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ABSTRACT

In this paper we propose an implementation of the fast Fourier
transform (FFT) targeting the ARM Scalable Vector Extension
(SVE). We performed automatic vectorization via a compiler and
an explicit vectorization through code generation by SPIRAL for
FFT kernels, and compared the performance. We show that the
explicit vectorization of SPIRAL generated code improves perfor-
mance significantly. Performance results of FFTs on RIKEN’s Fu-
gaku processor simulator are reported. With the ARM compiler
SPIRAL-generated FFT kernels written in SVE intrinsic are up to
3.16 times faster than FFT kernels of FFTE written in Fortran and
up to 5.62 times faster than SPIRAL-generated FFT kernels written
in C.
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» Mathematics of computing — Mathematical software per-
formance; « Software and its engineering — Source code gen-
eration.
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1 INTRODUCTION

The fast Fourier transform (FFT) [6] is widely used in science and
engineering. Nowadays a number of processors have short vector
SIMD instructions. These instructions provide substantial speedup
for digital signal processing applications.

Recently, ARM introduced the Scalable Vector Extension (SVE)
[20] as a vector extension to the Armv8 architecture. Fujitsu’s
A64FX [29] is the first processor implementing the Armv8-A SVE
architecture, which is used in the supercomputer Fugaku.

Related work. Efficient FFT implementations with short vec-
tor SIMD instructions have also been investigated thoroughly
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[8, 14, 18, 19, 22]. SPIRAL [8, 18, 19] supports automatic SIMD vec-
torization of FFTs for a wide range of SIMD vector ISAs including
the Intel SSE, AVX and AVX-512 instruction sets. FFTW [14] sup-
ports the Intel AVX-512 instructions [15]. To best of our knowl-
edge, an implementation of the FFT on ARM SVE has not yet been
reported.

FFTE [24] is a Fortran subroutine library for computing the FFT
in one or more dimensions. It includes real, complex, mixed-radix,
and parallel transforms. In this paper, we compare the performance
of the original FFT kernels of FFTE to FFTE with FFT kernels gen-
erated by SPIRAL.

Synopsis. The remainder of this paper is organized as follows.
Section 2 explains the ARM scalable vector extension. Section 3
describes the SPIRAL code generator. Section 4 presents a vector-
ization of FFT kernels. The performance results are then presented
in Section 5. Finally, Section 6 presents some concluding remarks.

2 ARM SCALABLE VECTOR EXTENSION

The ARM Scalable Vector Extension (SVE) [20] is a vector exten-
sion for the Armv8 architectures. It allows implementations to
choose a vector register length between 128 and 2,048 bits and sup-
ports a Vector Length Agnostic (VLA) programming model. The ac-
tual SIMD width depends on the processor that implements SVE,
and almost all instructions are provided as masked instructions by
via predicate to realize VLA operations. SVE introduces 32 scalable
vector registers (Z0 to Z31) and 16 scalable predicate registers (PO
to P15).

ARM defines the ARM C language extensions (ACLE) [1] to tar-
get SVE in the C/C++ language. ACLE is supported by the ARM
C/C++ compiler and Fujitsu C compiler. Using daxpy as an exam-
ple, ARM explains the outline of using ACLE in computing kernels.

DAXPY is one of the BLAS (Basic Linear Algebra Subroutines)
subroutines that calculates “constant a times a vector x plus a vec-
tor y” in double-precision. The number of elements in input vec-
tors x and y is n. A C code implementation of a unit-stride DAXPY
is shown in Listing 1.

Listing 1: A C code implementation of daxpy [2]

void daxpy_1_1(int64_t n, double da, double =dx,
double =dy)
{
for (int64_t i = 0; i < n; ++i) {
dy[i] = dx[i] % da + dy[il];
¥
3

An ACLE implementation of DAXPY is shown in Listing 2.
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Listing 2: An ACLE implementation of daxpy [2]

void daxpy_1_1(int64_t n,
double *dy)

double da, double =*dx,

{
int64_t i = o;
svbool_t pg = svwhilelt_b64(i, n);
do {
svfloat64_t dx_vec = svldl(pg, &dx[i]);
svfloat64_t dy_vec = svldl(pg, &dy[il]);
svstl1(pg, &dy[il],
svmla_x(pg, dy_vec, dx_vec, da));
i += sventd();
pg = svwhilelt_b64(i, n);
} while (svptest_any(svptrue_b64(), pg));
¥

The following steps explain this example:

Line 5: The active elements are selected with the
svwhilelt_b64(i, n) function and saved in the predicate
register pg. The predicate register pg is specified for vector
instructions to mask the result of the vector operation.

Line 7: Load one vector register from the start address specified
in the second argument using sv1d1 function and save it in
svfloat64_t dx_vec.

Line 8: Load one vector register from the start address specified
in the second argument using sv1ld1 function and save it in
svfloat64_t dy_vec.

Lines 9-10: Perform a floating-point multiply-add operation da *
dx_vec + dy_vec using svmla_x function, and store the
result in array &dy[i] using svst1 function.

Line 11: sventd() is the value obtained by dividing the SIMD
width of the SVE processor by 64 bits.

Line 12: The active elements are selected with the
svwhilelt_b64(i, n) function and save in the predicate
register pg.

Line 13: Determine whether there is at least one active element
in predicate register pg and continues the loop until all ele-
ments have been computed.

3 SPIRAL CODE GENERATOR

Overview. The SPIRAL system [8, 19] is a program and library
generation/synthesis and autotuning system that translates rule-
encoded high-level specifications of mathematical algorithms into
highly optimized/library-grade implementations for a large set
of computational kernels and platforms. The system is avail-
able as open source under a permissible (BSD style) license at
www.spiral.net. It has been developed over the last 20 years. Sp1-
RAL formalizes a selection of computational kernels from the sig-
nal and image processing domain, software-defined radio, numeri-
cal solution of partial differential equations, graph algorithms, and
robotic vehicle control, among others. The historical core of Sp1-
RAL is the discrete Fourier transform and it’s fast algorithms, the
FFTs [19]. SPIRAL targets platforms spanning from mobile devices,
to desktop and server multicore processors, and to large high per-
formance and supercomputing systems, and it has demonstrated
performance comparable to expertly hand tuned code across a va-
riety of kernels and diversity of platforms. To maximize portability
and to leverage the work of backend compiler developers, when
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producing software SPIRAL usually targets vendor compilers or
widely available compilers like the GNU C compiler.

Vector instructions in SPIRAL. A particular focus of SPIRAL is
SIMD vector instructions and multicore processors [7]. SIMD vec-
torization in SPIRAL has a long history across a wide range of plat-
forms [9, 10, 13]. In the space of supercomputing, SPIRAL was used
in a winning HPC Challenge submission [12] that run a SPIRAL-
generated Global FFT benchmark on 128k cores, and SPIRAL is cur-
rently being retargeted for the Summit supercomputer in the con-
text of FFTX [11]. SPIRAL was also ported to the K computer.

Formal framework. SpiraL represents the DFT and FFT al-
gorithms using the Kronecker product formalism summarized in
[16, 26, 27].

The DFT of n input samples xy, . .

tion form as
k€
= S ot

0<l<n

.,Xp—1 is defined in summa-

0<k<n, )

with w, = exp(—2mj/n). Stacking the x, and y. into vectors x and
y yields the equivalent form of a matrix-vector product:

y=DFTnx, DFT, = [wklock r<n. @)

We use a point-free notation where we drop x and y and simply
think of the matrix DFT,, as the transform, implicitly assuming
that it is multiplied to x. Fast algorithms are now expressed as fac-
torizations of DFT,, using the following formalism.

We denote with I, the n X n identity matrix, and the butterfly
matrix with

DFT, = [1_}]. ®)
The Kronecker product of matrices A and B is defined as

A®B=[ag,¢B], forA=[a,]

It replaces every entry ay ¢ of A by the matrix aj ,B. Most impor-
tant are the cases where A or B is the identity. The stride permu-
tation matrix L™ permutes the elements of the input vector as
in+jr—jm+i, 0<i<m, 0<j<n.lIfthe vector x is viewed as
an n X m matrix, stored in row-major order, then L7" performs a
transposition of this matrix.

The matrix formalism can be used to express FFTs as factor-
izations of the matrix DFT, in (2). As an example, the recursive
general-radix decimation in time (DIT) Cooley-Tukey FFT for n =
km is

DFTy,, = (DFTy, ®I)T74 (I ® DFT)LY. )

Here, T}, is a diagonal matrix containing the twiddle factors.

Simple transposition using that DFT] = DFT, and applying
rules from [16] yields three more variants of the Cooley-Tukey FFT
algorithm,

DFTy,, = L%, (I ® DFT )T/ (DFTy ®1,) (5)
DFT},, = (DFTy, ®Lp) T LY (DFT, ®1) (6)
DFTy, = LY (Inm ® DFT{ )L, T/ (I ® DFTp)LY, ™)

which correspond to the decimation in frequency (DIF) Cooley-
Tukey FFT (5), the Four Step algorithm (6), and the Six Step algo-
rithm (7).
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Matrix formula Matlab pseudo code

t[0:1:n-1] = B(x[0:1:n-11);

= (ApBn)x
y ( n n) y[@:1:n-1] = A(t[0:1:n-11);
for (i=0; i<m; i++)
y = (Im ® An)x ) ) ) )
y[i*n:1:i%n+n-1] = A(x[i*n:1:i*n+n-1]);
for (i=0; i<n; i++)
y=(Am ®In)x o -
yli:n:i+mxn-n] = A(x[i:n:i+mxn-n]);
for (i=0; i<n; i++)
y=Dpx
y[il = Dnlil*x[i];
for (i=0; i<m; i++)
y=Ln"x for (j=0; j<n; j++)

yLi+mxj] = x[nxi+j];

Table 1: From matrix formulas to code. The subscript of A, B
specifies the (square) matrix size. x[b:s:e] denotes the sub-
vector of x starting at b, ending at e, extracted at stride s. The
diagonal elements of D are stored in an array with the same
name.

The prime-factor and Rader FFT, respectively, can be written as
the following structured factorizations of the DFT matrix [27].

DFT, =V, (DFT} ®Iy)(Ix ® DFT )V,
DFT, = W, [1&DFT,_)En(li®DFT,_)Why,

®)
©
Here, V, W are the permutation matrices and E is “almost” diagonal
with 2 additional off-diagonal entries.

Code generation and tuning. SPIRAL explores the recursive
expansions of an DFT of size n with breakdown rules (4)-(9) to
derive algorithm variants to implement FFTs of size n. The choice
of breakdown can be driven by models, heuristics, or performance
feedback (automatic performance tuning). Table 1 shows how to
translate matrix formulas into basic sequential loop code. For small
input sizes < 16 as used in this paper matrix formulas are often im-
plemented as fully unrolled code blocks. In this case array scalar-
ization and, to a lesser extent, algebraic optimizations and sched-
uling are used to achieve best performance and can be completely
automated [19, 28]. For example, a DFTg kernel is implemented in
a few tens of lines of code.

4 VECTORIZATION OF FFT KERNELS

Listing 3: Example of a vectorizable radix-2 FFT kernel [23]

SUBROUTINE FFT(A,B,W,M,L)
COMPLEX*16 A(M,L,*),B(M,2,%),W(*)
COMPLEX*16 C0,C1
DO J=1,L
DO I=1,M
CO=A(I,T,1)
C1=A(I,7,2)
B(I,1,J)=Co+C1
B(I,2,7)=W(J)*(CO-C1)
END DO
END DO
RETURN
END

O 0 NNV W =
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Listing 4: First stage of a vectorizable radix-2 FFT kernel [23]

SUBROUTINE FFT1ST(A,B,W,L)
COMPLEX*16 A(L,*),B(2,%),W(x)
COMPLEX*16 C@,C1
DO J=1,L
CO=A(J,1)
C1=A(J,2)
B(1,J)=C0+C1
B(2,7)=W(J)*(CO-C1)
END DO
RETURN
END

Listing 5: Middle stage of a vectorizable radix-2 FFT kernel

SUBROUTINE FFTMDL (A,B,M,L)
COMPLEX*16 A(M,L,%),B(M,2,%)
COMPLEX*16 C@,C1
DO I=1,M
CO=A(I,J,1)
C1=A(I,7,2)
B(I,1,J)=Co+C1
B(I,2,J)=Co-Cl
END DO
RETURN
END

Vectorization approach. An example of a vectorizable radix-2
FFT kernel is shown in Listing 3. In the program shown in Listing 3,
arrays A and B are the input array and the output array, respectively.
The twiddle factors [4] are stored in array W. Twiddle factors are
stored continuously in memory, based on the method described in
[3]. The problem size n corresponds to MXLX2.

In the radix-2 FFT kernel the innermost loop length varies from
1 to n/2 for n-point FFTs during the log, n stages of the algorithm.
For the first stage of the radix-2 FFT kernel in Listing 3, the inner-
most loop length is 1. In this case, the double-nested loop can be
collapsed into a single-nested loop to expand the innermost loop
length, as shown in Listing 4. When vectorizing the program in
Listing 4, it is necessary to load the value of W(J) using the gather
instruction and to store the result in B(1,J) and B(2, J) using the
scatter instruction.

In the program shown in Listing 3 for J=1 the value of the twid-
dle factor W(J) is 1 + 0j, where j = V=1. Therefore, the complex
multiplication can be omitted in the calculation of W(J)*(C0-C1)
on line 9 of Listing 3. This program is shown in Listing 5.

We use the Stockham autosort FFT algorithm [5] in FFTE. The
Stockham autosort FFT algorithm requires a scratch array of the
same size as the input array but does not require a digit-reversal
permutation. Table 2 shows the real inner-loop operations for
radix-2, 3, 4, 5, 6, 8, 10, 12, and 16 double-precision complex FFT
kernels. The higher radices are more efficient in terms of both
memory and floating-point operations. For example, in view of the
Byte/Flop ratio the radix-16 FFT is preferable to the radix-2, 4, and
8 FFTs [21]. Higher radix FFTs require more floating-point regis-
ters to hold intermediate results, and since the A64FX processor
has 32 512-bit registers higher radix kernels are a good choice. A
power-of-two point FFT (more than or equal to 64-point FFT) can
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Table 2: Real inner-loop operations for radix-2, 3, 4, 5, 6, 8, 10, 12, and 16 double-precision complex FFT kernels based on the
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Stockham FFT
Radix-2 | Radix-3 | Radix-4 | Radix-5 | Radix-6 | Radix-8 | Radix-10 | Radix-12 | Radix-16
Loads 4 6 8 10 12 16 20 24 32
Stores 4 6 8 10 12 16 20 24 32
Multiplications 4 12 12 28 28 32 60 60 84
Additions 6 16 22 40 46 66 102 118 174
Byte/Flop ratio 6.400 3.429 3.765 2.353 2.595 2.612 1.975 2.157 1.984
be performed by a combination of radix-8 and radix-16 steps con- 10 |[n := 2;
taining at most three radix-8 steps [25]. In other words, power-of- 11 | vlen := TInt;
two FFTs can be performed as a lengthn = 2P = 8916" (p > 6, 0 < 12 |kk := -1;
qSS,rZO). 13 | name := When(kk=-1, "dft", "idft")::
Coding high radix FFT kernels by hand is complicated. Since 14 StringInt(n)::"_sve";
FFTE [24] is coded by hand, only radix-2, 3, 4, 5, and 8 FFT kernels 12 # variables
are implemented. In contrast, SPIRAL has the advantage thatitcan |, |, ._ . fresh_t("t", TInt);
automatically generate arbitrary radix FFT kernels. Therefore we g j := var.fresh_t("j", TInt);
generate radix-2, 3, 4, 5, 6, 8, 10, 12, and 16 FFT kernels as initial 19 |k := var.fresh_t("k", TInt);
set via SPIRAL. 20 |1 := var.fresh_t("1", TInt);
Vectorization with SPIRAL. We now discuss how we use SPI- 21 |m := var.fresh_t("m", TInt);
RAL to generate FFTE SVE kernels. The approach follows the fol- 22
lowing steps: 23 |# temp arrays
e Use SPIRAL’s algorithms and scalar code generation engine ;: tzs; z ://:: ’ i::z:‘: E"z" ’ Ii:::i Elx:zzzxg ! ;::;; ’
to generate scalar DFT kernels and twiddle factor multipli- . | 5 = var. fresh t e : TArray (TVectSVE : 25099 :
cations. 27
e Replace the scalar operations with SVE vector operationsto 55 | # gather
promote scalar code to vector code. 29 |gi := _i -> VGath_L (1, vlen, 2x(k+j*m+_ix1lxm));
e Use the SVE while idiom to tile and vectorize the most effi- 30 |g := RulesSums (SumsSPL (
cient loop. 31 VStack(List([@..n-11, gi)), opts));
This approach follows the basic idea of SIMD vectorization in Sp1- 32 |gc := Compile(
RAL [10], but with one major difference: so far SprraL SIMD code ;i opts.codegen(g, tmpT, X, opts), opts);
was specialized for a vector length known at code generation time. 5z |4 < .tter
The generate SVE code is not specialized for any vector length,and 3¢ | i .= § -> vscat_L (1, vlen, 2x(k+n*j*m + _i*m));
thus can be run for any current and future SVE-supported vector 37 |ss := SumsSPL(HStack(List([@..n-1], si)), opts);
length. This renders a number of standard methods SPIRAL usesfor 38 |s := RulesSums(SubstTopDown(ss,
efficient code generation inapplicable. 39 @(1, ScatAcc), e->Scat(@(1).val.func)));
As shown in Listing 3-5, FFTE code has one or 2 nested loops 40 |sc := Compile(
around the kernel. In the code generation approach for SVE we fa- 41 opts.codegen(s, Y, tmp3, opts), opts);
vor vectorizing the loop leading to unit stride access, and only vec- 42
torize non-unit-stride loops if no other loop is available. Further, 43 |# generate DFT kernel
- Lo "7 44 |dft := RC(DFT(n, kk));
we specialize code for iteration 0 of the outer loop where applica- 45 |rts .= AllRuleTrees(dft, opts):
ble to remove superfluous multiplications by 1. This is achieved , opents := List(rts, r - ’
automatically via copy propagation, strength reduction, common 4, [ Length(Collect(CodeRuleTree(r, opts),
subexpression elimination and algebraic simplification in the Sp1- 43 @(1, [add, sub, mull, e->e.t=TReal))), rl);
RAL basic block compiler. 49 |rt := Minimum(opcnts)[2];
L. 3 50 | dfts := SumsRuleTree(rt, opts);
Listing 6: SPIRAL script to generate FFTE kernels for SVE -, | jei .- BiockUnroll (opts.codegen (
# Radix n kernel for FFTE, targeting ARM SVE 52 dfts, tmp2, tmpl, opts), opts);
LoadImport (packages.ffte); 53
opts := FFTE_SVEopts; 54 |# twiddles as lookup table
55 [i := var.fresh_t("i", 2*n);
opts.breakdownRules.DFT := [ 56 | twt := var.fresh_t("TW", TPtr(TReal));
DFT_Base, DFT_CT, DFT_CT_Mincost, DFT_Rader, 57 | twf := Lambda(i, cond(eq(i, @), 1, eq(i, 1), o,
DFT_PD, DFT_GoodThomas, DFT_SplitRadix I; 58 nth(twt, 2x((n-1)%j) + 2 = idiv(i, 2) +
59 (imod (i, 2) - 2))));
# DFT configuration
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tws := RCDiag(twf);
twe :=BlockUnroll (unroll_cmd(

opts.codegen(tws, tmp3, tmp2, opts)), opts);
# stitch code fragments together
cl := func(TVoid, "transform",
[y, x, twt, j, k, 1, m, opts.pgl,
decl([tmp1, tmp2, tmp3],
chain(gc, dftc, twc, sc)));
cc := Compile(cl, opts);
# final code
cl := func(TVoid, "transform", [Y, X, twt, 1, m],

decl(c.cmd.vars::c.free()::[opts.pg],

loopn(j, 1,
sve_loopn(k, m, c.cmd.cmd
)
)
)
)5
# print Radix N FFTE kernel as function
PrintCode(name::"_jk", cl, opts);
PrintTo(name::" _jk"::".c"
PrintCode (name, cl, opts));

Generator scripts. We now show a (simplified) SPIRAL script
to generate FFTE kernels (see Listing 6) and discuss the details. The
full scripts are available at the SPIRAL web page www.spiral.net
and as part of the experimental FFTE for SVE distribution.

Lines 2-3: The prologue of the script. Loads the FFTE package and
sets up the options record.

Lines 5-7: The configuration for FFT algorithms to be used in
the kernel. The script uses the 2-point FFT (DFT_Base),
the general Cooley-Tukey FFT algorithm (DFT_CT), a spe-
cial variant that treats the first iterations separately to re-
move multiplications by 1 (DFT_Mincost), the partial di-
agonalization approach (DFT_PD), the Good-Thomas prime
factor algorithm (DFT_GoodThomas), Rader’s algorithm for
prime sizes (DFT_Rader), and the Split Radix algorithm
(DFT_SplitRadix).

Lines 10-14: This sets up the DFT kernel size and function name.
n can range up to 16 or 32, and be a prime or composite
number or a 2-power.

Lines 16-26: This sets up temporary variables and temporary ar-
rays for the computation to connect the various compo-
nents together. Since the entire kernel will be unrolled even-
tually these temporary arrays will be scalarized.

Lines 28-33: This section generates the data gathering code as
function of the outer loops. It generates a matrix stack of
gather operations that separate real and imaginary values
into two vectors and invokes the compiler and code gener-
ator to produce the corresponding code snippet. The com-
plexity stems from the unknown vector length that is not
natively supported by the SPIRAL code generation system.

Lines 35-41: This section generates the final data scattering. As
with the gather code, complexity stems from the unknown
vector length. This code snippet invokes the basic block

U W N =
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compiler and rewriting system to compactly encode compli-
cated code transformations. A particular issue on the scat-
ter side is the distinction between accumulating and writing
into target locations, which require special treatment in Sp1-
RAL.

Lines 43-52: This section generates the actual DFT kernel. It enu-
merates all DFT algorithms known to SPIrAL for the given
size, generates an internal code representation for the ker-
nels (called icode), and picks the algorithm with minimum
operations count. It then compiles this kernel down to code
while using the proper temporary variables to stitch the ker-
nels together with the twiddles and gather/scatter opera-
tions.

Lines 54-62: In this section we generate the loads into FFTE’s
twiddle table as function of the outer loops. The twiddle
table is represented as SpirALlambda finction that is eval-
uated at the locations of use. Fresh symbols are created to
enable the construction of the lambda function. The sym-
bol RCDiag is a complex diagonal matrix in real arithmetic,
parameterized by a lambda function. This object is the key
SPL object to capture FFTE’s twiddle factor layout. nth ab-
stracts array accesses while cond abstracts the conditional
assignment ?:.

Lines 64-69: This section stitches together the internal code repre-
sentation fragments for the gather operation, the DFT ker-
nel, the twiddle scaling and the final scatter operation. It
then invokes the basic block compiler on the merged code
to run another pass of basic block optimization that cleans
up the boundaries between the code fragments. The result
is the final kernel code as function of the (yet undefined)
outer loops.

Lines 71-79: Now the outer loops are wrapped around the inner
kernel to complete the full Stockham stage as required by
FFTE. In this case the outer loop is a normal C loop while
the inner loop is a SVE vetorized loop that eventually will
be unparsed (pretty-printed) using the standard while con-
struct suggested for SVE vectorized loops.

Lines 81-83: The final step in the script is to print out the generate
code in properly named C files.

Special cases. Listing 6 shows the general flow of SPIRAL script
to generate FFTE kernels. As mentioned above, variants are needed
to address special cases when loops collapse in the Stockham algo-
rithm or to handle the first iteration that results in trivial twiddle
factors. Minor modifications to Listing 6 are sufficient to generate
all code variants: 1) the gather operations and twiddle operations
need to be changed to support strided access, and 2) some loop
variables need to be parially evaluated to 0, and their bouds need
to be partially evaluated to 1.

A SpiraL-generated radix-2 FFT kernel equivalent to Listing 3
is shown in Listing 7.

Listing 7: SPIRAL-generated radix-2 FFT kernel

#include <include/omega64.h>
#include <arm_sve.h>

float64_t =*X,
int 11, int m1) {

void dft2_sve_jk(float64_t =*Y,
float64_t *TW1,
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svfloat64x2_t s49, s52, svex2_3, svex2_4;
int al04, al105;

float64_t al06, alo7;

svbool_t pgl;

svfloat64_t s50, s51, s53, s54, s55, s56;
for (int j1 = 0; j1 < 11; ji++) {

int k1 = 0;

pgl = svwhilelt_b64(k1l, m1);
do {
al04 = k1 + j1 * ml;
s49 = sv1d2_f64(pgl, X + 2 * aled);
s50 = s49.v0;
s51 = s49.v1;
s52 = svld2_f64(pgl,
X + 2 x (ale4 + 11 x ml));
s53 = s52.v0;
sb54 = s52.v1;
s55 = svsub_f64_x(pgl, s50, s53);
s56 = svsub_f64_x(pgl, s51, sb54);
ales5 = ((2)*x(j1));
ale6 = TWI1[al105];
ale7 = TWilale5 + 11;
svex2_3.v0 = svadd_f64_x(pgl, s50, s53);
svex2_3.v1l = svadd_f64_x(pgl, s51, s54);

svst2_f64(pgl, Y + 2 * (ki
svex2_3);
svex2_4.v0 = svnmls_n_f64_x(pgl,
svmul_n_f64_x(pgl, s56, al07),
svex2_4.v1 = svmla_n_f64_x(pgl,
svmul_n_f64_x(pgl, s56, ale6), s55,
svst2_f64(pgl, Y + 2 * (k1 + (2 * j1
+ ml), svex2_4);
k1 += svecntd();
pgl = svwhilelt_b64(kl, ml);
} while(svptest_any(svptrue_b64(),

+ 2 % j x ml),

s55, ale6);

ale7);
* ml)

pgl));

First stage of a SPIRAL-generated radix-2 FFT kernel equivalent

to Listing 4 is shown in Listing 8.

Listing 8: First stage of a SPIRAL-generated radix-2 FFT ker-

nel

#include <include/omega64.h>
#include <arm_sve.h>

void dft2_sve_j(float64_t *xY, float64_t =*X,

float64_t *TW1, int 11) {
svfloat64x2_t s53, sb56;
float64_t *a94;
int a93;
svbool_t pgl;
svfloat64_t a95, a96, s54, s55, s57, s58, s59,
s60, s61, s62, s63, s64;

int j1 = 0;
pgl = svwhilelt_b64(j1, 11);
do {

a93 = 2 x ji;

s53 = sv1ld2_f64(pgl, X + ad93);

s54 = s53.v0;

s55 = s53.v1;

s56 = sv1d2_f64(pgl, X + 2 * (j1 + 11));
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s57 = s56.v0;
s58 = s56.v1;
s59 = svadd_f64_x(pgl, s54, s57);
s60 = svadd_f64_x(pgl, s55, s58);
s61 = svsub_f64_x(pgl, s54, s57);
s62 = svsub_f64_x(pgl, s55, s58);
a94 = TW1 + a93;
a95 = svldl_gather_s64offset_f64(pgl, ad%4,
svindex_s64 (0, 16));
a%96 = svldl_gather_s64offset_f64(pgl, a94 + 1,
svindex_s64 (0, 16));
s63 = svnmls_f64_x(pgl,
svmul_f64_x(pgl, a96, s62), ad95, s61);
s64 = svmla_f64_x(pgl,
svmul_f64_x(pgl, a95, s62), ad%96, s61);
svstl_scatter_s64offset_f64(pgl, Y + 4 *x j1,
svindex_s64 (0, 32), s59);
svstl_scatter_s64offset_f64(pgl, 1 + Y
+ 4 x j1, svindex_s64(0, 32), s60);
svstl_scatter_s64offset_f64(pgl, 2 + Y
+ 4 x j1, svindex_s64(@, 32), s63)
svstl_scatter_s64offset_f64(pgl, 3 + Y
+ 4 % j1, svindex_s64(0, 32), s64);
j1 += sventd();
pgl = svwhilelt_b64(j1, 11);
} while(svptest_any(svptrue_b64(), pgl));

Middle stage of a SPIrRAL-generated radix-2 FFT kernel equiva-
lent to Listing 5 is shown in Listing 9.

Listing 9: Middle stage of a SPIRaL-generated radix-2 FFT
kernel

#include <include/omega64.h>
#include <arm_sve.h>

void dft2_sve_k(float64_t xY, float64_t =*X,

int m1) {
svfloat64x2_t s43, s46, svex2_3, svex2_4;
svbool_t pgl;
svfloat64_t s44, s45, s47, s48;
int k1 = 0;
pgl = svwhilelt_b64(k1l, ml1);
do {
s43 = svld2_f64(pgl, X + 2 * ki1);
s44 = s43.v0;
s45 = s43.v1;
s46 = svld2_f64(pgl, X + 2 * (k1 + ml));
s47 = s46.v0;
s48 = s46.v1;
svex2_3.v0 = svadd_f64_x(pgl, s44, s47);
svex2_3.v1l = svadd_f64_x(pgl, s45, s48);
svst2_f64(pgl, Y + 2 * k1, svex2_3);
svex2_4.v0 = svsub_f64_x(pgl, s44, s47);
svex2_4.v1 = svsub_f64_x(pgl, s45, s48);
svst2_f64(pgl, Y + 2 * (k1 + ml), svex2_4);

k1 += svecntd();
pgl = svwhilelt_b64(k1l, m1);

} while(svptest_any(svptrue_b64(), pgl));
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5 PERFORMANCE RESULTS

To evaluate the vectorized FFT kernels we evaluated size of the
form n = 2395”7, where p, q, and r were varied. We compared
the performance of automatically vectorized FFT kernels written
in Fortran (FFTE 6.0) [24], explicit vectorized FFT kernels written
in SVE intrinsic generated by SPIRAL, and automatic vectorized
FFT kernels written C generated by SPIRAL.

At the time of writing this paper, the A64FX processor was still
under development, and we were not able to use the actual ma-
chine. Therefore, the performance was evaluated using the RIKEN
Fugaku processor simulator [17]. The specifications of the A64FX
chip are shown in Table 3. The A64FX processor has 48 cores, how-
ever, we evaluated our approach on one core and one thread to
focus on vectorization.

The execution times obtained from 10 executions of complex
forward FFTs were averaged. The FFTs were performed on double-
precision complex data and the table for twiddle factors was pre-
computed. The problem sizes n were in the range of 64 to 65,536,
which fit into the L2 cache of the processor. Normalized cycle times
(the number of cycles required for execution divided by 5nlog, n)
were compared across the various implementations for n-point
FFTs. The smaller these normalized values, the higher the perfor-
mance.

We used the Fujitsu C/C++/Fortran compiler Version 4.0.0, and
the Arm C/C++/Fortran Compiler version 19.1. We set the com-
piler options as -Kfast,restp=all and -Kfast for the Fujitsu
C/C++ and Fujitsu Fortran compilers, respectively. The compiler
option -Kfast specifies the optimizations for high speed execution
on the target machine. The compiler option -Krestp specifies to
perform the optimization of restricted pointers assuming that the
restrict qualifier is specified for all pointers. The compiler op-
tions used were specified as -Ofast -march=armv8-a+sve for the
ARM C/C++/Fortran Compiler. The compiler option -Ofast spec-
ifies the optimizations for high speed execution on the target ma-
chine. The compiler option -march=armv8-atsve targets Armv8
application architecture profile with SVE. The original FFTE pro-
gram is written in Fortran. SPIRAL-generated FFT kernels are writ-
ten in C.

The software used for the evaluation including the compiler
is still under development and its performance may be different
when the supercomputer Fugaku starts its operation. The result of
this simulator [17] is just an estimate, and it does not guarantee
the performance of the supercomputer Fugaku at the start of its
operation.

Figures 1 and 2 show the performance of power-of-two FFTs
with Fujitsu compiler and ARM compiler, respectively. Whether
using the Fujitsu C compiler or ARM C compiler, SPIRAL (SVE in-
trinsic) is faster than SPIRAL (automatic vectorization). When Fu-
jitsu C compiler is used, SPIRAL (SVE intrinsic) is approximately
6.33 times faster than SPIRAL (automatic vectorization) for n = 256.
Furthermore, when ARM C compiler is used, the SPIRAL (SVE in-
trinsic) is approximately 5.62 times faster than the SPIRAL (auto-
matic vectorization) for n = 32,768. From these results, it can be
seen that explicit vectorization using intrinsic by SPIRAL is effec-
tive.

cycles / (5*n*log2(n))

cycles / (5*n*log2(n))
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Figure 1: Performance of power-of-two FFTs with Fujitsu
compiler
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Figure 2: Performance of power-of-two FFTs with Arm com-
piler

With Fujitsu C and Fortran compilers, the FFTE (automatic vec-
torization) is slightly faster than the SPIRAL (SVE intrinsic). On
the other hand, with ARM compiler, the SPIRAL (SVE intrinsic)
is faster than the FFTE (automatic vectorization). Especially, for
n = 32,768, the SPIRAL (SVE intrinsic) is approximately 3.16 times
faster than FFTE (automatic vectorization).

The performance of the FFTE compiled with the Fujitsu Fortran
compiler is higher than that compiled with the ARM Fortran com-
piler. On the other hand, the performance of the SPIRAL (both SVE
intrinsic and automatic vectorization) compiled with the ARM C
compiler is higher than that compiled with the Fujitsu C compiler.
From these results we conclude that the optimization of the Fu-
jitsu Fortran compiler worked more effectively for the FFTE than



cycles / (5*n*log2(n))

HPCAsia2020, January 15-17, 2020, Fukuoka, Japan

Takahashi and Franchetti

Table 3: Specifications of the A64FX Chip [29]

Architecture

Armv8.2-A (AArch64 only)

SVE 512-bit wide SIMD

Number of cores

48 computing cores + 4 assistant cores

Theoretical peak performance

Over 2.7 TFlops (double precision)

L1 Data Cache 64KiB, 4way
L2 Cache 8MiB, 16way
Memory capacity 32 GiB (HBM2)
Memory bandwidth 1024 GB/s
600000 T T T 600000 T T T
—+—  FFTE 6.0 (Fortran, automatic vectorization) —+— FFTE 6.0 (Fortran, automatic vectorization)
- X-  SPIRAL (C, SVE intrinsic) - X-  SPIRAL (C, SVE intrinsic)
* % h - k- h -
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Figure 3: Performance of non-power-of-two FFTs with Fu-
jitsu compiler

the ARM Fortran compiler. Furthermore, the optimization of the
ARM C compiler worked more effectively for the SPIRAL than the
Fujitsu C compiler.

Figures 3 and 4 show the performance of non-power-of-two
FFTs with Fujitsu compiler and Arm compiler, respectively. It can
be seen from Figures 1-4 that the performance results of non-
power-of-two FFTs have the same tendency as the performance
results of power-of-two FFTs.

6 CONCLUSION

In this paper, we proposed the implementation of FFT on the ARM
SVE. We performed automatic vectorization by the compiler and
explicit vectorization by SPIRAL for FFT kernels and compared the
performance. With the ARM compiler, SPIRAL-generated FFT ker-
nels written with SVE intrinsic are up to 3.05 times faster than FFT
kernels of FFTE written in Fortran, and up to 5.36 times faster than
SpiraL-generated FFT kernels written in C. From these results, it
can be seen that explicit vectorization using ARM SVE intrinsic by
SPIRAL is effective.

It is expected that the compiler optimization capability and
automatic vectorization capability for ARM SVE will be further
improved. In addition, we plan to evaluate the actual machine

100 1000

Length of transform n

Figure 4: Performance of non-power-of-two FFTs with Arm
compiler

equipped with the A64FX processor, which is the first processor
of the Armv8-A SVE architecture.
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