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Abstract—Direct numerical simulation (DNS) by spectral
methods is widely used to reveal turbulence properties because
of its high accuracy. DNS with a larger number of grid
points than simulations conducted to date, however, requires
a large amount of computation time and memory capacity.
Therefore, DNS with a large number of grid points is not
realistic, even if state-of-the-art supercomputers are used. In
this paper, in order to execute a DNS with a larger number of
grid points, a memory-saving DNS code has been developed
to solve the memory capacity constraint at the expense of
increased CPU time. Variables in the code are subdivided
and stored in multiple temporary files and are processed
sequentially during the calculations. The DNS code has been
carried out as an early performance evaluation on SX-Aurora
TSUBASA equipped with synchronous and asynchronous input
and output (I/O) functions. The results clarified that the
synchronous I/O performance outperformed the asynchronous
I/O performance. The shortest calculation time was achieved
using the synchronous I/O to eight temporary files on solid
state drives.

Keywords-Direct numerical simulation; Turbulent flows;
Memory-saving; SX-Aurora TSUBASA; Asynchronous I/O;
Synchronous I/O

I. INTRODUCTION

Recent rapid development in the capacities and capabili-
ties of supercomputers has led to computational approaches
becoming powerful tools in various science and engineering
fields. In particular, direct numerical simulation (DNS) of
turbulence by spectral methods can provide detailed turbu-
lence data without experimental uncertainties under well-
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controlled conditions up to the maximum wavenumber at
discretization. Since Orszag began to carry out DNS by
spectral methods [1], many researchers have carried out
DNSs for turbulent flows with higher Reynolds numbers [2],
[3]. Although DNS with a larger number of grid points than
previous DNSs computed to date is still expected, DNS that
requires more memory than the system’s memory capacity
is extremely difficult to carry out.

Recent advances in secondary storage configurations
equipped with hard disk drives (HDDs) or solid state drives
(SSDs) make a secondary storage useful for conducting
a DNS with a larger number of grid points by storing
computed values to files in a DNS code [4]. Especially,
because a file system configured with SSDs is directly
connected to each compute node as a local file system and
its access speed is faster than that of the second-tier storage
system configured by a large-scale parallel file system like
the Lustre file system, a local file system can be used as an
extended memory space.

In this paper, a memory-saving DNS code has been
developed to solve the memory capacity constraint at the
expense of increased CPU time. In this code, variables
that are distributed across compute nodes during parallel
computations can be further partitioned into smaller portions
in the node. Each variable subdivision is stored to a separate
temporary file and used while reading and writing. To this
end, this study has examined the input and output (I/O)
performance on SX-Aurora TSUBASA using this code.



II. DNS CODE IMPLEMENTATION

We consider homogeneous isotropic turbulence that obeys
the incompressible Navier-Stokes equations and the contin-
uum equation

a—u4—(u~V)u:—W)—l—uvzu—kf, and (1)

ot
V-ou=0, 2)

in a periodic box of side length 27. Here, u = (u1, ug, u3),
p, v, and f = (f1, f2, f3) denote the velocity, pressure,
kinematic viscosity, and external force, respectively [5].
Because the boundary condition is periodic, the Fourier
spectral method can be applied for discretization.

Then, equations (1) can be written as

(jt + I/|k|2) ﬁl(k) = <5ij — IF];T;) f;](k) + fz(k)7 (3)

where Equation (2) is used to eliminate the pressure term.
In equations (3), k = (k1, ko, k3) is a wavenumber vector,
hA](k:) = ikju;u; is nonlinear term, and the hat symbol *
denotes Fourier coefficients. Ordinary differential equations
(3) are integrated with respect to time by the fourth-order
Runge-Kutta-Gill (RKG) method.

Fast Fourier transforms (FFT) can be efficiently used
to calculate the nonlinear term h}(k) that is expressed
as convolution sums in the wave vector space. Aliasing
errors generated by the spectral method are removed by the
phase shift method and the cut-off beyond the maximum
wavenumber Kkpax = V2N /3, where N is the number
of grid points in each of the Cartesian coordinates in the
physical space.

The original parallel code has been developed by two-
dimensional domain decomposition with MPI for the data
distribution, and the three-dimensional FFT parallelized by
pencil decomposition is used in the implementation. When
targeting a DNS with n3 = 32,7682, our code requires ap-
proximately 2313 double precision floating point variables in
total, resulting in 5.6 petabytes. There is no supercomputer,
however, that has this amount of memory capacity in Japan.
Therefore, a memory-saving method is needed.

III. MEMORY-SAVING CONCEPT

Modern supercomputers provide large storage systems
that can be used to save variables in the code. Especially,
the first-tier storage, mostly consisting of SSDs, can be used
as a temporary storage of variables in the code.

The idea to save the memory capacity declared in the
code is that variables can be divided equally into smaller
quantities, and each portion can be stored separately in
a temporary file on the first-tier storage. The number of
temporary files is the same as the number of portions.
Figure 1 shows a schematic image of variable partitioning.
First, for example, a wave vector of the x-direction velocity
is partitioned by the pencil domain decomposition into the

Pencil domain decomposition
in spectral space

A subregion assigned to an MPI process

Figure 1. Variable partitioning in a compute node

number of parallel processes, as depicted on the left side of
the figure. Each parallel process calculates its own assigned
portion of the variables. In the memory-saving method, the
portion assigned to each process is further divided equally
into the number of temporary files, Ny, which are created
on the first-tier storage. Then, the size of variables used in
each process can decreases to 1/Ny.

For computation, first, the program reads the first portion
from the file, performs computations with the data in that
portion, and then writes the updated values to the same file
they are read from. After processing of the first portion,
processing of the second portion is similarly performed. This
procedure continues until all portions of the variables are
processed. Figure 2 describes how to change the original
code to a memory-saving code in a Fortran-like description.
If the rank of the array variable is 3, the last rank is
partitioned into the number of files at declaration, and a loop
is added to repeatedly read each portion of the variables,
perform calculations, and write updated values to the file.

real(kind=8) :: a(n,m,NN) real(kind=8) :: a(n,m,NN/nf)
real(kind=8) :: b(n,m,NN) real(kind=8) :: b(n,m,NN/nf)
do F =1, nf
[ read a(:,:,:), b(:,:,:) from the #F file.}
do k = 1, NN do k = 1, NN/nf
doj=1,m doj=1,m
doi=1,n doi=1,n
a(i,j,k) = ... b(i,j,k) [:C> a(i,j,k)=... b(i,j,k)
end do end do
end de end do
end do end do
[ write a(:,:,:) to the #F file. ]
end do

Figure 2. Pseudo kernel of the memory-saving code

Although the calculation time is increased by a greater
amount of input and output (I/O) time, the memory capacity
required to execute the code can be decreased significantly
by this implementation.



IV. ASYNCHRONOUS EXECUTION OF THE METHOD ON
SX-AURORA TSUBASA

SX-Aurora TSUBASA is a vector-type supercomputer
equipped with distinctive architectures and software [6]. The
system consists primarily of a vector host (VH) and one
or more vector engines (VEs). The VH is a standard x86
server with one or more processors running a standard Linux
operating system. A VE is a vector accelerator implemented
as a peripheral component interconnect express (PCle) card,
on which a vector processor is mounted with six high-
bandwidth memory (HBM?2) modules. The vector processor
consists of eight vector cores, a 16 MB last-level-cache
(LLC), and a VE direct memory access (DMA) engine. The
LLC is connected to each core through a two-dimensional
intra-network with a total cache bandwidth of 3.0 TB/s.

Operating system functions have been realized on the VH
to the greatest extent possible so that the VEs are able to
effectively use their computational power by concentrating
on program executions with vector instructions. Because the
GNU C library (glibc) is ported to the VEs, applications can
call glibc functions such as normal I/O functions. Vector-
ization should also be applied to achieve high computation
performance. The performance of SX-Aurora TSUBASA
has been evaluated as excellent [7].

The SX-Aurora TSUBASA system provides three types
of I/O functions namely synchronous normal I/O, syn-
chronous accelerated 1/0, and asynchronous I/O functions.
The I/O performance using the synchronously normal and
accelerated I/O functions has been studied in [8]. The
synchronously accelerated I/0O showed good performance for
I/O in the program. In addition to these two synchronous
I/O functions, an asynchronous I/O for VE (AIO) is also
provided. The AIO enables VE programs to do their tasks
during I/O system call operation, and does not need any VE
resource while the I/O operation on VH is in progress [9].
When an asynchronous function is implemented in the code,
the computation and I/O operation can be overlapped to
reduce overall wall-clock time. A benchmark program has
been developed to check the applicability of the AIO feature.

The pseudo code in a Fortran-like description is shown in
Fig. 3. The 4th rank of the size of 3 is added to the original
three-dimensional array, resulting in a four-dimensional ar-
ray. The 4th rank is used for cyclic read, computation, and
write operations. Although special treatment is necessary
at the beginning and end of the loop, read, computation,
and write operations can be pipelined by accessing different
portions of the original array, each of which is stored
in the different temporary file. The AIO feature overlaps
the computing region (shaded pink in Fig. 3) and the I/O
operation region (shaded blue).

In the benchmark, the case that the second rank of
a two-dimensional array u(n,n) was divided by eight,

the number of temporary files, is considered. An array
u(n,n/8,0:2) was declared and it was used to test the
AIO feature. Computation part is an loop in which each
element of an array is incremented by one. The size n is
taken as 30,720 and the loop length of the computation part
was determined so that the computation time is greater than
the I/O time.

Figure 4 shows the wall-clock time of three I/O functions
when the computation time is greater than the I/O time. The
computation time for the synchronously normal I/O of the
leftmost bar in the figure is the longest computation time.
The synchronously accelerated I/O can shorten the I/O time
by approximately 1/4, as shown in the middle bar. For the
AIO, the I/O time is completely hidden in the computation
time. This experiment shows that the AIO feature efficiently
shortens the wall-clock time. The next section describes how
the synchronously accelerated I/O and AIO functions are
applied to the DNS code.

V. EVALUATION OF I/O FUNCTIONS IN THE
MEMORY-SAVING DNS CODE

We applied the memory-saving method to the DNS code
and carried out time measurement of the code execution
on the SX-Aurora TSUBASA called “AOBA-A” installed
at Tohoku University. Two secondary storage systems were
used for the measurements: one is a ScaTeFS parallel file
system composed of HDDs developed by NEC Corporation
and the other is a local file system composed of SSDs
directly connected to each VH.

The number of grids and the number of MPI processes
are set as n® = 5123 and 8x8 of the pencil decompo-
sition, respectively, in the measurements. The size of an
array variable on each MPI process after parallelization,
e.g. a wave vector of x-directional velocity, is 5123 x

real(kind=8) :: a(n,m,NN/nf,0:2)
real(kind=8) :: b(n,m,NN/nf,0:2)

do F

1, nf

mod(F-1,3)
mod(F+1,3)
mod(F ,3)

> 3 3
£ 05
[ TR

! Computation region for the data in the #F file.
do k = 1, NN/nf
doj=1,m
doi=1,n
a(i,j,k,nc) = ...
end do
end do
end do

b(i,3,k,nc)

I/0 operation region
read a(:,:,:,nr), b(:,:,:,nr) from the #(F+1) file.

write a(:,:,:,nw) to the No. #(F-1) file.
A J

end do

Figure 3. Pseudo code using the asynchronous I/O feature
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Figure 4. Computation time using three types of I/O functions

8 (bytes)/64 (processes) = 16 megabytes. 16 arrays in
each MPI process are partitioned by the number of files
that are taken as 2, 4, 8, 16, and 32. Therefore, the sizes
of each file are 4096, 2048, 1024, 512, and 256 kilobytes.
The code is executed on the 64 VEs of 8 VHs and with
64 MPI processes. In each process, 8 threads were used for
multi-thread parallel computation. The computation result
was confirmed to be the same as the result with the original
code.

Figure 5 shows the computation time of one RKG time
step for the measurement cases. The leftmost bar graph is
the time without the memory-saving method, that is, the
time taken by the original code. The four groups of the
five bars shown on the right part of the graph represent the
computation time using synchronous I/O to the second-tier
file systems configured on HDDs, AIO to the second-tier
files on HDDs, synchronous I/O to the local file system
on SSDs, and AIO to the local file system on SSDs. The
breakdown of the code indicates its measured time: blue is
the nonlinear terms computation time, orange is computation
time other than non-linear terms, grey is the I/O time in the
non-linear terms calculation part, yellow is the I/O time of
other than in the non-linear terms calculation part, and light
blue is the other processing time.

Clearly, the original code that can be executed on memory
without the memory-saving method takes the shortest time
to execute. Unless the amount of memory used by the code
exceeds the amount of memory capacity of the system,
no memory-saving method is necessary. In the case that
the DNS code exceeds the system memory capacity, it is
necessary to evaluate the performance of the memory-saving
method.

It is shown that the method with the AIO is slower than the
methods with synchronous I/O. This is because the I/O time
cannot be hidden due to the computation time being shorter
than the I/O time. In addition, the overhead of using the
AIO features on SX-Aurora TSUBASA is quite larger than

expected. The behavior of the AIO feature of SX-Aurora
TSUBASA needs to be investigated more precisely.
Because the parallel file system is shared by all users, it
was found that the time needed to use the synchronous I/O
feature with the parallel file system fluctuated during the
measurement. We also confirmed that the I/O time for files
on SSDs is shorter than that on HDDs. Eight subdivisions
were the best case for the memory-saving method with the
synchronous I/O from and to the local file system.
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Figure 5. Computation time

VI. CONCLUSION

In this study, we have developed a memory-saving DNS
code and evaluated the performance of the code on SX-
Aurora TSUBASA. We found that, if the calculation time is
longer than the I/O time, the file I/O time can be overlapped
the calculation part of the code, and the I/O time can be
hidden behind the calculation time, as described above. In
experiments with the developed DNS code by a memory-
saving method, the calculation time with the synchronously
accelerated I/O feature is shorter than that with the AIO
feature. The AIO feature should be tested in more depth in
the future. Because the memory-saving code is portable, we
plan to carry out it on other supercomputers like FUGAKU
in the future.
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