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In this research, we will train deep neural networks to extract features and patterns contained

in big data obtained by high performance computing (HPC) with FUGAKU, and develop a novel



strategy for modeling wall turbulence to significantly reduce the computational cost, while
maintaining the prediction accuracy. In addition, based on the performance data under various
combinations of design parameters predicted by HPC possibly, we will build high-accuracy
surrogate models that relates the design variables and the resulting performances. By combining
the above two achievements, we will eventually propose and validate a novel framework for
optimal design of thermos-fluids systems.

In this fiscal year, prediction of the flat turbulent boundary layer with a coarse grid combined
with the proposed wall-behavior prediction model and also the verification of the surrogate model
for an actual fan for aerodynamic performance and noise were performed. For the development
of a wall-behavior prediction model, we first developed a discriminator to distinguish between
high-resolution and low-resolution computational results and a generator was developed to
correct flows, so that the discriminator cannot discriminate them. We applied the discriminator
to a fully developed turbulent channel flow and it was confirmed that a calculation with 1/64 grid
points could achieve the same level of prediction performance as the high-resolution calculation.
For the development of a new surrogate model, we confirmed the improvement of prediction
performance by extracting low-dimensional features from high-dimensional flow field
information and adding them to the input. A network was developed to predict flow features for
unknown design variables without performing high-precision CFD (Computational Fluid
Dynamics). By using the predicted flow features, we confirmed that it is possible to accurately
predict the aerodynamic performances of unknown design variables without performing high-

precision CFD.
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Fig. 2.2.1-1 Data set used in this investigation. (“WALE model“ is wall adapting local eddy
model.)
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Fig. 2.2.1-2 Comparison of wall friction coefficients obtained by low- and high-resolution
calculations. (t* is time normalized to the viscous time.)

a) Re, = 4600 b) Re, = 10000

Fig. 2.2.1-3 Effects of grid resolution on the mean velocity profiles at different Reynolds
numbers. (y* is distance from the wall, which is normalized to the viscous length.)

Fig.2.2.1-4 |2, AW7E CRET 2BEHZFE) THE7 LV OMERK Z R, BRI, REEmZEE) T
BT, EKf#E CFD (Computational Fluid Dynamics) T 55 iiiLss (Fig. 2.2.1-5¢))
2, FRNCHE LS4 CFD oft % (Fig. 2.2.1-5a)) #2274 v 4 Uiz (Fig. 2.2.1-
5b)) LRI ONRL D XS, Kixdlx (BIEE CFD OiNGE4EET 26D TH D, =
AT 20 BN AR B R RRE BN @G EE CFD OFE RITIT SN TN 2 ERHIFFTE 5,
ek, AWFFETIE, EAFBE CFD & LCTiE, @% O DNS (Rfigfe £ DNS) 7> b BT FHARS 71K
Zk D U7 KA#% 2 o DNS (DNS coarse) . 3L, [A U < HLWEHEAS T2 FHW-2OIEHER 72—
7Yy RAF—nNE7 VE AN LES # o, WTNOFEICB TS, 2 AR TIIE i
ENAR+5Th 572, MR TR L < | A8 CHRIE T 2BERB) TRIET VAT 2 2 &1
0. EGEE DNS LD W THIPEREZ BT 5 Z L BAAMFEDO B TH 5,



Al + {EfZ{8EECFD

CFD (Wall-modelled )(Z £t
Tl ASNBRNBEAS)
(B1=H) IR SN SR TR R
F s B & kR or ‘
FED i
Eg% E;:ljlb B AW o0 o0
e AR, A SV
o

CFD (Wall-resolved )

L&V Bsn 3B REERN S @5 ()

3= 72CFD (Wall-resolved )

BIARFHETILOPE
IEfZi5: 17
or
AR5 07
S5

¥ 51| 25

(RERFEERYET—Y)

FENEFNTE, REBMICE

ARG ECFD+AIBEET ILIZE-T,
Fﬁﬂ%FCFD'C’ %h%)uu.htﬁt
FIRI CELNWESITRNNERTES
9. ..

Fig. 2.2.1-4 Conceptual diagram of the present wall-behavior prediction model.

a) DNS results on fine grids

b) DNS results on fine grids
projected onto coarse grids

c) DNS results on coarse grids
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Fig. 2.2.1-5 Comparison of instantaneous velocity fields obtained by find and coarse meshes.
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Fig. 2.2.1-6 Test result.
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Fig. 2.2.1-7 Conceptual diagram of wall-behavior prediction model using deep learning
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Fig. 2.2.1-8 Comparison of wall friction for coarse mesh with and without the present wall
model and for fine mesh.

.11.



25

—— DNS coarse /
0l T DNS coarse with wall model ’,"
DNS fine /
o Reference data /
15 (Iwamoto et al. 2002)

U+

‘—" ’
10 - /4
- /
- gy
/
/

10 10 10°

Fig. 2.2.1-9 Comparison of the mean velocity distributions for coarse mesh with and without
the present wall model and for fine mesh.
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Fig. 2.2.1-10 Comparison of instantaneous flow fields obtained by fine-mesh simulation, and
coarse mesh simulation with and without the present wall model.
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Fig. 2.2.1-11 Conceptual diagram of the present surrogate model.
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Fig. 2.2.1-12 LES database of Boxfan obtained by the supercomputer Fugaku.
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Fig. 2.2.1-13 Auto-encoder for extracting the features of the flow field.
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Fig. 2.2.1-14 Effect of the latent variables representing the features of surface pressure
distribution on the performance prediction.
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Fig. 2.2.1-15 Predictions of static pressure head with different surrogate models.
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(2) FEF—<@ : AT — b in-situ AJEILEBDOIEE

(a) WFERRRDEE
AWFFET —~Cld, THE THBE L EOREHEIR 02T - BE M E 17 535 & L CHEIEE
WCHWLNTE-BEMRSEHKAY I 21— a7 L —AU—2 CUBE O#feZ¥:5 LT HPC @
1 57 B 2 A CHER T D 7212, A~ — b in-situ Al LA OFEGLIT/R DAFTER S &= a4 5,
B 6T, SN T — 2 RX—A & oAb u r— T AOBREE E LT, %<
? in-situ A LY AT A TRA STV D AT — % X— 2 {14k Tdh 5 CINEMA |ZxFIE L 7=
G HIBSREZ B L, A~ — b in-situ AT LR L 0 ) S0 25 Z2HLSAHEEB O T — 2 _X— 2
b&1T7 o7, A~— b in-situ AIHYEAEREDO O E S Th D 2R ATHULEREZFIA L, fREd 5
BT A =21 LT, MEERNCAEE OFRS TO LB 2 AT 5 2 & N ATREZR M2 £
T (At e S — hETL) 2EFE LI, £ LT, SEARHALIE T — & 215 L wiii bt
n /7 — hET V%, CINEMA DB {EERIZ kS L7252 BE s 27 MM A2, FRBEAFEET NV E
15 H U7= %3609 Web I by A7 & & UCBR%E L7z, BA%E L7z Al kY 1 7 — M ET LD T,
IRy 2 2 L —a RRHBEE R S 2 L— v a VAR RICHGEEZ TV, IEFICEMEL
TWH Z e afEd LT,

In this research, we will conduct research and development for building a smart in-situ
visualization framework to expand the functionality of Complex Phenomena Unified Simulation
Framework, "CUBE", which has been applied for investigations mainly on aerodynamics and
noise problems in vehicles and other transport equipment, and thereby, substantially expanding
the application field of HPC.

In this fiscal year, we developed a visualization surrogate model using a multi-view image
database. We implemented an image output function compatible with CINEMA, a visualization
database specification used in many in-situ visualization systems, and constructed a database of
multi-view visualization images generated by the smart in-situ visualization platform. Using the
multi-view visualization function, one of the smart in-situ visualization functions, we developed
a machine learning model (visualization surrogate model) that can interactively generate
visualization images from arbitrary viewpoints for specified visualization parameters. In addition,

we developed an interactive web visualization system based on our proposed learning model using
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multi-viewpoint visualization images. We also confirmed the proper working of our model by

applying it to simulations of vortex ring formation and automobile aerodynamic characteristics.
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Fig. 2.2.2-1 Overview of visualization surrogate model.
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Fig. 2.2.2-2 Train and inference models in the proposed GAN-based visualization surrogate
model.
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Fig. 2.2.2-3 Structure of the generator. Simulation parameters and view parameters are input
to the generator, and the corresponding visualization images are generated.
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Fig. 2.2.2-4 Upsampling process with pixel shuffle.
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Fig. 2.2.2-5  Structured of the discriminator. The discriminator will be capable of
distinguishing between the images generated by the generator from ground-truth images.
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Fig. 2.2.2-6 Structured of the feature comparator. Image features such as edges that are
common to many images can be obtained by using the feature map extracted in the second
layer of the convolution layers.
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Table 2.2.2-1. Comparison of training time, inference time and model size between the
proposed model and the conventional model (InSituNet).

| =ty o8 | pummy =y 2 | FEmm | faae | e

Ours 380 54.5 s 5.83 hr | 0.0032s | 143 MB
InSituNet 920 61.5 s 15.78 hr | 0.0054 s 204 MB
Ours

/ '\ Ground Truth
InSituNet . \

BiEAX ﬁ

Ours : 380 InSituNet : 920
IRy

R OER

Fig. 2.2.2-7 Loss changes of the feature comparator at each learning epoch. The red line is
the loss that shows a reference for the end of learning process.
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Table 2.2.2-2. Comparison of similarity between our model and the conventional model.

| LPIPS | SSIM | PSNR
0.117 | 0.818 | 22.94
0.126 | 0.820 | 23.03

Ours
InSituNet
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Fig. 2.2.2-8 Comparison of visualization images generated by using our model and the
conventional model (InSituNet) with unlearned simulation parameters (viscosities).

Table 2.2.2-3. Comparison of image similarity with unlearned simulation parameters (Fig.
2.2.2-8).

1= 0.0125 = 0.0225 = 0.0325

LPIPS SSIM PSNR | LPIPS SSIM PSNR | LPIPS SSIM PSNR
Ours 0.093 0.860 26.96 | 0.032 0.960 36.31 | 0.038 0.971 40.21

InSituNet | 0.097 0.883 29.43 | 0.056 0936 34.07 | 0.071 0937 34.05
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Fig. 2.2.2-9 Comparison of visualization images generated from unlearned viewpoints by
using our model and the conventional model (InSituNet).

Table 2.2.2-4. Comparison of image similarity with unlearned view parameters (Fig. 2.2.2-9).

6 =0° ¢ = 60° ¢ =120° ¢ = 180°
LPIPS SSIM PSNR | LPIPS SSIM PSNR | LPIPS SSIM PSNR | LPIPS SSIM PSNR
Ours | 0.067 0.900 2888 | 0.106 0.810 2480 | 0.122 0.782 2299 | 0.074 0.894 29.80
InSituNet | 0.084 0.898 29.86 | 0.125 0.816 25.97 | 0.138 0.793 23.65 | 0.087 0.883 28.79
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ZHER &7~ (Fig. 2.2.2-11(b)),

-25.



t =215 t =235 t =255

(a) Visualization image at t =195 (b) Sequential images generated at different time steps

Fig. 2.2.2-10 Some example images generated by our proposed model at different time steps
(right). Comparison with the ground truth image (left).

&y

Ground Truth

(a) Visualization image with u = 0.02 (b) Generated images with different viscosity coefficients

Fig. 2.2.2-11 Some example images generated by the surrogate model using different
parameter values p(right), and a comparison with the ground truth image (left).

3-2) #52

RHD/RNT A—=FHZONT T L 2B OBEE O R A2 B2 5, EEEEERHGIL, Tables
2.2.2-2, 2.2.2-3, 2.2.2-4 2”3 F X 912, LPIPS e TOHA TENTMEETRE L7280, AROm
T HNZ EEEUE O AT AL R 23K T X D 2 L D3RR T X 5, SSIM & PSNRIZB L T, InSituNet
DN OEAE TENEZ R Lo, HEOZEIT/NS < #EET /1T InSituNet & [FIFRE O
B ORI LR E AR TE D Z LR TE S, Figs. 2.2.2-8, 2.2.2-9 ([O/RE N5 Alfifb Siu7-
%5 5 & | InSituNet AR BB A H ) LT D OISk L, IBREET MTIEMGT — 4
EHARL U T-RER R AN ) TE TV D 2 L3RR T & 5, InSituNet O VR IE, IR OHAES
BETTOWTHEREROHEELZ L DX BTV, 207, MENRELMEZFET 2FBETH D
SSIM DfEIFIREE T /L & InSituNet ThE Y ZENRRNFERIZR -T2 2B 2 Hivd, PNSR ICH
LTH, MIEONE & AODHMPFEL L TV D720, FH ZRBAEOFE IR ER2ENHT, BET
FIDHNFIENTOLRERITIT R Dol BEX N5, TN HEEICH L, LPIPS 1T AR
DT LR BV | FEEHOET NV EAWEHLESR AT, AREOT —F7 7 F v Th
D FrHER D BER SN2 KRIT, FEBEHAOETANOIIE SN F i~ v TH AL TS
7o, FRICFEBEAOET VEZEH L CHET 2 LPIPS A EXWEZRL TS EWS Z T, ¥

-26.



RNy TIVOEANZEY, BEETT LN InSituNet & TR OFE 2 @l IR T 5
ZERLTWS,

IO ORERNS, BT HET VL, InSituNet L 0 H/hESWEFLRETRIELS L, kv Ed
REBENTETH L ENHRTE 2, EBRICATHRAL L-EG 2R L TH, FRERE -
InSituNet & R THIEE CRETE TWH2®D, FWVEEIFH T OFRENRSGLND Z &R
R CE 7o, 72, Figs. 2.2.2-10, 2.2.2-11 OFERED D | AR T — & & U CTHEE S 4 5 B A]
BULFRERICH L TH, BER S WIHULEBRZ AR T 5 Z LR TE, b, AFHEET VE2Mfio
TR RO FHILIZ O RIS TE D 2 L DR TE T2,

3-3) %IE5) Web alfAL > 27 A

RETTIVOANEEZ RIS 272010, FFEAICY R 2L —2 a2 U RT A—FBLOEE T A—
HEERETLHIENTELHB_R—2Y 0 — T VT HSGE2—T 2% L7z (Fig. 2.2.2-
12), 2 —HFF o —7 EEICHEB IR TND 30D R T A X —%ffi o TR & 115 & KFEEIC 2
HIT L2 ENTED, HEOEETIE, MEGERENIHIST D 2 DDRATA X —%fiosT, FH
F AT LB A SR OAABER OB OB EZIEET 52 LN TE D,

HERBOER Fh ™ AN~ ks e 3 i
TR | EE——— : P
200 e
= ™ <

-----------

e NN
o

AIRILRER (ERERDET)

Fig. 2.2.2-12 Interactive web visualization system for our proposed model.
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IZDWT, BFFET —~ O THRFE L TW D EEELIR TRIE T L2 -HWT, A 5 R, BESLIR T IHIE
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In this research, the wall model to be developed in Research theme 1 will be implemented in
LES solver using the finite element method, FrontFlow/blue (FFB). About one-billion-element
computational grid will be used to predict the flow field and the propulsive performance of a
model ship on a model-test scale. Furthermore, the ship-scale flow field and the propulsive
performance of the actual ship will be predicted by 60-billion-emelemts computational grid, and
the accuracy of such predictions will be verified by referencing the test results and other related
data.

In this fiscal year, the wall model accuracy of a model ship resistance prediction was verified.
We attempted to predict the flow field information near the wall using flow field information
away from the wall, based on the followings that obtained in the last fiscal year: The discriminator,
using the wall turbulence prediction model developed in Research theme 1, was able to
discriminate the results of a coarse grid without the wall turbulence prediction model and the

results of fully-resolved LES with a correct rate of more than 99.8%, and the same network
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parameters set was able to use for another type of ships with high accuracy. Additionally, the
same network parameters set was able to discriminate different Reynolds numbers flow. As a
result, near wall behavior was able to predict from the flow field of sufficiently far from the wall
such as y+=100. The time series of predicted result contained non-physical high-frequency
oscillations, but it improved by increasing the input values to three sections at y+=100, 200, and

300.
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Fig. 2.2.3-1 Action points and reference points on a reference plain in wall-modeled LES.
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THARRT 2 Z LI X VIR D RN EORAVUC BILEATRE T 5, EHMN & S RASITEHR I TRIC
[ — SIS 2 WS S & D 72D, TAUVE RO ITBE LB & 72 28, KRB CIILE & 72

-29-



ZIBEEE S 56O THRREFRH L T D, FEL LTeBse 2 5 O HIRE 7 v 2 WV TENERERR T A
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Fig. 2.2.3-2 Simple computational model for testing function to make flow field data on
reference points.
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Fig. 2.2.3-3 Testing result of the generator with input y* = 100 of (u,v,w) and output y* =
001 of (u,v,w).
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Fig. 2.2.3-4 Comparison of generator output (Estimate) and training data (true).
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Fig. 2.2.3-5 Time history comparison of generator output (estimate) and training data (real)
(input y* = 100).
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Fig. 2.2.3-6 Time history comparison of generator output (estimate) and training data (real)
(input y* = 100,200, 300).
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In this research, by utilizing the near-wall-turbulence prediction model to be developed in
Research theme 1, we will establish a technology to accurately predict aerodynamic noise by an
LES with several hundred million to one billion grids, which can be applied in the automotive-
development field. This will accelerate the practical applications of the results of this research.
In addition, by utilizing the research results to be developed in Research theme 2, we will develop
a technology to accurately identify major aerodynamic noise sources around vehicles.

In this fiscal year, research and development on the prediction of aerodynamic noise for vehicles
using a wall surface behavior model was conducted. As a prediction of aerodynamic noise using
CUBE, the effect of A-pillar shape modification on the reduction of fluctuating wind noise have
been investigated. In the present investigation, it was assumed that origin of the fluctuating wind
noise as following: High-frequency sound with detachment around A-pillar caused by crosswind
fluctuations is modulated by variations in mainstream velocity. We revealed that, by modifying
the A-pillar shape under the assumption, the modulation power peak around 1-2 kHz at a
modulation frequency below 1 Hz was suppressed in a modulation power spectrum of the
fluctuating pressure measured near the center on the side window surface. As a prediction of
aerodynamic noise using FFX, we have confirmed that it is possible to analyze aerodynamic noise
of a vehicle with the complex geometry and real Reynolds numbers. Using 2,400 nodes of Fugaku,
the calculation of wind throb (aerodynamic resonance sound) of a real car (3.9 billion grid points
and a minimum grid size of 2 mm) was performed and the resonance frequency was almost

consistent with the actual measurement.
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Fig.2.2.4-1 Modulation power spectrum (MPS) of the fluctuating pressure measured near the
center on the side window surface. (a) Steady Flow, (b) On-Road Wind.
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Fig. 2.2.4-2 Difference between the modulation power level (AMPL) of the steady flow and the

on-load wind.
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Fig. 2.2.4-3 Contribution of the fluctuating wind component to the difference in the
modulated power spectrum from the steady flow. (a) Only mainstream wx, (b) Only
crosswind wx, (c) Both mainstream & crosswind (wx + wy) of the On-road wind.
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Fig. 2.2.4-4 Vortex structure (Iso-surface of A2) around A-pillar and side mirror in sections
with different wind velocity and direction on road.
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Fig. 2.2.4-5 Streamlines around A-pillar and side mirror in sections with different wind
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Fig. 2.2.4-6 FFT frequency spectra (1/3 octave band) of the pressure fluctuations measured.

S BT, NP AP EDOEM AT =6 DR R & WD Fig. 2.2.4-7T Th D, Eb FIZ,
FVVFVDOAET =IO WELIZA YT —OERF AT —%2 /5L FOEFRT, A0 EET
EBIT, ERER AR > TENEBZ K TE D080 05, —H T, ENDAICL, BF
AT »HH ERTFOEFH AT —2A5E, EOF VDT VAET— FTOUREALET—LHIZ, 0.5
Hz DL T OZFREREEAT TR A E ORI CTh LM AT —DBMA RN 208 SHELTZAET
—TlX, FOLERHNRT =D =7 MEH SN TWDDNRS015, 52, Fig 2.2.4-81%, ¥ EE T
DEFRT =5 EH I T OLEFNRT —% W BRI — LV DESE R 6 DT 5,0.5Hz
T CIREERT 2R EOLEFNNT —DE— 7 2R TE TWDEDORS15, A BT —DH|
Bz Mz 52 & T 1~2kHz OREEOIENEB 2K TE 20T, R EORENEETH LD
7R R IZRB W AR CREI D FREFH L CTH, BEICAPEE 525 FFEY 7230 30F 0

B b nD &

BA Do

-40-



w
3
3
3

2500

a) Steady Flow $88 (riginal A-Pillar

@
3
3

PFL[dB]
90

E

80

Pressure Fluctuation Frequency [Hz]
Pressure Fluctuation Frequency [Hz]

@
=3
3

5 10 15
Modulation Frequency [Hz] 70

n
=3
=3
S

a
=4
3

=)
3
S

Pressure Fluctuation Frequency [Hz]
Pressure Fluctuation Frequency [Hz]

bt iagy

@
=3
S

0 5 10 5 20
Modulation Frequency [Hz] Modulation Frequency [Hz]

Fig. 2.2.4-7 Modulation power spectrum (MPS) of the pressure fluctuations measured near
the A-pillar on the side window surface. (a) Original A-pillar / Steady Flow, (b) Original A-
pillar / On-road wind, (c) Improved A-pillar / Steady Flow, (d) Improved A-pillar / On-road

wind.
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[1] F. Rieper, “A low-Mach number fix for Roe’s approximate Riemann solver”, Journal of

Computational Physics, Vol. 230, 13, (2011) 5263-5287.
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Fig. 2.2.4-9 Aerodynamic sound analysis results of a vehicle with sunroof using FFX (real
scale, real Reynolds number).
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Fig. 2.2.4-10 Predicted aerodynamic sound spectrum at the rear seat (horizontal axis: non-
dimensionalized by resonance frequency of vehicle).
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Fig. 2.2.4-11 Velocity fluctuation spectrum near sunroof.
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Fig. 2.2.4-12 Sound field around door mirrors (left) and near sunroof (right).
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Fig. 2.2.4-13 Examples of Separation Analysis.
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In this research, we will utilize the surrogate model to be developed in Research theme 1 and
will explore a wide range of design parameters that have not been considered in the past. By
doing so, we will design a propeller fan that will substantially exceed the performance of
conventional propeller fans.

In this fiscal year, we optimized a fan for a heat pump. For the stacking of the impeller blades,
we designed it assuming a vortex type based on the NACA65 series (One of the National Advisory
Committee for Aeronautics published airfoil series used in axial compressor impeller design), and
optimized the shape of this impeller blade to achieve high static pressure and high efficiency
through flow analysis of the impeller alone. For the blade tip shapes such as the mouth ring and
impeller ring, and the diffuser, we performed shape optimization through internal flow analysis
using the designed impeller blade shape. In addition, in order to improve the accuracy of the
surrogate model, we clarified the effect on performance and internal flow of the V-cut shape near

the trailing edge of the impeller blade used in current propeller fans.
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Fig. 2.2.5-1 Axial fan designed in this study (left) and computational domain for performance
prediction of an axial fan (right). “D” is the diameter of an impeller outer.
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Fig. 2.2.5-2 Computational grid of an axial fan without diffuser designed in this study for
LES using FFB.
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(a) Axial fan with diffuser designed in this study

b

(b) Propeller fan designed in this study

Fig. 2.2.5-3 Computational grid of an axial fan for LES using FFB.
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Fig. 2.2.5-4 Predicted performance curve of axial fan designed in this study.
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Fig. 2.2.5-5 Vortical structures visualized by iso-surface of second invariant of velocity-
gradient tensor computed by low-resolution (left) and high-resolution LES (right) using
FFB for axial fan designed in this study.
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Fig. 2.2.5-6 Pressure distributions around blade on 80% radial position using FFB for axial
fan designed in this study.
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(b) Axial fan with fan ring

Fig. 2.2.5-7 Vortical structures visualized by iso-surface of second invariant of velocity-
gradient tensor computed by LES (right) using FFB for axial fan designed in this study.
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Fig. 2.2.5-8 Effects of fan ring on predicted performance curve (left) and blade loading
distributions (right) for axial fan designed in this study.
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Fig. 2.2.5-9 Cross section of axial fan designed in this study (left), and effects of blade tip and
diffuser shapes on predicted performance curve (right).
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(a) Fan blade without V-cut (b) Fan blade with V-cut

Fig. 2.2.5-10 Vortical structures visualized by iso-surface of second invariant of velocity-
gradient tensor computed by LES using FFB for propeller fan.
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(a) Fan blade without V-cut (b) Fan blade with V-cut

Fig. 2.2.5-11 Vorticity and velocity-vector distributions in wake of blade in cicumferential
cross section of propeller fan..
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Realization of Numerical Towing-Tank Tests by Wall-Resolved Large Eddy Simulation based
on 32 Billion Grid Finite-Element Computation”, Proceeding SC20 (2020).
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THERED S 1% DR TR, 77U r—3 g » OEVEREN A & U —VEREHDEIZ 72 B R UWRAT
TNAITY XALEERET D E L BIT, TEiR) OFBEMEREZ M LS8 5 720 O F5E % S5
T 5,

BTG FEIL, FEET 7V r— a v ONEERG OB & Saift, BRI 7 =20 X A
DOFFE, BIOEF 5 FEICFE L= T v 7 ~ v T OREGFIEO R OMGEE Fha Uiz, BRH
21X FFX % . Z O GPGPU OYEREM Eod 7= ETE FEME 2 A 3 %5 SX-Aurora-TSUBASA Vector
Engine Type 30A [ZfHE L. / — NE{RFELMEEE 1233.5 GFLOPS ##Ek L 7=, X512, FFX # A
Hilp e — IR T 572012, HILKRZFED AOBA-S IZBAET 5 & & b2, B KPR #
—. BRO— RV EHIEN G EERE P S O ) 15 T, FFX O XAk I —% B
LT, F7o. INEEERAER L 2 5K RO FE# A N— N =T Oo@haicEs, FFX oa7 7
— VDK BF b Zfat Lz, S 512, ENORORER T 7Y r—3 2 > CUBE ([Z45F1 5 4F
BEWCBRIR LT=T v/~ y TRk T A3 XA L, FOR5EE2 3L 7=,

In this research, HPC applications, such as FrontFlow/blue (FFB), FrontFlow/X (FFX), and
CUBE, which have proven their industrial effectiveness through Research theme 3, Research
theme 4 and Research theme 5, will be ported to GPGPU, which is expected to become the
mainstream hardware for a supercomputer in the future and will expand the use of HPC
simulations to a wide range of industrial fields. In addition, since hardware performance
improvements are expected to slow down in the future, we will research into and develop analysis
algorithms, with which the sustained performance of the application would not be memory-
throughput bounded. We will also conduct fundamental research to reduce the communication
overhead of the HPC application run on "Fugaku."

In this fiscal year, we ported and optimized a representative application for an accelerator,
developed a new fluid-flow computation algorithm, and validated the use of the rank map
optimized for inter-process communication on Fugaku. Specifically, we ported and optimized a
representative application, FFX, for SX-Aurora-TSUBASA Vector Engine Type 30A. Through this
porting process, we achieved a sustained single VE (Vector Engine) performance of 1233.5
GFLOPS. Furthermore, to diffuse FFX to a wide range of industrial users, we ported the
optimized FFX to supercomputer AOBA-S at Tohoku University and held a hands-on seminar of
FFX with the help of the Information Technology Center at the University of Tokyo as well as
Research Organization for Information Science and Technology (RIST). In anticipation of next-
generation computing hardware, which will be predominantly accelerator-based, we revised the
core kernels of FFX and developed new kernels with a lower B/F (Bytes per Flop) ratio to optimize
the application performance. In addition, we applied the optimized rank map to another

representative application, CUBE, and evaluated its effectiveness.
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(b) AHFIEDONE
1) WFFERCR
1-1) FFX @ SX-Aurora-TSUBASA Vector Engine Type 30A ~D Ak L Ol
1-1-1)
AAESHEAST (CLF. NEC) OW/1%21G T, #&f ALY~ % (Lattice Bolzmann Method.,
PIF. LBM) (235 < | L KB Large-Eddy Simulation (LES) 7 7'V 77— 3 > FrontFlow/X
(FFX) % Rt onsEiEFE L SX-Aurora-TSUBASA Vector Engine Type 30A (VL. SX-Aurora
(30A)) IZBME L., ff{ba3EMi L7z, S 512, FFX Z)afi/e 2 —WFICRET 572012, FALRFo
AOBA-S [ZBHE L 7=,

1-1-2) FEH

SX-Aurora (30A)® VE (Vector Engine) [X@72/ 31 77 A ALBEN W EE/R 16 DT —Y a7 &
B RN RiE 2.45 TB/s, 96 GB DK% & HBM-2e A€ U ##45fi L T\ %, VE H7= 0 Of5FHEE
FENICREENERE (FP64 1488) OFlim KMEIX 4.91 TFLOPS Th 5, BIJ7m#&E#HE 200 Gbps
D 4 (D PCI Express (PCle Gen4) (ZXk > T, 1VE~x K 8VE 23K A k CPU (7 hLaks
Z h, VH) ZHi&aENnd, mA L CPU ETHRBIT 24 L —FT 473275 (08) b5 &
VE [Z4MBT A A ThH DD, FHAMO DO V—T B3R ML TE L L Hlca—FT 17 ST
U, NEC @ SX-Aurora B0AH = A ZE2FIHT5HZ &I2L > T, VE L CE#EICEHT L5
7 METRBAOR— REY 2 — VR BBEIRICAER S L, VE ECTEEICEITEIND,

FFX (3 LBM (2 & o T 4ROl & R () ORFHIZE R 2 5153 2 UL KM Large Eddy
Simulation (LL'F, LES) =2— R TH Y, v # 0.1 FRELL T O a2, 36 L ONRiL)»
LRAT DA E OEEFRNRECTH S, FFX OF 5 )71 Building Cube Method (BCM) 2
HAONTEY , FHEMERIIFIE T 1 7 F A multcubf (2L > THF2—7 & KIEN 53RO K/NE
MO HFRIZHE SN D, £F2—TO—WFETHUSEE NG 2L THElsns B, Fa—
TO—UOEITR/NF2—7 (L1 DOFa—7) Do RK¥a—7 (Lbn DFa—7)
FT20DERRS, NF~v—7 Rl KVLCC2 £V OFLHEAEZ R T 57200 F 2 — 7k
& DO W% Fig. 2.2.6-1 3 X O Fig. 2.2.6-2 (27797, Fig. 2.2.6-1 /% bounding box & Li¥h 5. fHEX
NIZBE RN OF 2 — 7 & FEEIICH L (refine) L7z TH Y . Fig. 2.2.6-2 1XWIRORER 3
9" STL (Stereolithography) & #fili 9% X = — 7 Z @I/ E L7l TH 5, 2D X 912, BCM
(2 Ko TR I S 2 H RO IR 5 ORI 2 D RINIRE T2 Z L inTE %,

KX a—TIT 100 THiiEE) 268 L CTnb, LBM [ IGfEETH 5729, mpi 7'v & 2534l
IO DA DB E T D Z LIk > TR 2 —TNWHIFHE SND, £/, VA ARELR DX
2 — 7 TR DIy DA — V) v 7 S ECEERHAEN ThN D,
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Fig. 2.2.6-1 Cube refinements by bounding boxes.
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Fig. 2.2.6-2 Cube refinements on the basis of wall surface.
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Relaxation Time) #& MRT (Multiple Relaxation Model) ENEEINTWD, FHEKE. HE
DLETENE, BLORRZROBLENG, FEHFHE TIZ D3Q2T Ki-E7 /L & MRT H2E 7 /LA HEA
HhETHHENA Z EBZ, £z, KT A XL T OELTRIC L 2 EE & OEmEN A RS
Subgrid-scale model (SGS €7 /L) & L TlE. Standard Smagorinsky Model (SSM) & Wall-
Adapting Local Eddy-viscosity Model (WALE model) 23ZE¥E ST\ 5,

FFX (X, interpolated bounce back 5% 52 5 7= OIZHEE L 72 D857k & STL O SGFE (1
A —k 7 NEHED) Tp EORMLEL, FERFE LV — TR B X ORHERE RO 17 E OBRILIED A%
RENDH, 1 RIOY a7 T 1 HREAT v 7Ll ORI S 2 F2 69 % EZMEHE TR RE S v
— 7 NOFEPEFERFEOREE HO 5, RS /V— 7N T, v 7 e BROFE, R sqh
RSk DFHE, M OGRE, B L ONEF R ONEIC R B ARG ENIAT SN D, FFX (3E LS50
L NEC v & 0722 < OFEHN— Ry =7 X2 LR LT ED O, TEE] O
5 — FTH 5 A64FX CPU, NEC @ SX-Aurora (30A). NVIDIA ®» GPGPU T& % A100 X°
GH200. Intel ® AMD 0 x86 finfit > h o CPU 7¢ &, MEEF IR Bl SN 7=3H ) — FHE®
TIEIERFHE ) — FTEWEDERENSEOND L O, RHfESGV— 7 NO LB i E 4 FAT
T L= (AT H—F0) [FExEESi, EEINTWD, 5F 6 FE X SX-Aurora (30A) (Fi
) \[CFFX OT7AT 7Y 2B L, b a I L, VE BARDFEgMERE 2 7Eh L7z, F7z, Jdk
RFEPAN—Y A 2 22 Z =D %/ T, Kk L7z FFX Z[F® o # =72+ % AOBA-
SICBM LIz, RO & 512, FFX Oa7 h—xiE~7 AR THEEICETINL LI
REFSN TV D20, BIEIZH T > TUIERTOBIMO A TEWEMEEN G b, FFX 2 H—
® VE ETHEIT LIEGA O MREZ FHM L 7= 455 % Table 2.2.6-1 35 LY Fig. 2.2.6-3 127”7,

Table 2.2.6-1 Sustained single-VE performance of FFX on SX-Aurora (30A).

203.5

16x16x16 8 32,768 7.135GB 0.38 GFLOPS 415
452.7
32x32x32 8 262,144 7.135GB 1.47 GFLOPS 9.21
64%x64%64 8 2,097,152 7.135 GB 7.53 656.2 13.36
T : : GFLOPS ’
128x128x128 8 16,777,216 16.883 GB 45.53 780.6 15.90
o ) ’ GFLOPS )
98.242 GB 1233.5
256%256%256 8 134,217,728 (2VE) 166.51 GFLOPS 25.12
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Fig. 2.2.6-3 Relation between number of grids and sustained single-VE performance.
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VEWNIZ 45O mpi 7t 2%&2H EF, Fmpi 7oA X450y REFRITL, 1o0a7
M1IDODALy ROFEZIAT L, 2F 0, HEIFEBIZKT 2 mpi W5 & DO L—FI2xbd 5 A
Ly RIS Liead 70 » RUSIRE 2 I T LT,
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RE & BRI L7223, FFX O 1411 1 RHAT v 7 H 72 0 OBy NEIOREFEHIE 1,250 At
Thbd, BB, ¥a—T% 256 0EILTEHEOHR, AFINRE L 2VE TEITLZ,

Table 2.2.6-1 OEFNILENBNEIZ, F =2 —7 O T53E1# (cube division) . & =—7% (number
of cubes). & ¥ B 7 4 2RO T4 (number of grids) . A V& (memoryusage). 1 FFfE]A
7T v 7 OFEEHE (msec/step) . VE OEZEBE (sustained performance) . VE O KIMEREIZ
x5 FENMERED I (performance ratio) %79, Table 2.2.6-1 35 X O Fig. 2.2.6-3 [Z/~" 7 L 912,
FFX OFNMEREIIRERME N R E <720 E@m< 720 | A& RED) 112 3,000 75 D KBS O
TIZ VE OHGRERRPERED 17 %D EVERENF SN TV D, FFX O =7 0 — 3L O EhMERE I3 5E)
AFYZAN—Ty MZ Lo THEH SN D, ARCORRNBEOMEIZHB N T, FFX a7 1 —x/L0
FENAEY Z—T"> ML 960 GB/s 725 1,580 GB/s TH Y, AE U A)—T v b ZFHIT L%
H7a X F~— 7 M TH 5 StreamTriad D AE YU A/L—T> D 55%7H5 90% T - 7=, [MH-EH
BARELSBRDEAERYV T IV RADULA T —DEBENNESL 25120, EHAE) AN—T v
F3m b L, FERMERA M LT b0 LHfEEIND, Ofi TERTHLIIC, AR TEE] X, %
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FORERIIIEEF IR DRERL S LD KM DGR ) — FOMRBREZ R KRG EHT 72007 70 7
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1-2) FFX O —4 £
1-2-1) 2

FFX % [Rifi7g 2 — IR T 2 72010 B AE IR o 7 — 36 L OV B G WAk BT i 2o
WOWH I HG T, FFX O XF I —%BE Lz, &I FT—IXEARRY: - @EHMF
BOHE - 74 - WRE, B O . BEICHTR T 2098 E - HiliE 2 & 94 BB LT,

1-2-2) FEH

FFX ZigAVa—FICEET 57012, i#E % [Wisteria/ BDEC-01 (Odyssey) & 7o~ XA
V=] ZAAF 6 AR 11 A 27 B R RSP A EBATIIFEAT IC 3 W TR L7z, AR S IO R AR PE
FARWFIEAT g S X = b — 3 Vg v & — & R RHVE N i B R S B AR T TR S A
L. ORI o 7 — RARTFET A, BAGEINR 2R3 e U CHAfE L7z, FFX
X BENEEOZES) - FEEAT. A0 OHEEIREIT I, MR EFEESE T O 0N O TR E & F
JFE e THREICHEH T, HHERERIRE DV OELIRCELTE ) A4 T 5 & FRF I kg
WZTHT L ENARERT S r—2a Y7 b =T Thd, AEIOFHES T, 5 3EEKRIRE
7V (DrivAer £7/V) DOZENFFEZRGIT, FHRETARCATT —F OVERL, BRI HREAR
t o % —® Wisteria/BDEC-01 (Odyssey) & FHW = 5HE D FEIT, alti{b 2 5 R A & o 72, FFX
D—HDOMMFRELERRT D2 AN E LT AU AT VB OBE 23 LT, sEE 20X
KGR NIENFINL RS « SREOHE - 54 - e, W OM7EE . BEICTTR T 2058 - £
B THH, ZEEILIHTHoT,

R#EBHETHOW M5 T 5 DrivAer £5 /L% Fig. 2.2.6-4 [Z/79, DrivAer EF /LI =
ANVTIRRENAB L TN DA =T U REMBIRET LV Th 5, A H Db 7 77 5% Table
2.2.6-2 |\TRT, FEERIE, ARBESMOFRTOHN & FEROGEE =2 OFROTITHIN TV D, Pl
DL, Wisteria/BDEC-01 O #EI v 7 A > OEROERECA—T > Y — 2D HUELY 7 F TH S
ParaView DA A h—=A R EOREZMEL2 NTIT->THHIRHTH Y, FT TR DH o785
AEANCEMCE D L oIC L7, FEOEIL, 3EMACTHEM L7z, 5 1 TiE, LBM IZOW T O
HE2AT > 721, FFX OWLEL T 10— FFX OFHETH 5 KBUEIEHT O~ R o ZkgRe, &0 BE)
B, 2= —A U F =T == XZHOWTHH LTz, Z20%, ZENa—Y—( v 4 —T=—2%
HAOWTA XA B THAEREOREZIToT2, SV —F—o X —T =2 — [T
MATLAB CTfEf SN TW5D, a—W—A ¥ —T =2 —Z% Fig. 2.2.6-5 (T~ T, HH 2Tl =ik
ERN XA BT FFX DR Y 3 7 % Wisteria/BDEC-01 _ECHA 54T L RALE 21T -7,
ARAEIZ X, ParaView Z M\ 72, % 3 #TlL. DrivAer &7 /V O RO EEEISE 21T -
7
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LT NN RAF I F—HIER LTz T7 oY & R RFEERLE Y o % — D Wisteria/BDEC-
1 (Odyssey) ZFIH LT, HAKFEHTYIEM T PRI WTE, P 3 FAEZX IR L LB
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Lo

[Notchback] : [Complicated Underbody]

Fig. 2.2.6-4 DrivAer aerodynamic model.

Table 2.2.6-2 Seminar program.

10:00 - 11:00 07 A YR— b

11:00 — 12:00 "R L EREE (ParaView) A2

12:00 — 13:00 B

13:00 — 14:30 1S BEERE S KOG R SO E
14:30 — 14:45 <IRFEH >

14:45 — 16:45 5280 BHESE TR L OB

16:45 — 17:00 <IRFH >

17:00 — 17:30 %5 3 ¥ : DrivAer OfEHTHER ORI - BEIRE
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Menu View

1. Computational Domain 2. Output control

Set Computational Domain Computational Volume
Cube length [m]
C.M. (x) [m] 144
G i) [m] 48
CN.(2) Im] 2 [ Ay

STLfle | AUsers/yuyam/Dy Open |

Length scale [m] 48

Output panel
Xshift [m] 0
¥ shift [m] 0 m E'!n\.nﬁls.\n
Z shift [m) 03 ‘Open STL file.\n

Fig. 2.2.6-5 User interface for aerodynamic simulation by FFX.

Table 2.2.6-3 Questionary results.
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CRIB S D 1 OIS & 4 SOFREL WM Lz, S50, FFX 0Fshitaeam Lx ¢ 57
WIZ, 27—V OIE B/F b L, Cumulant #25E 5 /L% FFX [ZEE L, BAES -5
WEHT 2 2RTEREDY O EFEZHE L, SHROLEEZHERR LT,

1-3-2) FEHM
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FEEEOFE ) — FOEREIX S %R OMEHFEOMERIC K-> TER IS, FREEFE/ NI E

E (FP64 PERE) °RAE U MERED [EiE) OFE  — RO 200 5L EOVERE L o> TV DH Z &K
ERHETH D, Flo. AEVEED TEE OFE 7 — RO 100 fFI2ERLTWD, —F, /
— N TEE) OK 150 TH Y . ATMEREOA 25, FP64 MRBIZE L TN T 7 v F/
—FELTW5, LEER->T, %O DS W3 o HPC 7 77— a3  OMFZERFEIZEA L T
E. ZOXDRERREHE  — FOMREEZRKRRICSIEH L, AL e HEMEL T HPC 77 ) 7 —
Va v OFETEMET D I ENEERIRELE 2L, —H AR — FRLEEE T2/ 2 —axy
MEREIX TEE) SR L TR 10fFIcLom EL TR L3, IMEH) 12T 200 5L Eici L
T2 FP64 PERES A E UMERBIC KT L THIXTAYIC 1/20 DL FIZIKRF L CTW5b, & 7 — R
InfiniBand T7 /L 31 &7 v 3 VA S, InfiniBand O — Z #5058 12 HL/E (NDR 400 Gbps)
D 4 %3 1.6 Thps (XDR) MEBLZNTWD EREL TS, k&R LHEICEL>THPC 7
Vor—a rOWFGREMERAENER EFE U HECL > TR TE RNV EIFEATHY, & 2
X, ATICK D FRIZIEA L T e AR O7 —#@E &4 RKIBICHIT 272 £, &<t 5E
BHEEMERET D MEND D, Z O LD 2RI AR T —~ TR ARG S o HPC
TV = aryOEY FEERTHZEBHNE LTS,

Table 2.2.6-4 Comparison of compute-node
performance.

| HEESR

= = Ti
| | -

bsEER hniESp hRES hnEap FP64SE M A
Yoyvhk Yovk VHvhk Yovb (TFLOPS) 3.379

% 2841 %
DR bnERE (XY} 15 1 pil1p 4114
Vv k|| Yoy b Yoy b | VoY b AEY—tEE 1.024

(TBIs)
cPUBp cruBp cPuBp CPUEKP R
IR IR ) Tk {iteecomio
- 158,976 3,400+ 1/47+

MARA MEEIOA ¥ —axs MEBEL, InfiniBand
Fig. 2.2.6-6 Compute node of post-Fugaku DT — ZEEEESE 1.6 Tops (XDR) REHRE LTV S
supercomputer. EARE L7 M

% 2 Bl HPC FEEISAIER Y VAR Y D A PRE (SR T4E3 H 13 H) 2 Dlisfk, e

ARA N TEE] FHROLOS D HOv I a2l —va LT OHPC v 2L —v g V&5
BB — FET VT > TEMLZY | ARRE T HIFFER S & D T 2 BEELIE TRIE 7 /172
CIZE>THPC ¥ ab—va VOFRAMERIBIZIKRK L7200 352 &, @V FP64 2 — Rk
BEAEMT 27201, A'Y AL—"7y b RKRIEHT &, @a 7 —xVDK B/F {kxX
HZE, BEO, QALK FPRIZREEZIERH LT/ — RREOT — X @E &2 KIBICHIET 22 &0
AODOHENEE LD, AMFRT —~ TIEINOORED S 6, HEO, OIZHEYHATWD, i
OB L T, AEV T 7 BATHNL—TREZTELMYELSTLZ LI T, ERhRAEY
PERE (Stream Triad PEEE) (ZITWAEY A—Ty "RELND Z LRI NTZ, Z 2T, FFX
DR B/F b ZfET L, & HIm B NEURERNERE 2 EBLT 5 2 & A Mat LT,

!
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AT H—FRNVOHERENAEY ANV—Ty ML o THEINDHG. 27 7 — RV DOEMERE
%%%%wa—fyh&1ﬁ%£ﬁ¢5®_M%&X%)m%@m—%A4%@&x%JA@x
F 7R REEOFN, BIF HIC X > TiRE S, EAE Y Z)L—7F > M Stream Triad (2 K - TEHA
SINHAEY ANL—T"> | (LLF, Stream Triad P£6E) PL BIZIZe 620 ed, a7 —F D3
AT YU A)N—"7"> F Stream Triad PEEEIZIE L TWAEHEIE, a7 1 — NV OEMELX ) EX
BH7-DIZIEBIF a2/ S35 Loz, 72 & 21X, SX-Aurora (30A)? Stream Triad 1£8E (1.76
TB/s) D) 80 %IZFHYET 5. 1,400 GB/s DEHAE Y AN—T"y FEEK L TWDH AT I —F/L
IE1IRMEIC 1,400GB D7 — 22 AE Y b —RLIED AEVIZA T LD T5HZ ENTE,
I, B—F®D B/F s 2.0 Tholzb 35 L, I—F/uF 1 I 1,400+2.0=700 [F]D7H)/)s
B @%%%ﬁf%é TRbb, B—FOFEHMERIL 700 GFLOPS 725, ZDOHh—F /LD
By EWAEY A—T v b E 20 %Ll BIFSETE WO, EMEREE AN EXE 5720
WZIE7 3 RAEEFE LT, BFEZ/NSLT5 LR,
BED FFX IZEESNTWD a7 h—3 D 1R 1 RAT v 7 Hiz0 oA€Y 7 7 & A[H
&y NS 5 A Table 2.2.6-5 10 5, Fi-E7 /L& LCIE D3Q27 #4E L TV 5,
AEY T 7Y AEHE FE NS EERE S I 8 bytes BRI LA — R 2T - HETH D,
AEYT 7R ARMEREEIIEHE TR L TERINTWD, 4 o~ 7 a4k, 27 O fRT
A B X ORI T SRR TH Y FRUSNOEEIT L OAZ —HHNE Ll v v
PHITKAI L TR 2 ENFRER D, ATV T 7R AIARETH S, LD AeF 58 MOZEHITEL
TH, Ham EFaT7 =V EIIAET I —RL, AEVIZA N THZEIIARETHLIN, Z
@iéV:—?4V7¢5&v9x5~x8wﬁ%ibfbim Ko THRDME T 5, e, I
HEFHHE (Streaming) 1 ZRFTAOAAREEOMEZ v — K L, B F-ANEE T 5 M X212 1 sl 728 7
OfEE LTARNTT57EFTHY, BFEV/NUREAERE (FLOP) 3% Th b, F£72. MRT OfFiZE
#%Tilﬁﬁ%ﬁ#ﬁ@%%f“ﬁ%ﬁ#%%~%/FA@”@E%@ FAEHANFEAT DT, A
T 7 7R L OVEEY NICRERIE 2 [EN2 0T CREd L T D,

Table 2.2.6-5 Load/store and operation counts of FFX used with D3Q27 particle model.

Load Store FLOP Load Store
27 4 68 27 4 68
4 27 237 4 27 237
28 27 485
55 55 51
54 27 467
27 27 0 27 27 0
113 113 356 140 112 1,257

B/F ¥ fEi%, SRT5.07, MRT 1.61 T&H Y, MRT X SRT £V & 3 fFFRE =W FERNMERE & Ak
TELHREMENDH D, AWIET —~ TIX FFX OFOMREE S I LS ¥ 57202, FEhAEY A
N—"T"y FOBFEITMA T, a7 I—F VD& BF L ZET L, Refilfefat R sk (@5 51E)
& LT, Cumulant {EZFA T2 Z L12 L7z, MRT O REIFEFGHRITEEE RIS xE3 2 & M
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(Galilean invariance) MWRAEI U720 E WD RIS - 72723, Cumulant 751 TRFRIFEFIEHE O
Galilean invariance DMRFEI D L 9 ICRTAMEEEZE L P T E— X MTEHBL, 51T,
LEMZR EEE572012, 8 F 7 /0F—A 2 % Cumulant (22542 U, IReREIFEFNGHE 2 S0 L |
RO Z i 5, Cumulant FEOZEH, WL I X ONCRHREMEHRIZ AT E TH
72, AEVT 7B AFEAC SRT E° MRT £ &£ S0, JIFTH 725 E RN 2 55
720 B/F EMET L, EhEREom B EIFRF S5, Cumulant ORFREIFEFNGHRIIAH AAFH 23
E— A2 MEMNL U TEE T 5729, Galilean invariance THh 5 Z L2 x T, FHEOLEMNM
EFaz Mo TEY, AW A v a2 THORE TEBERFENEB IND Z L RHE
INTND,

FFX |2 Cumulant {£% 384 L, AH 20 m/s O —HJEHICED N 7ZH# LR 150 mm, A2 & 150
mm ® NACA0012 # E b v Ojith & & &G L7-f R4 Fig. 2.2.6-7 (07”7, HOAZ AT LT
b, BEER L —HRRHEICL > TERIND LA /L ZH0E 2.0x105, —Fklii~ ~ 2 41% 0.0588 T
%, BITEERE BUR OHE AR (BUEFHE CIEAAMo8E) ICTRE S TR Y . BTk S Tun
%, SGS €7 /WMZIT WALE v, 7 /VER Cw $ 0.315 ICRE LT, HFEITHN5ETHY
¥R & A — VTR LA LTe i/ ME YA XiE 4 Th D, FERWEREOFHM, 3 X OGHERE O
BREEIZ A R OMETH 255 MRT &0 bEHEOLEMEN W 192 2 &3 STV 5, Fig. 2.2.6-
T, RO SN HEAR T > Y VO 2 EiEE O 2,000 OFEE 2R L TR Y | FEmi
TIEDETHEEL TV D,

B

Fig. 2.2.6-7 Flow around airfoil computed by FFX with cumulant collision model.

1-4) v 7~y Tk T V2 ) XD CUBE ~DjiE

1-4-1) 2

S B EREIC, WENT ZRELT D LIk o THERMZERT S, T~y FTREbT v
Y ALEBFE L, ARENOREN 2T 7V r—2 a3 T 5 FrontFlow/blue (FFB) (2 X% 192
J—F (768 7tk x) OIWHFFIZHEA Lz 2 A, @GR 24.0 %EHE S, @EREL S
DI FATREN 5.4 NEIME S 4L, 7 v 7~ v THRBC ORI RS S iz, B 6 FEE XAk T v
TY R NERENORORENT 7V r— a9 Ths CUBE IC#EM L, ZOR0E2 3G L7,
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1-4-2) FHAH

T~y TREEONRERGET 72012, SLHFX Y BT 4 i (Fik) Zx%e L-itEE2%E
i L7z, N F~—7 FEIT1E CUBE OJEMME Y 324 U, JERMEF SIS Roe_ LM 1T X v &
BLL KMV 2 YOREEE HL 72015 & o CREI L 7z, IRFRIFE 0 1EI213 3 YRS EE @ Runge—Kutta
% A 500K A 7 T OFVREIF#N G T 7 ) r— 3 D FERMWERE Z #Fli L 72, CUBE & BCM
BEIZHESN TV D2, BCM MEOR/NERBAL CTH 5 F = — 7 DR 743 EI51T 16 X 16X 16 (=4,096) |
=RV DOXa—7HT 48 L —EIZ L, /— FE 12, 96, BL U768 LHIMIHE T &
FIFFZ, Fa2—7ONER%Z 8X9X8, 16X18X16, BLUN32X36X32 &/ — Rt Fa—T7%
El L HIZ 85T S LT < | weak-scale N> F~—7 5HRE & FEi L7-, Fig. 2.2.6-8 |[ZF% = —
7oy E R R, D BOMEIEEZE D mpi V2 ANRHET D,

487’0t R (12/—R)EIT 384’017 R(96./—R)EIT 3072’01 X (768 — R)E1T
CUBE grid: 8x9x8 CUBE grid: 16x18x16 CUBE grid: 32x36x32

Fig. 2.2.6-8 Cube divisions for weak-scale benchmark computations.

Fig. 2.2.6-9 |2 500 Kfff] A 7 v 7 OFEICE L2 () & 12 7 — ROSEEZREEL L5k
e () &9, TASIS) BAV T NDT v~y L 55ERTHY, [TUNE] A >
VI TILLDRERTH D, 96/ — FOFE T 90 %L EDOWFULBHEN G LTV DY, 768
J— ROFETITWINULNRN 40 %E TR FLTWD, £/, kbl T 7~y 7245
PRIFIMER TE T, WS, WIHERIRITOTNTE T LTS,

UELX M & & OFEE 2 FH 7= & 2 A, whiEE (Halo) ORZHL—F BN T, EFICR VRN
NYTREBRERRFAEL TNDHZ LA LT, 22T kilifb7 v 7~y TOIREMHEGRT 5729
(2, R REE O ROBRZFHIITE 5 L Ic Yy —Aa— REEHE L, 768 / — NOWHIFHH %I4T
L CEHAI L7/ R % Fig. 2.2.6-10 (T3, FEUIMIAE A 3T L7286 CTh D . T EITahfEk
Z 8 HTICLIZGA Thd, FEITAENGIAIC, W@ERMH., BET7T—# A B L CEEN Y Mg
T, BERMEBET — 2 A XTEEL—F O 1 EIOOH LIZXHT 56 TH 5,
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Fig. 2.2.6-9 Elapsed time (left) and parallel-computing efficiency (right).
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Fig. 2.2.6-10 Communication time (left), message size (middle) and bandwidth (right).

KLU 7~y TEAWESEARIF )V T ADT v s~y TEHEA LA LT, &
7'a ADONEHEREERFIIEL 2o TV D Z E BRI DD, b EWVIBEFERFIZEL 7225
TV, Fig. 2.2.6-9 [2BWTC, ik T7 v 7 ~ v 7 HEH LI RR R I N2 -T2 H D
EHEE SIS, Fig. 2.2.6-10 (2R LSRR A 1 [BIO@ERFE OB S TR LI2H D% Fig. 2.2.6-
1R T, EBIIuhfElk A S FIC LA Th Y, FEITMfERZ ST IC LA THh D, #
EOMTRTH, kb L7777~y 7 EHND Z EI2L > T, FHEEREIZELS 2oTn 5
M, REGERFEITE S 2o TN Z E R S Lz, &iRIC, TR % 0.1 ms @ bin (2435
L. ez Loy bV A 708 T72bb, Vo7 BlEICELRTEY, A— MR eY—7ol
YA 7 N E R LR R A Fig. 2.2.6-12 1[ORT, / — FEiT 768, m£ﬁ®%%ﬁ18f&0

FERFVCFINDT =y T ERER LTSS, TERERREL LT 7~y P 2R LTS

f%éo%777@L@ﬁvi%&::yk@)y7%%¢oﬁJy%w®7y77y7%mmk
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e, THREBYD x M) U7 ITEENER L TWER, Kb L7z7 > 7~y P2 A0 5a,
FDY o 7 ITHEEAMBEEL SN TEY | Rt 7 o7~y 72058 ER Y OFER» S
bNTV5, LarL, —#oFatzxo x i) v 7 0ARBEFEICELS ({(Hhofio 7ot R),
ZORWARDBEIR I TWeWew, KiEbk7 7~y 72 HOTHIERPBONRDST2H D
EHEESN, BlERE. Vs OREOFELEZED TV D,

&I I DBEERBOMAESDT (Halot- X3)
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Fig. 2.2.6-11 Frequency distributions.
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Fig. 2.2.6-12 Zero-credit cycles.
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KIRGET —~ TR T —~ O~ T —~BOICB W TEX EORMARENEIE ST 7V 7
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fRRT 7 2 ) XA, BED )T v 7~y T ORMEIEFIEOREOMGEE FEh L=, BRI
I%. a) FFX % SX-Aurora (30A)ZBAE L. / — REIRIZEHMERE 835.4 GFLOPS #iEk L=, &5
(2. b) FFX # JRdfi7e = — IR T 5 72012, FIERF D AOBA-S IZBHET 2 & & b, HHKYF
TEHEEE 7 — BLOEEERE P EIT R OW ) 615 T, FFX O XA e Ih—%
BRfEE L7, F7o. o) MR 2K & 22 2 IO E#E N — Ry =7 0@ nic s, FFX 0=
T A= DR BIF (k& et Lc, S 51T, e RENORORERN T 7Y r— 3 CUBE IZ
S5 AEEICR LIZT v~y Tt T AT AaEEHA L, TOREETMEL-, 5%I3E
ODNTZRETEM LT, HPC OREESHE S HICED L &L b, AA N TEE] @, 77y
k= ROMRELRKRIZSIESHE LT 7Y r—2a VORGEEZRBT 5 TETH D,

(7) 72y FOKRERIHEE

TuYxl NMEROEELE L LODSHBIGEE LT 2), 7rd=y FOHESPHIET —~
M OEEE D 7 6D DFEF 2 BB L. MO /885 - HEHEHEE & ol - JIEICH -5, FFrIZ,
Tu Vs hEEROEPRNZHER L, FEOSHLORNEEIT IR E, 7uY =7 O -
BhRPHEE BT A B A2 T 5, £72, TP FTELNIZEEICOWTIL, ATREARRY
FEMRAIIZ AR L CARDERICE T 2 & & bIZ, D3 VEXETORMER a3 5, £z,
— AR N 2 — A e T2 — A K O IA 3 B9 12 36 10 B IR ARG HE Hfr 0 52 b HEdE 55
Bl BEIW THPC #I5H L7z BEhHE RIS CAE =2 Y —3 7 &) ZECxk LT, AR O
BRI D,

T 6 T, EREAMER IS L 720N & ARIRE O LR FEE O 720 D3R & FEh L. WFSERE
PR A TRIZE T D720 DFHEEIT o 1o, FONTERIT OV T, YU RY T DEZBE L.
AN LTZ, LTS, YU RV T AEORREEREZR~T,

D 5 E EE @iy 2 v—y g U EIRiS
A : 5F1 6411 H 12 A
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AiR1 ZRFERER

1. Gk - MBS TR T DR

No. | fgdi L7cimr (BRE | BRERA HELUIEGHT (P56 - Mats | BEL
H) %) 7- B

1 Numerical simulation | Atsushi Tajima, Jun SAE International Journal 2024 ¢
of fluctuating wind Tkeda, Kosuke of Advances and Current 4 A
noise of a vehicle in Nakasato, Takahiro Practices in Mobility
reproduced on-road Kamiwaki, Junichi 7(1):240-253, 2025
wind condition Wakamatsu, (https://doi.org/10.4271/2024-

Munehiko Oshima, 01-2353)
ChungGang Li,
Makoto Tsubokura

2 | BEISHIRERT U | R NER, R, R AR Rl —Ta PR 2024 4%
o7z in-situ AIHAL | B, BOARMAL B | 36 16 &, 2 75, pp. 60-71 9 H
[T AT ERREHEE | POt REF
DR

3 | BBy AEM | M, HP A ARSIl —ra Paimsl | 2024 48
WA =281y | SR A6, 16 &, 2 75, pp. 48-59 9 H
—NETLOFE @R
1k

2. EERE - Y URV U ACRITD O - RA Y —3K

No. | Z&& L7opcR (FEREA . HRFERL (FrEE) BELLEG (P24 | BRLE
8H - RN A X —FEERDII) %) (52

1 Numerical simulation of | Atsushi Tajima (Kobe WCX SAE World 2024 4
fluctuating wind noise of | Univ.), Jun Ikeda, Congress Experience | 4 H
a vehicle in reproduced Kosuke Nakasato, (Detroit, Michigan)
on-road wind condition Takahiro Kamiwaki,

(Oral) Junichi Wakamatsu,
Munehiko Oshima
(Nissan Motor Co.),
ChungGang Li (RIKEN),
Makoto Tsubokura (Kobe
Univ./RIKEN)

2 A ~— b In-Situ I kLR | EScfth, S HE, #25 | The 1st Japan 2024 4
SRR ) Kk, R (#77K | Visualization 4 A
7 (RAH—) 7). Bt (BYEAF | Symposium

ZeFr) . BEFL (Tianjin | (JapanVis 2024)
Univ.) (Tokyo, Japan)

3 K o&hRIIZ XL 5 =M, HPHiA. % | The 1st Japan 2024 H-
EBRN—2 Y w s — e | REA (FRF) Visualization 4 A
TIOFEEEL (KA Symposium
A —) (JapanVis 2024)

(Tokyo, Japan)

4 | 2 -G E— PR | SRERT. A (B | 2024NEW BR5i R 2024 4

FHAEH OmMERT 7> | ARF) . BEEZER oL | GR) 5 H
(RAZ—) KF)
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Assessment of Immersed | Yutaro Ishida The 12th 2024 4
Boundary Method (Numerical Flow International 7H
Suitable for Kinetic Designing Co.), Junya Conference on
Energy and Entropy Onishi (RIKEN), Computational Fluid
Preserving Scheme (Oral) | ChungGang Li (National | Dynamics
Cheng Kung Univ.), (ICCFD12)
Sangwon Kim (RIKEN), | conference (Kobe,
Younghwa Cho Japan)
(Hokkaido Univ.),
Makoto Tsubokura
(RIKEN)
Industrial Applications of | Chisachi Kato (Nihon 32nd IAHR 2024 4
Turbomachinery, Present | Univ.) Symposium on 9 A
Status and Future Hydraulic
Perspective (Plenary Machinery and
lecture, Oral) Systems/TAHR
Hydraulic
Machinery and
Systems
Committee/II'T

Roorkee (Roorkee,
India)
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9 On the Building of a Jorji Nonaka, Masahiro IEEE International | 2024 4
Common In-Situ Nakao, Hitoshi Murai, Conference on 9 H
Visualization Keiji Yamamoto, Cluster Computing
Environment for Arm Masaaki Terai, Tomohiro | (CLUSTER2024),

A64FX Supercomputers Kawanabe, Toshihiko pp.202-203

(Poster) Kai, Fumiyoshi Shoji
(RIKEN), Daichi Obinata
(Fujitsu), Hiroyuki Ito
(Ryoyu Systems), Shunji
Uno, Takanori Haga,
Manabu Motokawa,
Atsushi Fujino, Naoyuki
Fujita, Seiji Tsutsumi
(JAXA), Atsushi Toyoda
(Intelligent Light),
Naohisa Sakamoto (Kobe
Univ.)

10 | Smart In-situ Naohisa Sakamoto (Kobe | The 43rd JSST 2024 4F
Visualization using Univ.) Annual 9 H
Autonomous Mobile International
Cameras for Large-scale Conference on
Numerical Simulations Simulation
(Invited talk, Oral) Technology

(JSST2024) (Kobe,
Japan)
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12 | Large Eddy Simulation == (HARKT) BR) TrAF2A 2024 4
DEEFEISHDOBLR & 5 1% VINAS Users 10 A
DOEYE (GLIRHEE, O Conference 2024 (4
9H) YIAY)
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17 | Large Eddy Simulation T (AAKRY) 55 38 [IEELIA )% | 2024 4F
DOREFEISHOBUR & 5% RV L (R 12 H
DS (FrrllGERE, 1 i)
5H)
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19 | Discriminator for Ming Liu, Zhuchen Liu % 38 [MIEUE BRI | 2024 4
identifying an under- (the Univ. of Tokyo), VURT A (R 12 H
resolved flow field and its | Chisachi Kato (Nihon )
applications to a novel Univ.), Yosuke Hasegawa
turbulence model for a (the Univ. of Tokyo)
wall-bounded flow (X
1))

20 | WRNVOFHEEZEE LR | L, i (e | 8 38 MEUERA )Y | 2024 4
JEFEICESL e s — | R, BRJIES GOE | v oAy a (R 12 A
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21 | TN T T 7 oERIBIR | FR%RER SRRT. = | % 38 [HEUETIA Y | 2024
DOPRE DLV RN ~DE | A&, MEETsE (AR | Ry vLs (K 12 H
Z (ngr) KE) . BBEIER GOTR | A0
Effect of trailing edge FAPERARIEIERT)
shape of propeller fan on
flow around the blades
(Oral)
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24 | Adaptive Threshold Kazuya Adachi, Taisei IEEE 31st 2024 4F
Determination for Matsushima, Naohisa International 12 A
Temporal Sampling Sakamoto (Kobe Univ.), Conference on High
during Smart In-Situ Jorji Nonaka (RIKEN), Performance
Visualization (Lightning | Chongke Bi (Tianjin Computing, Data
talk, Poster) Univ) and Analytics

Workshop (HiPCW),
pp.159-160

25 | Development of a Tomoya Miyake, Naohisa | IEEE 31st 2024 4
Visualization Surrogate Sakamoto (Kobe Univ.) International 12 H
Model for Time-Varying Conference on High
Numerical Simulations Performance
(Lightning talk, Poster) Computing, Data

and Analytics
Workshop (HiPCW),
pp.179-180

26 | Towards Practical In-Situ | Jorji Nonaka (RIKEN R- The 7th R-CCS 2025 4%
Visualization Environment | CCS), Tomohiro International 1H
on A64FX HPC Systems Kawanabe (RIKEN R- Symposium
using Kombyne and KVS CCS), Toshihiko Kai
(Poster) (RIKEN R-CCS), Shunji

Uno (JAXA), Naoyuki
Fujita (JAXA), Daichi
Obinata (Fujitsu),
Hiroyuki Ito (Ryoyu
Systems), Naohisa
Sakamoto (Kobe
University), Atsushi
Toyoda (Intelligent Light)

27 | A GAN-based Tomoya Miyake, Naohisa | The 7th R-CCS 2025 4=
Visualization Surrogate Sakamoto (Kobe International 1A
Model for Time-varying University) Symposium
Numerical Simulations
(Poster)

28 | KL Divergence-based Kazuya Adachi, Taisei The 7th R-CCS 2025 -
Dynamic Threshold Matsushima, Naohisa International 1H
Adjustment of Timestep Sakamoto (Kobe Symposium

Intervals for Enhancing
Smart In-Situ
Visualization (Poster)

University), Jorji Nonaka
(RIKEN R-CCS), Chongke
Bi (Tianjin Univ.)
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