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Abstract

The Java programming language has a number of features that make it attractive for writing high-quality, portable parallel programs. A
pure object formulation, strong typing and the exception model make programs easier to create, debug and maintain. The elegant threading
provides a simple route to parallelism on shared-memory machines. Anticipating great improvements in numerical performance, this paper
presents a suite of simple programs that indicate how a pure Java Navier—Stokes solver might perform. The suite includes a parallel Euler
solver. We present results from a 32-processor Hewlett—Packard machine and a 4-processor Sun server. While speedup is excellent on both
machines, indicating a high-quality thread scheduler, the single-processor performance needs much improvement. © 2000 Published by

Elsevier Science Ltd. All rights reserved.
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1. A high-performance Java test suite for engineering
and science

In this paper we present a set of parallel Java [1,2]
programs based on the Java Thread concept as well as the
Java Remote Method Invocation (RMI) to serve as a test
suite to measure the suitability of the Java OOP [3.,4]
(Object-Oriented-Programming) methodology to be used
for large scale applications in engineering and science.
We will provide quantitative measurements concerning
parallel speedup and parallel scalability as well as thread
handling in Java. Also, the question of numerical perfor-
mance will be addressed and the impact of the various
Java compilers will be presented.

In addition, we will also discuss qualitative questions
such as code robustness, maintainability, reusability and
testability. In light of the frustrating failures of launches
by NASA, Lockheed Martin or Boeing that resulted in
multibillion-dollar losses the question of software reliability
is a major topic. Also, in Europe, flight 501 ended in self-
destruction of the new launcher Ariane 5 after 37 s in flight,
because of a programming error.

We will first discuss why Java is the language of choice
for high-performance applications in science and engineer-
ing. We will present computational evidence as well as code
fragments in order to demonstrate that Java can provide both
requirements, namely high numerical performance on
parallel architectures and all the conceptual benefits of
OOP. Java allows the code developer to think in systems

and not in algorithms. Thus, the code design process reflects
the actual engineering system and therefore displays a much
clearer design and visibility.

While the impact of the Java programming language has
not yet been strongly felt in the high-performance comput-
ing community, it has quickly become the de facto language
in the huge web programming industry. We believe that this
trend will continue into numerically intensive computing
[5,6] because a Java program is more flexible, easier to
debug and easier to write than a program in C++ or
Fortran. Furthermore it has convenient and flexible thread-
ing to allow the programmer to make parallel programs.

When we compared Java with existing programming
languages for science and engineering, namely Fortran
and C (to some extent C+ +), despite its similar syntax to
C, it became clear that Java was not just another pro-
gramming language. Java is an OOP language, providing,
however, a much cleaner design than C++. OOP allows
code construction reflecting, for instance, the engineering
design process, because objects can be software coded and
integrated. In addition, Java is the programming language
for the Internet, and thus Java objects on disparate machines
or even separate networks can be connected.

Producing engineering software in Java requires a differ-
ent way of thinking, i.e. central to Java is the class concept.
A class is a collection of data structures and methods,
describing the functionality of a certain item, for example,
a wing. An aircraft can be described by a set of classes,
representing a wing, fuselage, nacelle, pylon, engine, etc.
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A specific aircraft can be constructed by instantiating
objects from these classes. In this way, a direct mapping
of the engineering parts to the corresponding software
objects can be achieved. The Java language mechanism
allows encapsulation and inheritance, meaning that an exist-
ing class can be used and modified according to the needs of
the code designer. The validated parent class will not be
touched, allowing complete code reusability. The interface
notion of Java extends the concept of inheritance, providing
some kind of template. The Java OOP approach provides
profoundly improved software productivity. Java’s robust
mechanism for exception handling promotes code reliability
(remember the Ariane 5 flight 501 in 1996 when the
launcher was destroyed by the self destruction system
because of software error, or faulty software involved in
the recent failures that occurred in six of the last nine U.S.
launches), a feature considered to be essential for today’s
large and complex codes.

Besides the clean, OOP model, Java makes it much easier
for a programmer to use threads, which is the primary route
to parallelism (and therefore speed) on a shared-memory
machine—the architecture of many modern machines.

Java has a unique capability of using the Internet. This
special feature has been used to build a general client—
server application that allows the client and the server to
communicate and exchange data as well as code over the
Internet. The idea is to provide a general framework for
simulation purposes governed by partial differential
equations where at run time the client proves the specific
numerical solver to the server. Once this framework is in
place, it can serve as a parallel and geometric platform for
any kind of scientific or engineering problem described by a
solution space and a set of equations.

1.1. Why threads are good for CFD

When writing a parallel program, the memory of the
machine may be distributed or shared. In the former case,
each processor has its own memory, and communication is
by messages; in the latter case, each processor has access to
all of the memory.

Distributed memory is easier and therefore cheaper to
implement, but it leaves the programmer responsible for
partitioning the data among the processors. For a simple
CFD solver this approach is very effective: the compu-
tational grid is partitioned and a messaging scheme is
coded to exchange data between neighboring processors
that share a boundary. After each time step, there is a
loose synchronization mediated by this data exchange, so
the simulation moves at the pace of the slowest processor.
Therefore, we require each processor to have roughly equal
work in order to obtain good performance from the machine.
If each grid point takes equal work to update it, then we can
split the grid so that each processor has the same number of
grid points. This strategy works very well for simple,
explicit schemes [7].
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Unfortunately, the most numerically efficient CFD
schemes do not generate the same computational work at
each grid point. An iterative linear solver, employed
separately on each block of a multiblock grid, may require
different numbers of iterations on each of the blocks. Grid
points may differ in the algorithms they use: different
temperatures or shear rates may cause different turbulence
or chemistry models to be invoked. Furthermore there may
be different subgrid schemes near the boundaries. All of
these effects point to increasing computational hetero-
geneity with increasing sophistication of the solver.

Complex dynamic load-balancing schemes have been
proposed and implemented on distributed-memory
machines [8]. However, we feel that it is worth considering
a different approach, where the processors are kept busy by
self-scheduling and shared memory. The computational
load is divided into a set of threads (many more threads
than processors), and when a processor becomes idle, it
goes to the thread pool, removes a thread and works on it,
then puts it back in the pool and gets another. In the
JParEuler solver discussed below, a thread is associated
with a section of a CFD grid. Each thread needs information
from other threads (neighbors in the grid) before it can
continue: the programming model has constructs that
make sure this is available before a processor starts to
work on the thread. Once a time-step has been executed,
the thread goes back in the pool until its neighbors have
been updated to the same level, and then it can be updated
another time-step.

Thus, the burden of parallel computing is not borne solely
by the CFD implementer, but is shared with the operating
system design team; the quality of thread scheduling and
memory subsystem directly influence the efficiency of the
code. Moreover, this approach directly provides dynamic
load balancing.

1.2. Java numerical performance

One of the attractive features of Java is its portability, the
idea of “write once, run anywhere”. While this is not
entirely true, the experience of these authors is that porting
Java is certainly easier than porting C, C++ or Fortran
codes. The portability is obtained because Java is generally
not compiled to a platform-specific executable, but
converted to so-called byte code, which is in turn executed
by a platform-specific interpreter. While these extra layers
of insulation provide portability, they also have a serious
performance impact. However, many companies, including
Hewlett—Packard, IBM [9,10] and Sun, offer (or will offer)
Java compilers that create native code directly, and should
provide competitive performance with C or Fortran. Thus a
user has the choice of portability or performance; the user
can develop with one model, then run with the other.

Another reason why Java is slower than C is that a
garbage-collector thread is always running; reclaiming
memory that is no longer needed by the application. It is
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this overhead which takes away resources from the numer-
ical application, but at the same time it provides an enor-
mous boost to programmer productivity. The programmer is
thinking about CFD code instead of spending hours chasing
mysterious memory leaks that always beset large C+ +
projects.

Multithreading is a way to get improved performance
from a code, because many machines have extra processors
that can run the extra threads. But in C it is much more
difficult to manage threads than it is in Java; therefore,
programmers simply do not use threads very much. But
in Java, it is very easy to spawn a new thread. There-
fore, use of threads is much more natural and wide-
spread.

Although Java programs are statically compiled, there is
still a need to do some runtime checking. In particular, null
references checking, array bounds checking and runtime
type checking cannot be done at compile time. This
makes Java programs more robust, but it also makes the
generated code a little slower than the equivalent C
program. However, many of these checks can be eliminated
at runtime by the native code generator.

1.3. JParNSS

We are in the process of producing a parallel Navier—
Stokes solver JParNSS [11,12], using the principles learned
from this test suite. The test suite presented here thus
concentrates on two aspects of the performance: the
single-node performance of the Java interpreter; and the
speedup (ratio of single-node speed to multiple-node
speed) that is obtained. We have run the test suite on two
machines at Caltech, one a super computer with 32 nodes
from Hewlett—Packard, the other a 4-processor Sun
machine running Solaris.

2. Test machines
2.1. HP V-class

In August 1999 the Hewlett—Packard V-Class server at
the Center of Advanced Computing Research, California
Institute of Technology had 32 PA-8200 processors running
at 240 MHz, with 16 GB RAM. Each processor has a 2 MB
instruction as well as data cache. Within a node the memory
access is implemented by the HyperPlane crossbar tech-
nology that provides high bandwidth and low latency access
from CPU as well as I/O to local memory. This nonblocking
8 X 8 crossbar provides a maximum of 15.36 GB/s memory
bandwidth with I-directional 960 MB/s per port. Communi-
cation across nodes is achieved by HyperLinks providing a
peak bandwidth of 3.84 GB/s. The operating system is HP-
UX version 11.01. HP provided their latest Java version
(Java 1.1.7) that is running on the HP V-Class.
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2.2. Sun Enterprise E450

The Sun Enterprise 450 has an SMP architecture, utiliz-
ing four 300 MHz Ultra SPARC 11 processors that are
connected by a 1.6 GB/s UPA interconnected to 1.7 GB
shared memory. Operating system version 5.6 in combin-
ation with Java 1.2 (Solaris VM (build Solar-
is_JDK_1.2_01_dev06_fcsV) native threads sunwjit) was
used on this machine.

2.3. Pentium Il 300 MHz, Linux

For comparison we also used a 300 MHz Pentium II PC
under Linux along with the IBM Alpha Works Java com-
piler 1.1.6 that was available as a prerelease version without
optimization. We found that this compiler produced fast
code, and we expect future releases to rival the speed of
highly optimized C code.

3. The test suite
3.1. Square root

In this ultra-simple program, many identical threads are
used for simple arithmetic—computing square roots. It is an
embarrassingly parallel problem, meaning that the threads
do not have to communicate, and thus there is no need for
thread synchronization. This is rather the exception than the
rule. In general, threads need to communicate as will be
shown in the Laplace solver example, and Java provides
the necessary methods for communication.

The code computes a fixed number of square roots, and it
splits the work among a variable number of threads. These
threads are then mapped to the processors by the operating
system, relieving the user of the need of employing any kind
of message-passing library as well as a load-balancing
algorithm. The code runs on any kind of platform as long
as Java is available.

The purpose of this code is to determine whether multi-
threading gives parallel speedup on the target parallel
machine.

3.2. Matrix multiply

Parallel matrix multiplication is implemented by block
matrices, as shown in Fig. 1. Matrices A and B are multi-
plied to produce C. In the figure, we see how computation of
each sub-block of C requires concurrent read access to
matrices A and B, but not for writing into C. In the bench-
mark suite are actually two programs: one being the multi-
threaded version, the other being, for comparison, a serial
version that does not use threads. In addition, we have a C-
coded version of the sequential block-matrix multiply. The
purpose of this component of the test suite is:

e to compare floating-point performance for scientific
applications between C and Java on the HP V-class, the
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