse linear system. For the sake
of simplicity, preconditioning which is crucial in solving linear problems from
real-world applications is not considered throughout this note.

The conjugate gradient method consists of a loop over a fixed number of
matrix-vector and vector-vector operations. More precisely, the basic operations
of a single CG iteration involve the product of the coefficient matrix and a vector
as well as some linear combinations and inner products of vectors. For the MPI
processes, a two-dimensional domain decomposition approach is used to paral-
lelize the computation and to distribute the corresponding data. All vectors are
distributed consistently over the MPI processes so that no communication is
needed in vector updates. Within each MPI process, OpenMP is used to further
parallelize vector updates, matrix-vector products, and inner products. Since
we are interested in the feasibility of a hybrid approach in Java, we do not try
to minimize synchronization. The aim is not to develop the most efficient paral-
lelization strategy but rather to concentrate on the general procedure of applying
a hybrid parallelization in an incremental manner. Therefore, we choose a sim-
ple way of OpenMP parallelization by using a combined parallel work-sharing
construct for each computation, namely a parallel do directive with appropriate
clauses.

There are two routines needing MPI communication as well as OpenMP
directives. The first one is the matrix-vector product, where the MPI paral-
lelization is implemented by exchanging the data at the boundaries of each two-
dimensional subgrid of an MPI process. This is done still outside of any OpenMP
parallel region. After the MPI communication has completed, each process opens
an OpenMP parallel region and calculates its results local on each MPI process.
The second one is the inner product. Here, a global communication over the MPI
processes will be applied after the processes have calculated their local sums in
an OpenMP parallel region.

4 Experimental Results

In the experiments reported in this section, a SUN Fire 6800 system with 24
Ultra Sparc III processors (900MHz) and 24 GByte of main memory is used.
All experiments are carried out with Solaris 8. The hybrid Fortran program is



aggressively compiled with Forte[TM] Developer 7.1 using MPI from version 5 of
the SUN HPC cluster tools. The hybrid Java program makes use of version 1.2.3
of the mpiJava package and JOMP, version 1.0.beta. The Java(TM) 2 Runtime
Environment, version 1.4.1 is employed. The SUN Fire 6800 system supports
data prefetching as a crucial ingredient for improving the performance of an
application. Data prefetching refers to the preloading of data into the cache
to prevent cache misses [6]. Data prefetching can be switched off for Java by
changing the hardware settings and for Fortran by disabling the corresponding
compiler option.

When increasing the number of processors during the experiments, we si-
multaneously increase the order of the linear system in the following way. The
number of vector elements per processor is always about five times the number
of vector elements that would fit into cache. In this way, the influence of cache
effects is minimized. Furthermore, the goal is to solve problems that are large
enough so that the overall execution time is dominated by the computational
work and not by communication/synchronization. Also, this procedure allows
us to present performance results of the same hybrid code throughout the re-
mainder of this note. We stress that the differences in the performance between
the hybrid code and two “pure” versions, one using only MPI and another using
exclusively OpenMP, are negligible and give no indication for any performance
loss. Finally, we mention that the single-processor performance of the hybrid
code is almost identical to a corresponding serial implementation.
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Fig. 1. Memory bandwidth usage in GByte/s for OpenMP distribution of the hybrid
implementation.



As a first performance metric we consider the memory bandwidth of the ap-
plication which cannot exceed the theoretical hardware limit of 9.6 GByte/s. In
Fig. 1, the memory bandwidth of the hybrid code is shown where a single MPI
process, i.e., OpenMP-only parallelization, is used. The graphs give the memory
bandwidth versus the number of OpenMP threads for three different configu-
rations: a Fortran version with data prefetching labeled “Fortran,” a Fortran
version without data prefetching labeled “Fortran, no prefetching,” and a Java
implementation. It turns out that, in Java, there is no performance difference
between with and without data prefetching. The Fortran performance decreases
by a factor of 2 to 3 when disabling data prefetching. The Fortran version with-
out data prefetching performs only slightly better than the Java version. This
leads us to the conclusion, that the lack of data prefetching support is the main
reason for the performance loss in Java. Thus, better data prefetching support
should bring the Java version closer to Fortran speed. This can be implemented
e.g. by special support for vector operations.

Another observation from this figure is that the memory bandwidth of the
Fortran program with data prefetching saturates with increasing number of
threads and tends to reach the memory bandwidth limitation. The performance
of this configuration gets more and more bandwidth limited until it reaches a
bandwidth of about 8 GByte/s on 22 processors. The Java implementation as
well as the Fortran implementation without data prefetching don’t reach the
bandwidth limitation and scale well up to 22 processors.
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Fig. 2. Performance of the hybrid implementations distributing the work either by
MPI or OpenMP.



In the next set of experiments, the work of the hybrid code is not only
distributed by OpenMP but also by MPI. However, we first consider the case
where OpenMP and MPI are used separately. The performance results for the
Java and Fortran programs distributing the work by either MPI or OpenMP are
given in Fig. 2. The single-processor performance of the hybrid Java program,
40 MFlop/s, is near 23% of the performance of the Fortran program with data
prefetching, 177 MFlop/s. As compared to this Fortran implementation, the
lower performance of the floating point operations in Java results in a smaller
synchronization influence and leads to a better scaling behavior for the Java
program. Notice that the performance gap between Java and Fortran with data
prefetching is decreasing with an increasing number of processors. For instance,
with 10 processors, the Java program speed increases to 42% of the Fortran
reference, and for 22 processors the percentage is about 57%. The Fortran im-
plementation without data prefetching and the Java code are comparable.

In the last set of experiments, the hybrid code is run with using OpenMP
and MPI simultaneously. In Figs. 3 and 4, the performance results are given
when the work is distributed by MPI and OpenMP. In these figures, a vertical
bar is used to denote the performance values of the Java and Fortran imple-
mentations where the Java performance is indicated by the height of the smaller
bar and the Fortran performance is represented by the height of the overall bar.
The Java and Fortran (without data prefetching) versions both scale well when
increasing the number of MPI processes or the number of OpenMP threads; see
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Fig. 3. Performance of the hybrid Fortran without data prefetching (higher values)
and Java (lower values) implementations.



Hybrid Fortran (with prefetching) / Java
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Fig. 4. Performance of the hybrid Fortran with data prefetching (higher values) and
Java (lower values) implementations.

Fig. 3. The performance figures obtained with hybrid parallelization are close
to those reported in Fig. 2 where the work is distributed exclusively by either
MPI or OpenMP. Note that, for 20 processors, the performance of the Java pro-
gram, 584 MFlop/s, is about 58% of the performance of the Fortran (with data
prefetching) program, 1014 MFlop/s; see Fig. 4.

5 Concluding Remarks

In the area of high-performance computing, Java has often been blamed for its
inefficiency. However, a lot of effort was put into the development of compilers
and virtual machines to enhance the performance of Java. The performance gap
between Java and Fortran has continually decreased in the last few years. The
rapid development time in coding, the option to integrate existing applications
written in other programming languages, the standardized infrastructure for
distributed applications in a potentially heterogeneous environment, and the
well-integrated graphical interface for data visualization make Java an interesting
candidate for high-performance computing.

In the iterative solution of a large sparse linear system using the conjugate
gradient method, the hybrid MPI-OpenMP parallelization in Java scales well and
the performance gap between Java and a corresponding hybrid Fortran program
is decreasing when the number of processors is increased. On the SUN Fire 6800
system used throughout this study, its data prefetching mechanism is identified



as the main reason for the loss of the performance in Java. Nevertheless, the
use of Java in high-performance computing offers an interesting and promising
research area for the not too far future.
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