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1. INTRODUCTION

Programmers in charge of developing high perfor-
mance libraries for new commodity architectures are
confronted with the difficult task of optimizing for deep
memory hierarchies, extracting the fine-grain paral-
lelism for vector instruction sets, and producing mul-
tithreaded code for tightly coupled processors.

This scenario strengthens the case for recent efforts
on automatic performance tuning, program generation,
and adaptive library frameworks that can offer high per-
formance with greatly reduced development time. Ex-
amples include ATLAS [7] for linear algebra, FFTW
[5] for the discrete Fourier transform, and Spiral [6] for
general linear transforms.

2. SPIRAL

Spiral is a code generator for linear signal trans-
forms such as the discrete Fourier transform (DFT), the
Walsh-Hadamard transform (WHT), the discrete cosine
and sine transforms, finite impulse response (FIR) fil-
ters, and the discrete wavelet transform, among others.
The input to Spiral is a formally specified transform
(e.g., DFT of size 245), the output is a highly optimized
C program implementing the transform.

In Spiral (see Figure 1), recursive computation of
larger transforms by smaller transforms is expressed
using rules. For a given transform, Spiral recursively
applies these rules to generate one out of many possi-
ble algorithms represented as a formula. This formula
is then structurally optimized using a rewriting system
and finally translated into a C program (for computing
the transform) using a special formula compiler. The C
program is further optimized and then a native compiler
is used to generate an executable. Its runtime is mea-
sured and fed into a search engine, which decides how
to modify the algorithm; that is, the engine changes the
formula, and thus the code, by using dynamic program-
ming or other search methods. Eventually, this feedback
loop terminates and outputs the fastest program found
in the search. See [6, 4] for a complete description.

Mathematical foundation. A (linear) signal trans-
form is a matrix-vector multiplication ¢ — y = Mz,
where z is a real or complex input vector, M the trans-
form matrix, and y the result. For example, for an input
vector © € C", the DFT is defined by the matrix

DFT, = [wi o<k o<n, wn = exp(—2mi/n).
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Figure 1: The program generator Spiral.

Algorithms for transforms can be written using the Kro-
necker product formalism [6] in the form of structured
sparse matrix factorization. We use I,, to denote an
n X n identity matrix, and

A®R B = [GMBL A= [akg]

for the tensor product of matrices. Then, for example,
the Cooley-Tukey FFT algorithm can be written as

DFTwn — (DFTm ® 1L, )Dm,n ( I, ® DFT, ) L:'Lm (1)

with the diagonal matrix Dy, , and the stride permuta-
tion matrix Lj".

3. PROGRAM GENERATION

Approach. The key observation is that formula con-
structs can be related to properties of the target archi-
tecture. As example, in (1) the construct

I, ® DFT,, (2)

has a perfect structure for m-way parallel machines.
Similarly, the construct

DFT,, ®1, (3)



has a perfect structure for n-way vector SIMD architec-
tures [2].

Rewriting. Spiral uses rewriting rules to transform
general formulas into parallel or vector constructs. For
example, assuming a vector length v, one can transform
(2) and (3) using

I, ® DFT, — I,,, QL) (DFT,®1, )L.", (4)

Machine characteristics. Note that (4) introduces
new stride permutations Lj” and L;,”. One challenge
is to rewrite and translate permutations into cheap op-
erations. For example, SIMD vector architectures like
VMX can only load properly aligned 128-bit quantities
but can perform very powerful in-register permutations
using the vperm instruction. This is reflected in the
rewriting rules

LY - (LieL)(L,oL), (6)
2

The right sides of (6) and (7) can be done using ex-
clusively vector memory access and in-register permu-
tations.

4. EXPERIMENTAL RESULTS

Spiral generates highly optimized DSP kernels for a
large class of advanced architectures. The generated
code is consistently competitive with the best available
vendor libraries and open source libraries like FFTW.
Note that in particular vendor libraries like Intel’s IPP
and MKL and AMD’s ACML required many man-years
of coding effort.

SIMD vector code. Our approach is particularly
successful in optimizing for vector SIMD extensions like
Intel’s SSE, and AltiVec/VMX supported by PowerPC
G4, G5 and Cell processors [2, 1]. We show the perfor-
mance of our code in Fig. 2: Complex 1D FFT on Intel
Pentium 4, 3.6 GHz, 8-way SIMD (SSE2), 16-bit fixed
point. Spiral is almost twice as fast as Intel’s IPP 5.0.
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Figure 2: Performance 1D DFTs complex FFTs,
Spiral and Intel IPP 5.0. Higher is better.

SMP and multicore code. In Fig. 3 we show se-
quential and parallel performance of Spiral generated
FFTs and FFTW 3.1 on a 2.0 GHz Core Duo, In-
tel’s newest multicore processor. Spiral generated code

makes the parallelization of very small FFTs possi-
ble [3]. Spiral provides consistent speed-up between 1.7
and 1.9 for the two processors in the Core Duo chip and
clearly achieves the best performance for in-cache prob-
lems. We see the break even for DFT256 running for
less than 10,000 cycles and fitting fully into L1 cache.
FFTW has its break even for DFTg192.
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Figure 3: Performance of double-precision complex
1D DFTs, Spiral and FFTW 3.1. Higher is better.
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