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Abstract

This paper investigates the possibility of using Java as a language for Digital Signal Processing. We
compare the performance of the Fast Fourier Transform using Java interpreters, compilers, and native
execution. To characterize the Java language as a platform for signal processing, we have implemented
a traditional FFT algorithm in both C and Java and compared their relative performance. Additionally,
we have developed a Tensor algebra FF'T library in both Matlab and Java. Each of the Tensor libraries
has been coded to exploit the characteristics of the source language. Our results indicate that the latest
Sun Solaris 2.6 Java platform can provide performance within 20% to 60% of optimized C code on short
FFT computations. On longer FFT computations, Java is about a factor of 2 to 3 times less efficient
than optimized C code. We anticipate this gap to narrow with better compiler technology and direct
execution on Java processors such as the DELFT-JAVA multithreaded processor.

1 Introduction

Java is a new C++-like programming language designed for general-purpose, concurrent, class-based object-
oriented programming[l]. The language includes a number of useful programming features including: 1)
programmer defined parallelism in the form of synchronized threads, 2) strong typing, 3) garbage collection,
4) classes, b) inheritance, and 6) dynamic linking. An appeal of the language is a ”write once, run anywhere”
philosophy[2]. This is accomplished by providing a Java Virtual Machine (JVM) interpreter and runtime
for each platform supported [3]. In theory, any platform that supports the Java runtime environment will
produce the same execution results independent of the platform.

Because of Java’s interpreted execution, it has been asserted that Java is inappropriate for Signal Pro-
cessing applications. We investigate this hypothesis by comparing the performance of a traditional Fast
Fourier Transform (FFT) algorithm originally written in C and translated to Java. We then extend our
analysis to a Tensor algebra FF'T library coded in both Matlab and Java.

We have also designed the DELFT-JAVA processor[4]. An important feature of this architecture is that it
has been designed to efliciently execute JVM bytecodes. The architecture has two logical views: 1) a JVM
Instruction Set Architecture(ISA) and 2) a RISC-based ISA. The JVM is a stack-based ISA with support
for standard datatypes, synchronization, object-oriented method invocation, arrays, and object allocation[3].
An important property of Java bytecodes is that statically determinable type state enables simple on-the-fly
translation of bytecodes into efficient machine code[5]. We utilize this property to dynamically translate
Java bytecodes into DELFT-JAVA instructions. Because the bytecodes are stored as pure Java instructions,
Java programs generated by Java compilers execute on a DELFT-JAVA processor without modification.

We have previously developed a Matlab implementation of a Tensor algebra library[6]. For this analysis,
we developed an equivalent library in Java. A key point of each implementation is that it is written to
utilize important features of the source language. The Matlab implementation utilizes a vector encoding
and takes advantage of the built-in Complex datatype. The Java implementation uses a Complex class that
operates on the Java datatype double. This allows us to treat a complex number as any other number
thereby mimicking the built-in features of the Matlab system. In addition, the Java library is reentrant to
allow for multithreaded programming. Each Tensor algebra implementation is built from basic functions.
A stage of an FFT is built by executing a number of parallel FFTs followed by a Permutation phase. The



mathematical description of the algorithm is a parallel decomposition based on Pease[7] and is only briefly
summarized along with one possible mapping to a multithreaded processor. More detailed definitions of the
Kronecker product (denoted by ®) can be found in [8, 9].

In Section 2 we give a brief introduction to Tensor algebra and the Fast Fourier Transform. In Section
3 we present the results of two studies. The first study compares optimized C and Java FFT routines. The
second study compares a Tensor library implementation in both Matlab and Java. Finally, in Section 4 we
summarize our findings and present conclusions.

2 Tensor Algebra

In this section, we provide an introduction to the Fast Fourier Transform and Tensor algebra. We begin
by distinguishing between software threads and hardware thread units (referred to as conterts). If ¢ is the
number of software threads and c is the number of hardware contexts on which the threads may execute, a
possible mapping of the threads to hardware units is given by a tensor decomposition.

Definition 1 Tensor Product. The tensor product of two matrices A = [a¢, o] of order (i1 X ¢1) and
B = [by, o] of order (12 X c2), denoted by A® B, is
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The resultant matriz is of order (t1tz X cicz) and each submatriz of the form a;,.,B is of the order
(to x ¢g). If I, is the identily matriz of order n, this can also be expressed as

Atlcl ®Bt202 = (Atlcl ®It2)(101 ®Bt202) = (Itl ®Bt202)("4t101 ®ICQ) (2)

The tensor product is not commutative. However, we can use a class of permutations called stride
permutations which will commute the tensor product. Furthermore, these stride permutations govern the
load and store data addressing between stages of the tensor product decompositions of DSP algorithms|[9].
The permutation matrix partitions the computations and communications by changing the dataflows from
vector to parallel or from parallel to vector dataflows. Given a multithreaded processor with multiple
contexts, it is possible to optimize the computations such that the thread level parallelism available in the
algorithm can be exploited as Instruction Level Parallelism (ILP) in the processor. The tensor permutation
matrix Pf¢ is a (tc x t¢) matrix where the elements (Pf¢); ; are equal to 1 for ¢ = j = (tc— 1) and j = it
mod (tc — 1), 0 < i < (tc — 1) and equal to O for all other ¢, j elements. As an example, Py is generated by
(Pg)ij =1 for (i,5) = (0,0),(1,2), (2,1),(3,3),(P4);; = 0 for other 4, j elements. Given that P is a tensor
permutation matrix, then if A is a (¢ x ¢) matrix and B is a (¢ x ¢) matrix, we can commute the tensor
equation using A; ® B, = Pf¢(B. ® A;)P*.

Some additional properties of tensor algebra include scalar multiplication A@aB = a(A®B), distributive
law (A+ B)®@C = A® C+ B ®C, associative law A ® (B ® C) = (A ® B) ® O, identity product
I;. = I, ® I, matrix transpose (AB)" = B' A, tensor transpose (4 @ B)! = A’ @ B' and mixed product rule
(A®B)(C® D)= AC® BD.

2.1 Fourier Transform

The N-point Fast Fourier Transform(FFT) is given by Equation (3).

Definition 2 Fast Fourier Transform. The N-point FFT is given as

N-1
FFT(z) =y, = Z wikz; for 0 <k < N where w = eF,i= "1 (3)
=0



The tensor form of the N-point FFT is given as Iy, = PP(I, @ Fy)PPT2 (I ® F.) P where F is the
Fourier Matrix F}, = [w/*], n is equal to tc, P is the tensor permutation matrix, and 7" is a twiddle factor
matrix whose elements along the diagonal of the matrix are given by T = diag(l., Ds(n), ..., De(n)*"1)
and D.(n) = diag(1l,w,..w® '). This has the interpretation of decomposing the FFT into an initial data
permutation P followed by ¢ parallel c-point FFTs. The twiddle factor is then applied followed by a P
data permutation. Then ¢ independent t-point FFTs are performed. Finally, the data is permuted to its
final non-bit reversed form. We can interpret ¢ as the number of software threads in a system and c as the
number of hardware contexts (e.g. thread units). On the DELFT-JAVA processor, we try to optimize the
number of threads  to be an integer multiple of the number of hardware contexts c. When this is possible,
all of the hardware thread units make progress computing the FFT. Furthermore, since all inter-thread
communications take place through shared memory, the permutations serve as a barrier synchronization
point. We summarize the FFT equations used in this paper in Equations (4-8). We note that based on
identity product, it is possible to decompose the first stage of Equations (5-8) into multiple iterations of
I.®1 £ S0 that each thread unit is active for all computations. It is also possible to rearrange the tensor
formulation so that communication through shared memory is minimized[10]. For the purposes of this paper,
Equations (4-8) provide adequate comparison performance.

Fy = direct implementation (4)
Fig =PI, Fy) P (1, © Fy) P (5)
Fos = PRI © Fig)PATIN (1 © Fy) P (6)
Fysg = By (Is © Fog) PP (Ioy © Fy) PP (7)
Fiogs = Pasg (14 © Fase) {2 T, % (Iz56 © Fy) Pagg* (8)

3 Results

In this section we describe the performance models and results of our experiments. All experiments were
conducted using a 300MHz Sun Ultra-Sparc II with 128MB of memory running Solaris 2.6. For all experi-
ments, multiple iterations were performed to minimize start-up effects. The average time is reported based
on a time-of-day function in a root window at maximum priority in an otherwise nearly idle system. We
measure the execution time of the algorithms and not the time to load the interpreters or the time to compile
the C code.

The first experiment investigates a traditional FFT algorithm from Press[11]. The C code is compiled
using gee 2.7.2. Results are presented for unoptimized and -O3 optimized execution. The C program was
then hand-translated into an equivalent Java program. The resulting code does not take advantage of most
of the Java programming constructs. It is essentially the same C code with a Java class wrapper. Results
are presented for -O optimized Java code. There were no practical differences between unoptimized and -O
optimized Java results. The Matlab numbers are the times for the built-in FFT routines. The Sun Solaris
2.6 results are for the built-in Java interpreter with JIT that comes standard as part of the Solaris 2.6
installation. The Sun JDK 1.1.j results are reported for comparison. The Kaffe 0.9.2 just-in-time compiler
results are also presented for comparison . The Toba[12] results are for the 1.0b6 beta release. Toba off-line
translates Java bytecodes to C code. The C code was then compiled with gee 2.7.2 with -O3 optimization.

Table 1 shows that the best performance in all cases was for optimized C code. A notable point is that
the Sun Solaris 2.6 platform came within 20% of the optimized C code for the smallest FF'T but diverged to
about 3 times slower for larger FFTs. This is a significant improvement over the JDK 1.1.4 platform. The
new results improve Java’s performance up to 12 times versus the JDK 1.1.4. In addition, the Solaris 2.6
Java platform is comparable in performance to the Toba off-line compiler which produced very impressive
results. Matlab’s built-in FFT libraries are also very competitive with optimized C - particularly as the FFT
size increases. The Kalfle JIT is competitive when compared to the JDK 1.1.4 but does not perform as well
as the Sun Solaris 2.6 platform.

The second experiment investigates the effects on performance when many of the features of the Java
language are involved. Unlike the code of the first experiment, the Java Tensor library makes use of many
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Table 1: Press FFT Analysis.

of the Java programming constructs. In particular, inherited class objects are used and the code is reentrant
to allow for multithreaded subroutines. Because of this, many objects are created which require garbage
collection.
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Table 2: Tensor FFT Analysis.

Table 2 shows the results of the Tensor algebra library for Matlab and Java. In all cases, the Toba
compiler performs better than any other alternative. Most interestingly, the performance difference between
the Solaris 2.6 platform and the JDK 1.1.4 are within 20% for all cases. This is significantly different than
the 12x improvement noted in the first experiment. We postulate that the JIT compiler may not have
been able to perform as many optimizations due to the large number of objects created. A profile of each
execution stream showed computations to be the predominant time factor in the first experiment while
object creation and method invocation were much larger percentages of the execution time for the second
experiment. Toba, on the other hand, may take as long as necessary to compile (although our experience is
that it is not much more than a few minutes) and therefore produces more optimized code. Also, it may not
be fair to compare these FFT results with the results presented in Table 1. The tensor libraries were written
to assist partitioning of parallel code onto multiprocessors and multithreaded processors and not particularly
for absolute performance on a uni-processor.

4 Conclusions

We have compared FFT performance in Java, Matlab, and C. We have found that Java may offer sufficient
performance for FFTs. However, when compared against native C code, the best Java off-line translation
and JIT’s may still execute 2 to 3 times slower than an equivalent algorithm written in C. However, Sun’s
latest JVMs have significantly closed the gap between native C performance and Java. The JVM shipped
as part of the Solaris 2.6 operating system is nearly 10 times more efficient on C-like Java code than the
JDK 1.1.4 and produces results within 20% to 60% of optimized C for small FI'Ts. The Kaffe JIT runs



about 2 to 5 times slower than the interpreted code for the tensor model. We attribute this to the large
number of objects created and the requirement for an efficient garbage collector. We also note that the
state of Java compilation is relatively immature compared to C compilers. As Java compilers become more
sophisticated, the gap may narrow further. Furthermore, direct compilation of Java to native machine code
may provide performance closely rivaling C. In addition, raw performance is not the only metric influencing
the success of a product. For example, Matlab has an exceptionally rich library of efficient signal processing
routines. The ease with which these are integrated with other Matlab programs makes Matlab an excellent
DSP development environment. In addition, the number of lines of code written for the Matlab program was
less than for Java due to the built-in Complex type. Finally, we conclude that for applications that make
predominant use of Java, application specific processors may accelerate Java execution to be at least on par
with and potentially better than C code execution on a traditional processor. Depending upon parameters
chosen (e.g. issue rates, clock speed, and functional unit latencies), we have estimated that a DELFT-JAVA
processor can also execute in comparable time relative to native C code. However, at this point our models
do not take into account 1/O or garbage collection. Our current work is focussing on Java multithreaded
performance which may provide the possibility of significant gains on multithreaded processors.
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