Java programming
for high-performance
numerical computing

First proposed as a mechanism for enhancing
Web content, the Java™ language has taken off
as a serious general-purpose programming
language. Industry and academia alike have
expressed great interest in using the Java
language as a programming language for
scientific and engineering computations.
Applications in these domains are characterized
by intensive numerical computing and often have
very high performance requirements. In this
paper we discuss programming techniques that
lead to Java numerical codes with performance
comparable to FORTRAN or C, the more
traditional languages for this field. The
techniques are centered around the use of a
high-performance numerical library, written
entirely in the Java language, and on compiler
technology. The numerical library takes the form
of the Array package for Java. Proper use of this
package, and of other appropriate tools for
compiling and running a Java application, results
in code that is clean, portable, and fast. We
illustrate the programming and performance
issues through case studies in data mining and
electromagnetism.

he Java™* language is an attractive general-pur-

pose programming language for many funda-
mental reasons: clean and simple object semantics,
cross-platform portability, security, and an increas-
ingly large pool of adept programmers. In both in-
dustry and academia, using the Java language as a
programming language for scientific and engineer-
ing computations is of great interest. Applications
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in these domains are characterized by intensive nu-
merical computing. The goal of this paper is to show
that the major impediment to the use of Java as a
vehicle for numerical computing—performance—is
not intrinsic to the language and can be solved using
techniques we describe.

It is true that, when commercial Java environments
are used, the performance of numerically intensive
Java programs falls woefully short of the perfor-
mance of FORTRAN programs. As shown later in the
case study of an electromagnetics application, the
performance of numerically intensive Java programs,
developed and compiled without the benefit of the
techniques described in this paper, can be as low as
1 percent of the performance of equivalent FORTRAN
programs. Although anecdotal evidence suggests that
performance degradations of up to 50 percent rel-
ative to FORTRAN 90 might be tolerated in numer-
ically intensive Java programs in order to gain its
other benefits, a 100-fold performance slowdown is
unacceptable.

The Java Grande Forum,' reflecting in part results
from our own research, has identified five critical
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Java language and Java virtual machine issues re-
lated to the applicability of the Java language to solv-
ing large computational problems in science and en-
gineering. Unless these issues are resolved, it is
unlikely that the Java language will be successful for
numerical computing. The five critical issues are:

1. Multidimensional arrays—True rectangular mul-
tidimensional arrays are the most important data
structures for scientific and engineering comput-
ing. A large fraction of this paper is dedicated to
explaining the problem with the existing Java ap-
proach to multidimensional arrays. We also de-
scribe our solution to the problem, through the
design of a package implemented entirely in the
Java language for multidimensional arrays, which
we call the Array package for Java.

2. Complex arithmetic—Complex numbers are an
essential tool in many areas of science and en-
gineering. Computations with complex numbers
need to be supported as efficiently as computa-
tions with the primitive real number types, float
and double. The issue of high-performance com-
puting with complex numbers is directly tied to
the next issue.

3. Lightweight classes—The excessive overhead as-
sociated with manipulation of objects in the Java
language makes it difficult to efficiently support
alternative arithmetic systems, such as complex
numbers, interval arithmetic, and decimal arith-
metic. The ability to manipulate certain objects
as having just value semantics is absolutely fun-
damental to achieve high performance with these
alternative arithmetic systems. In this paper, we
describe how we were able to treat complex
numbers in Java as values, thus achieving
FORTRAN-like performance, without making any
changes to the language. The same approach can
be extended to other numerical types.

4. Use of floating-point hardware—Achieving the
highest-possible level of performance on numer-
ical codes typically requires exploiting unique
floating-point features in each processor. This ex-
ploitation is often at odds with the Java goal of
exact reproducibility of results in every platform.
In this paper we specifically consider the perfor-
mance impact of utilizing the POWER and Pow-
erPC* fused multiply-add (fma) instruction in Java.

5. Operator overloading—If multidimensional ar-
rays and complex numbers (and other arithmetic
systems) are to be implemented in Java as a set
of standard packages, then operator overloading
is necessary to make the use of these packages
more attractive to the application programmer.
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Although operator overloading is a feature pri-
marily related to code usability and readability,
it does have performance implications. We dis-
cuss these implications in the context of complex
numbers.

This paper discusses our efforts and lists our accom-
plishments in addressing the performance problems
associated with using the Java language for numer-
ical computing. We focus mostly on multidi-
mensional arrays and complex numbers, but our dis-
cussion touches all of the previously mentioned five
issues. We show that, when our techniques are
applied, Java code can achieve between 55 and 90
percent of the performance of highly optimized
FORTRAN code in a variety of engineering and
scientific benchmarks. We illustrate the details of
these performance results through detailed case
studies in data mining and electromagnetism. We
also provide a summary of results for other bench-
marks. The compiler optimizations we discuss have
been implemented in our research prototype version
of the 1BM High-Performance Compiler for Java
(HPCY).2

The remainder of this paper is organized as follows.
The next section is an overview of the problems as-
sociated with the current Java approaches to mul-
tidimensional arrays and nonprimitive numerical
types. The third section describes the details
of the Array package for Java, which supports
FORTRAN-like performance for multidimensional ar-
ray computations in Java code. The subsequent sec-
tion is a case study of a data mining computation
illustrating the performance benefits that result from
using the Array package. The fifth section is a case
study of an electromagnetics application that makes
heavy use of complex numbers. The sixth section
summarizes performance results from a larger set
of numerically intensive benchmarks, showing that
Java implementations can be performance-compet-
itive with the best FORTRAN implementations. The
seventh section discusses some related work, and fi-
nally, the last section presents our conclusions, dis-
cusses the impact of our work, and elaborates on
some future research.

The Array package is freely available from alpha-
Works*, at http://www.alphaworks.ibm.com/tech/
ninja. Our project Web page, with additional infor-
mation on the Array package and our research in
general, is located at http://www.research.ibm.com/
ninja.
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Figure 1 Example of a two-dimensional Java array
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Java approach to multidimensional arrays
and complex numbers

In this section, we explain the performance problems
associated with the existing Java approaches to im-
plementing multidimensional arrays and alternative
arithmetic systems, particularly complex numbers.
We also discuss why the corresponding FORTRAN 90
approaches are so much more efficient. We give a
taste of our solutions to Java performance problems,
which are discussed in more detail in later sections.
We show how FORTRAN-like performance can be
achieved with 100 percent Java code while remain-
ing within the philosophy and spirit of the language.

Java arrays. Although the specification of Java ar-
rays does not mandate their exact organization, it
places sufficient constraints so that all implementa-
tions we know of appear as shown in Figure 1. The
figure shows how two-dimensional arrays would be
laid out, and accessed, in a Java implementation.
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The Java language does not directly support arrays
of rank greater than one. Thus, a two-dimensional
array is represented as an array-of-arrays: an array
whose elements are, in turn, references to one-di-
mensional row arrays. Each array is represented as
an array object descriptor followed by a chunk of stor-
age that contains the elements of the array. The ar-
ray object descriptor contains the fields that are
present in all objects (lock bits, bits used by the gar-
bage collector, type information, etc.), as well as the
upper bound of the array. If a two-dimensional ar-
ray of type T is being represented, the elements of
each row array are either of type 7, if T is a Java
primitive type, or references to objects of type 7. In
Figure 1, each element is a Java primitive of type
double. Although the layout of the elements of the
array are not specified, they are typically contained
in a contiguous chunk of storage.

The advantages of this layout for an array are: very
general structures can be created, and the necessary

MOREIRA ET AL. 23



information to perform bounds checking is always
available. As seen in Figure 1, it is not required that
every row have the same length. Figure 1 is an ex-
ample of a ragged array. It is not even necessary for
every row to be unique—rows 2 and n — 2 of array
A point to the same row array object, and thus
A[2][4] and A[n — 2][4] name exactly the same el-
ement. Even more generality is possible with arrays
of Objects. In that case, each element can be an ar-
bitrary Java object, even another array of any rank
and type. All this generality comes with a perfor-
mance price—a price that is too high for numerical
programs that do not need the supplied generality.

First, consider array bounds checking. The Java lan-
guage specification requires that any access to an ar-
ray element that is not in bounds must throw an ex-
ception. The job of checking for out-of-bounds
exceptions exacts a significant toll on Java perfor-
mance. In Reference 3 it is shown that eliminating
array bounds checks alone produced speedups on
the 1IBM POWER and PowerPC processors three to
four times over keeping the checks. On some pro-
cessors, this overhead is less. The real impact on per-
formance, however, comes from having one or more
potential exceptions for every data access. Because
Java exceptions are precise, operations cannot be
moved past a potential exception. This limitation ef-
fectively precludes almost all optimizations tradition-
ally applied to numerical programs **—optimizations
that are necessary for good performance.

In Reference 3, techniques for creating program re-
gions free of array bounds exceptions are presented.
Even with these techniques, the Java array model
interferes with good optimization. Optimizing
bounds checks for an array reference A[i][/] inside
aloop structure requires: (1) determining the range
of values that i and j can take during execution of
the loop and (2) being able to test, before starting
loop execution, that those ranges will be within the
legal bounds of the array. Since a Java two-dimen-
sional array can have rows of different lengths, as
shown in Figure 1, the test has to be performed for
all rows of the array. A much simpler test could be
used if the array were guaranteed to be rectangular
(i.e., all rows of the same length).

Another major impediment to optimization in Java
is the ability to alias rows of an array. Aliasing oc-
curs when two or more apparently different varia-
bles or references actually refer to the same datum.
An example of aliasing is shown in Figure 1, where
A[2] and A[n — 2] refer to the same row. More-
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over, B[1], B[2], A[2] and A[n — 2] all refer to the
same row. The problem with aliasing is that many
optimizations rely on moving data reads and writes
relative to one another. For this rearrangement to
be legal, it is necessary that (1) all writes to a datum
be kept in order; (2) that no write to a datum be
moved prior to a read of the same datum; and (3)
that no read from a datum be moved after a write
to the same datum. Essential to determining the le-
gality of a transformation is the ability to determine
when two operations are to different data and, there-
fore, independent. Aliasing makes this more diffi-
cult because it is no longer possible to say that just
because two variables have different names, or be-
cause different array elements have different coor-
dinates, they must refer to different memory loca-
tions.

The final problem with Java arrays that we discuss
is the cost of accessing an element. Accessing ele-
ment A[2][4] requires the following steps: (1) get
the reference to the array object A; (2) determine
that A is not a null pointer; (3) determine that “2”
is an in-bounds index for 4; (4) get the reference to
the array object that is row 2; (5) determine that this
object reference is not a null pointer; (6) determine
that “4” is an in-bounds index for A[2]; and (7) get
the data element A[2][4]. In contrast, as we will see,
FORTRAN 90 requires only two steps.

FORTRAN 90 arrays. The structure of a FORTRAN
90 two-dimensional array is shown in Figure 2. It has
two major components: a block of dense, contigu-
ous storage that holds the data elements of the ar-
ray, and a descriptor that contains the address of the
block of dense storage, bounds information for each
dimension, the size of individual data elements, and
other information used to index the array. This in-
dexing information is used to access array elements
and implement array sections. Accessing an element
of the array is straightforward: the base address of
the storage is extracted from the descriptor, and the
subscript, along with the indexing information con-
tained in the descriptor, is used to compute an off-
set into the data storage.

Because of the information contained in the descrip-
tor, array sections (see array B in Figure 2, which
corresponds to the shaded elements of A) can be
implemented efficiently. A section of a FORTRAN 90
array A is a view of 4 that accesses some subset of
the elements of 4. The section has the following
properties: (1) it (logically) utilizes the same stor-
age as the original array, thus a change of an ele-
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Figure 18 Summary of results for MICROSTRIP; the “+ exp” notation indicates use of semantic expansion
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sion, the performance of the enhanced Java version
is better than the plain version. We note that the syn-
ergy between the Array package and semantic ex-
pansion leads to pure Java performance that is a
respectable 55 percent of the best FORTRAN per-
formance we can achieve.

Java without semantic expansion. Coding the itera-
tive solver using Java arrays leads to very poor per-
formance in current implementations of Java. The
reason is that each arithmetic operation (e.g., meth-
ods plus and times) creates a new Complex object to
represent the results. (See Figure 3.) Object creation
is a very expensive operation and causes the plain
Java version of MICROSTRIP to be approximately 100
times slower than the reference FORTRAN version.

The ComplexArray2D class offers a significant stor-
age benefit compared to Complex][ ][ ], since it only
stores complex values and not Complex objects (a
50 percent reduction in storage and associated im-
provements in memory bandwidth and cache behav-
ior). The performance of numerical codes that use
ComplexArray2D, however, is just as bad as codes that
use Java arrays of Complex objects. Execution con-
tinues to be dominated by object creation and
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destruction. In fact, every get operation on a
ComplexArray2D results in a new temporary object.
The performance of this enhanced version on cur-
rent Java environments is approximately 200 times
slower than the reference FORTRAN.

Java with semantic expansion. The benefits of treat-
ing complex numbers as values rather than objects
are enormous. We were able to increase the perfor-
mance 40- and 100-fold for the plain and enhanced
versions, respectively. Of particular importance is the
synergy between the Array package and semantic ex-
pansion. By eliminating the cost of creating tempo-
rary objects, semantic expansion makes the use of
ComplexArray2D objects viable from a performance
perspective. ComplexArray2D, in turn, delivers bet-
ter memory behavior than Java arrays of Complex
objects. The combination of the two approaches de-
livers a Java performance on a complex arithmetic
application that is 55 percent of the best FORTRAN
performance.

Additional experiments

We performed additional experiments to further il-
lustrate the performance impact of our techniques
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Figure 19 Summary of experimental results for real arithmetic benchmarks CHOLESKY, BSOM, SHALLOW, and

TOMCATV
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package. The use of multidimensional Arrays from
the Array package in turn enables bounds checking
and other optimizations. In all cases we observe sig-
nificant performance improvements between the
“plain” and “best” Java versions. Improvements
range from a factor of 2.5 (19.5 to 58.5 Mflops for
TOMCATV) to a factor of 5 (19.3 to 104 Mflops for
CHOLESKY). We achieve Java performance that
ranges from 65 percent (TOMCATV) to 80 percent
(CHOLESKY, BSOM, and SHALLOW) of fully optimized
FORTRAN code.

Complex arithmetic benchmarks. The complex
arithmetic benchmarks are: MATMUL, LU, FFT, and
CFD. MATMUL computes C = C + A X B, where
C, A, and B are complex matrices of size 500 X 500.
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We use a dot-product version of matrix multiplica-
tion, with an i-, j-, k-loop nest. The i, j, and k loops
are blocked and the i andj loops are unrolled, in all
versions, to improve performance.* LU is a straight-
forward implementation of Crout’s algorithm*** for
performing the LU decomposition of a square ma-
trix A, with partial pivoting. The factorization is per-
formed in place and, in the benchmark, A4 is of size
500 X 500. FFT computes the discrete Fourier trans-
form of a two-dimensional complex function, rep-
resented by an n X m complex array. We use the
Daniel-Lanczos method described in Reference 23
to compute the one-dimensional FFTs in the two-di-
mensional FFT. For our experiments we usen = m =
256. crD is a kernel from a computational fluid
dynamics application. It performs three convolutions
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