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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, we have established databases of wall turbulence for training neural networks,
proposed and developed fundamental structures of neural networks for both wall turbulence
model and surrogate model. As for the former, we proposed network structures consisting of a
generator and a discriminator, and confirmed that each network worked properly. As for the latter,
we obtained databases for developing a novel surrogate model, determined its networks structure,

and obtained preliminary results, showing the effectiveness of the proposed surrogate model.
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Fig. 2.2.1-1 Conceptual diagram of the wall-behavior prediction model developed in this study.
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Fig. 2.2.1-2 Network structure of the developed discriminator.
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Fig. 2.2.1-3 Comparison of velocity distribution obtained by (a) wall-resolved calculation with
(b) under-resolved calculation.
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Fig. 2.2.1-4 Discriminant performance of discriminator using test data.
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Fig. 2.2.1-5 (a) Instantaneous flow field obtained from an under-resoled calculation, which is
input to the generator and (b) virtual volume-force distribution obtained by back
propagating the output of the discriminator.
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Fig. 2.2.1-6 Comparison of (a) the conventional surrogate model with (b) the surrogate model
proposed in this study.
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Fig. 2.2.1-7 Low-dimensionalization of the mean pressure field on the positive and negative
pressure surfaces of a fan using autoencoder.
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Fig. 2.2.1-8 Comparison of fan-head prediction results between the conventional surrogate
model and the surrogate model proposed in this study. (a) Prediction by conventional
model. (b) Prediction of the surrogate model proposed in this study, which takes into
account the flow field information.
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fkL, ZhozYaF— 2T VOANIMZLZ EickY, EedttEn L2 BEdT, 72, A
NT DAL DRTICONT S, FEENFIETHEBEZONH7D, ZNEWHLNZT L0
Wb,

(2 ET—<@ : A¥— b in-situ ARIEEBDEE
(a) AFFERL R DE
AFFET —~ TiE, ThE THEHER EomEfi02e)) - BEMEZ B2 555 & U THEREN
RICHNON TELEMERGHAY I 21—V a7 b—2ATU—2 CUBE O#E& L5 LT HPC
O 4578 2 RERHICILR T D 72912, A~ — b in-situ A LIS OREELTLR D P90 & S5
o
5 X, in-situ AIHMEESE ORESE & B LR HEE BT O R A T L7, BARRYIIE, Al
HICBHR A ED Dt e Y 7 v v =7 (Kyoto Visualization System (KVS)) %f{# - T in-
situ FIBMLZ BB T D720 DIAT L— LU =7 ZRFE LTz, A7 L—LTU =23 C++THEESH
Tkv. CUBE, BXLU, OpenFOAM <M H D7 A kA Fortran Y /L 3—[a] OHEGiAEEE & B FE
L. BVERGE & MERERHI 24TV, IEFICEIEL TWA Z & 28 Lz, F7o. Al aHEErkee
FRELIE Y 2= NRRERIHAEHEET D8N L, BAT L =LA U —JRITOEY 22—
JELTHEEL, EFICEELTWD Z & &2l L,

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 carried out the development of an in-situ visualization framework and the
implementation of an optimal viewpoint estimation technique. Specifically, we built a basic
framework for enabling in-situ visualization by using the visualization framework, named KVS
(Kyoto Visualization System) and developed by ourselves, separately. The framework was

implemented in C++, and we developed a binding functionality to integrate the developed
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visualization framework with CUBE, OpenFOAM and our own testing solver written in Fortran.
By carrying out some execution tests and performance evaluations, we confirmed that the
developed framework properly works. In addition, we developed a technique for estimating the
optimal viewpoint and a module for implementing this optimal viewpoint estimation
functionality to the visualization framework. We also confirmed that this module designed for

our in-situ visualization framework properly works.

(b) ARBFZEDPIA
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[HIRE CHEE S LD B mla L2 Baki 32 X O 7RI A H#EE L T2 OfREE L e\ A 352 &
T, Va2 lb—ya VHOREERBEREE X -EE A2 AR T 2REZ B LTz (Fig. 2.2.2-1),
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Fig. 2.2.2-1 Overview of information entropy-based viewpoint selection and camera path
estimation for generating a smooth video.
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2.2.2-2@)Z[F U7 —# Z wfifb L72BRIC, REET Y b E—DRNE/ s LR KR E R LG L, 1
MIFREE DB 72 DB OVEFE A 7 L — A7 — LV CEBL LT b D &R LTV 5,
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S TR SN mig 2R,
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Fig. 2.2.2-2 Image changes with different entropy values; (a) depth entropy (H») and (b)
lightness entropy (H).
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Fig. 2.2.2-3 Selected images with different weighting factors a of mixed entropy.
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REflE LTy ha E—iHliZ1T 9, BEMERILERT 2 R4 71 & R E T i 2 e smE
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2 It BIZWERTHAK (= hrbE—be— b~y ) ZEkT 5 (Fig.2.2.2-4), ZOt—h
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b a Bl & R OB A i A & A7,

-14-



High

Colatitude
Adosuz

Longitude

Fig. 2.2.2-4 Entropy map showing entropy values at each viewpoint.

B: 7 4 —%=F & AV REAEE

V3al—ya VETHRIL, EOMBE Ty hut—t— vy T EIER L, RN E B
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(SLERP. Spherical Liner Interpolation) & C1 38l % i 7= 3Bk th B2 4 ] (SQUAD,
Spherical Quadrangle Interpolation) @ 2 >DHiEAEEE L7z (Fig. 2.2.2-5), B dli A fEC &
S CHHE SN BERIKIL, BRESEMEIC R THE LD RBERE 25 H T D 2 LN TE D08,
TREEFHRIZ 8 DOREERDIERBNIE L e BT, TNHDOT —F & —FHEH L THEL AT Y —
PN ERIND, ZO7D, Vo b— g VETHICASUBAEERH O A U —fER A+ T
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PR R 2 BE L, T OHA T Lol 2 g & LTH$2 2 & T —HEo#HE
BEAERTDHENTE D,

@ : Quaternion
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- : SQUAD
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Fig. 2.2.2-5 Spherical linear interpolation (SLERP) and spherical quadrangle interpolation
(SQUAD).
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Fig. 2.2.2-6 Overview of the proposed camera-focus point and zoom-level adjustment method,
which is composed of (a) camera focus point adjustment; and (b) camera zoom level
adjustment based on the entropy distribution within the rendered image.
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nE— BT e —DRATY brE—%2FHAT 5, £ LT, 2O brE—ERIKEK

&7 B/ NiEE A BRREIR - 95 (Fig. 2.2.2-7).

Yo

= |

Rendering Image Sub-division (e.g. 5x5)  Entropy Distribution

Fig. 2.2.2-7 Image subdivision and region-of-interest (red box) determination process (using
5x5 subdivision in this example).
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(a) Depth at the point (b) Depth of the region

Fig. 2.2.2-9 Depth value Dx for the ROI (Region
of .

Fig. 2.2.2-8 Un-projection of focus point.
C : Z2f] F o BBRAEISIE K

VIialb—va VEMEOERSEZFE LER, £OERAS AR LEG O F.OIAET D KD
WCHAATGIRTG A= E{RET D, ZOLE, HREFHEAE/SHT LA, WA TEBEI SR
MHAME L, ZORBEEBRICRT 2 F Ry hee—2#ETs2 LT, ik kozr by
—pAiEEET 5 (Fig. 2.2.2-10), £ LT, =¥ br E—ED &K E 72 508 EOAE D) B ATl
SN % BB LI &35 2 L T S RAZ BRI E R A RS,

/
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-
-

Fig. 2.2.2-10 Determination of the zoom level based on the information entropy from the
images along the viewing ray.
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Fig. 2.2.2-11 A case study for analyzing multiple vortex ring-like structure.
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Fig. 2.2.2-12 A case study for analyzing the sound source of sibilant /s/.
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Fig. 2.2.2-13 A case study for analyzing aerodynamic and noise problems in vehicles.
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FrontFlow/blue (FFB) (253 L, 108 FEREDFEMK I Lo T, FARBRA 7 —Lofids &
BRI OHEMEMEREZ T 5, O THIFEF % Wall-Resolved LES OFHRAFER L g5 & Lo
TTPHREZ GRS 5, S B2, 600 [EREDOFFEK 2 H\ T, EMATr— Ol & EfpoHE
MR THIL, B RE LT 22 LIk > T, PHIKEZREET 2,

BB AL, BEEZENPHE T VO REAEN LT . FFB T 2 REm2H) e 7 L %%
Pl & LT, FEPRICEEmZE) THIET L O HNEE S OMOIR T, BEEZFE) FHIET LD A
S TRV WHER T2 - 7255 FE R (Under-resolved LES) & Wall-resolved LES O F:(2
DWTHEFHIME OFEVIZOWT o Lic, 72, WFET —~OTRRZE L7l 2 Hn T, AR
72 AR O i R EWVEEECTIL, 18 O I OBFEH DO LA ) NV ZE T H [Rl—OHF#R T
Wall-resolved LES & Under-resolved LES OFHFRAERIHBITE H Z LRSIz, 77V r—
Ta VB L U TCIIBEm R EN TR T L O AT E 2T — X O A RANATA A L O M a—
RO%ZE %1772, Underresolved LES OFFREFERIT, BEMTO/N S 2B HITE T, BEIS
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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, in preparation for the new wall-model implementation to FFB, we analyzed
the differences between the results of a coarse grid without the wall model (Under-resolved LES)

and the results of Wall-resolved LES on a ship shape, for which the new wall model will actually
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be used. In addition, using the discriminator developed in Research theme 1, it was confirmed
that one discriminator can discriminate results obtained by the Wall-resolved LES from those
obtained by the Under-resolved LES calculation, for different Reynolds numbers with different
hull forms. As for development of the application solver, the code was modified to efficiently
extract the input data necessary for the wall model. Under-resolved LES calculations usually fail
to reproduce small eddies near the wall and underestimate the wall shear stresses, but in some
particular case, they overestimate the wall shear stresses, which is an important finding for the

practical application of this research.
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ZfiH) & LT 179 GFLOPS Z##Em LT\ 5% (Fig. 2.2.3-1(b)).

de per in GFLOPS

=
=3

OK (original) MWK (optimized) BFUGAKU (optimized) 200
STREAM Triad 820 GB/s (Fugaku) 803 _ STREAM Triad on Fugaku 180
(820.0 GBis)

®
S
=

18]

@
=3
=]

B
=3
=3

[
S
=1

STREAM Triad on K computer 20 |

(46.6 GBIs) o
Eq. of motion Ax ineq.of Ax (gradient) Ax (divergence) K computer [Cascade Cascade

M Lake SP
(LHS) motion in conti.eq. in conti. eq. | Evcun (25 o

Sustained memory throughputs [GB/s]

(a) Memory throughput in core kernel of FFB (b) Total performance

Fig. 2.2.3-1 Sustained performance of FFB on a single compute node of Fugaku.
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Fig. 2.2.3-2 Parallel computing efficiency of FFB on Fugaku in weak-scale benchmark tests.
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Fig. 2.2.3-3 Sampling data.
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Under-resolved

BEIA > BT oow BREAED > BT

Fig. 2.2.3-4 Vortices structures at ship bottom (left: view from wall side, right: view from main-
stream side).
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Fig. 2.2.3-5 Probability density function of velocity components v and w.
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Fig. 2.2.3-6 Time series of pressure (left) and trajectory of velocity components v and w (right).
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y+200

Fig. 2.2.3-7 Generator trial results (top: input data, middle: teaching data, bottom: output
data).
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ITAH%ROMEE T 5,
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KGR T —~ T, 1) T —~@ : Al ZIEH L2 FEER 7 — VELRO TRIET VORISR 12
BWCHHHT 2RBEm=E THET VA2IEHA LT, BB EORREES CEMATEER, BEKE 75 10
BFEFRED LESIC L > CZENBEE A RER S THT 2HAME L, ERLo RO E %
MET 5, &5z, Q) FET—~@ : A~— b in-situ A LI OMELE ] (2B CRR% T S48
R ATER L C, il E b0 O FRERZE S EIR % @R E T 2 H 2R 5,
S0 5L, CUBE 3 X O FFX Tk 2 BEME 2 8) TIE 7 /L D F22E4E( 2 % L 72, CUBE 2
S D BEMABRE TR T L OFERE L LT, = hr =0T U 2% EE L7 KEEP A% — A
DY L BERLEPHIC BT DR O RLEMNEOUGE, FHEAE MR & LIz JAmik St S5 TRl 0729
DR F~— 7 MEORE & MR E ORGET. AT E TR OO OETEE P = —/L ORI
%l U7z, FFEX 6T 2 BEmFENTHIT T /L O ELERE( & LT, R < o EOBEm AL
SOWTHET L, BEIEO X 5 28R 2 ZECFHET DI, XY ANy ZIEOME O R
MBEIRZ EEA LN L, BEORFMEEZROTOOEELITV., BERMITZITZAH X511
Too ZORER, BT I0EE TRECHZENRENBER I CEX 5 2 L 2R Uiz, MR
(B LT, WEAEBEEA~T AT 2 IO TES LN ol L. ERAMBIT T 52 & 26
L7,

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.
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In this fiscal year, we have done preparatory studies to implement the near-wall-turbulence
prediction model to CUBE and FFX. As for CUBE, we have implemented the KEEP scheme
(Kinetic Energy and Entropy Preserving scheme), which preserves the entropy, taken measures
to prevent the divergence of the computation near the wall, selected benchmark problems and
reviewed necessary spatial grid resolution for the prediction of broadband noise subjected to the
incoming turbulence of an on-road vehicle, and developed a variable wind module for its
prediction. As for FFX, we have reviewed the wall boundary condition of the lattice Boltzmann
method and clariid the need for an improvement of the bounce-back method is necessary. We have
implemented a wall-treatment method that conserves mass and thereby enabled a stable
computation for complex geometries such real vehicles. As a result, we have confirmed that the
aerodynamic noise can accurately be predicted only with 1 billion lattices. Furthermore, we have
applied the wavenumber-frequency Fourier analysis to decompose the computed pressure into
acoustical component and hydrodynamical component, which has turned out to be utilized to

identify the noise source.
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Fig. 2.2.4-1 The schematic diagram of direct interpolation IBM and ghost cell IBM.
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Fig. 2.2.4-2 The time evolution of mass, kinetic energy and total energy in TGV and WTGV.
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Fig. 2.2.4-3 Flat plate analysis.
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Fig. 2.2.4-4 Velocity-magnitude profiles around the plate.
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E@E@z&t7—%#4F‘“ ib@f%é#é 78 B S EHR & e B JE AR 1~5
kHz Th D, = OEEEHEARIZIT 2 EEFNRE AT 2 FE R < TR 5121, JERMER KA
HroOFHE A — A ki@%%ﬁ@ﬁ%ﬁdb Hi E 0 O TIHAET D ELEH 2 B T
TLZENEETHD, AW TITIRAEEBOFEEI T 22—z B2, #BExrE> B
B HE DV O IRER ST I LB IR TR A HEE LTz, A FU ¢ v RUAHEIZERIT Dm0 xt
PR (X ERIEEE D 0.5~0.9 5 L IKNE LTz, 2LV, 5 kHz OEBOEREEN 2L DA —v
I, 0.8 mm BEICLRDEEZEXOLND, TOMEEMICHITIT—2OMIIK LT 4 Ayva
(43=64 &/V) FREOHGENLETHD EHE 25 L, 0.2mm LU F OZEME AR EN LI D
EEZOND, B, APEITHEHRY V- 20HIKN D -T2, EHBREOTEARENTH D
HIEERORE L BHER A D ET, FHCEEL D EEBEXOLND AV T -V A RI TG0, B
FOHA FU ¢ v RO L, B/ ZERE iR 0.8 mm Z30E L, £ 205\ AR Hmgh
Bz D ICONTHFIEEZ KE L Lz (Fig. 2.2.45), Z O RIGE Tk C& 250 E
B ORFIL, EERREEFICRESN TR TH 1~2 kHz BETHH LHERNT D, Z OMGEET
TA RY ¢ v RUREOE ) ZEE) % BIRREROFE R & k45 2 & Ted ¥ 2.
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Surface mesh resolution
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Fig. 2.2.4-5 Grid resolution and structure to capture the vortex flow and sound propagation
that is generated around the vehicle.

R T IZE T D BBV RO F AT URRIRZE DS TR O EREET S0, AR
v 4 v RO RE O ZE) 2 BB ORE R & g L7z (Fig. 2.2.4-6), Medium #+ R/ &1
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THISI D, BUCITIEME/INMERIC I T 2 1 ZB O BRI R Ch 5-7/8 D AFLIE > T2 [EAR
HIEAR TR LT, CFD v =2V — a3 (CUBE (2 X2 EEZEIHEMNT) OfERIZ, WEERFE T
0.2 BRI D) 28 % E IR LTe AT A Th b, Tk b &, Medium # 1 Tl 2 kHz
F T, Fine #7 (B/M&T 0.4 mm., #2281k /L) TIHK 4 kHz £ T, [ENEEB AT M LOfHE
MAERZ TNDDEERTE D, LIeR> T, B 100 km/h EITORMEFTHA RT T AKED
£ 8% 2 kHz FREEE CIEREIC TRIT 2121, 0.4 mm BL R OZE S TR L3 CTh 5 Al EE
PER DD, 7eds, BUREERE CFD T O 5123 C, 100 Hz~1 kHz O TR /L F — 2~
7 hVII-TI3 AN E 3 D 1B/ NES 85 B 2 & iR TE T D
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Fig. 2.2.4-6 Comparison of surface-pressure fluctuations on the side window.
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EL VY DN AR LTz, WiAL50 3 Wkl 2z ritib3 572, Fig. 2.2.4-71212 (IR
L) OSEERZTRT, A BT —EEB LU A K7 —Rl CALLBSHHC KX < | [ENEBINF
A LRTVEIAHER TE 5, £, A U7 —iRSHECRAE L ELA, EEME IS L,
A RIT—AIGICER L TODERTFBHERTE 5, SHIC, REITURTLIIC, A BT -l &
O A R 27— TR SN DERENENTERNZORENER L Y4 FI 7 =8I R 558
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Fig. 2.2.4-7 Instantaneous iso-surface of 1 2 around the A-pillar and side mirror of the
vehicle (iso-surface value: -5.0x103 1/s2).
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M3 L ORI T 2 E ) ARLCHE AN K E Wk CTH 5 2 E N FHEIh, RS @EE&
BIRE 2 D AREMER R WERT CTh 5 LHEHI S 5,
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Fig. 2.2.4-8 Surface pressure fluctuations (dB maps) around the A-pillar and side mirror of
the vehicles.
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TIA UM ESE S TR L, ARSEREME LT (EH) IcEREbE (Fig 2.2.4-
9), Arr— REOERMET —% & @k ZHA T % Lagrange il CIEAFATAOIC U & 2272 difg
RO, 52 ONTEHET —ZIC Ko TUHMEKRSZHEAUT AR E T2V o FIREID AR
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-38-



side (absorbing)

celling (absorbing)

| U,=100km/h
| (=27.78m/s)

ground (slip)
oL
X ’Vehlcle

S

/AN
aa n A

Natural Wind

(On-Road Wind) \\\e*”'/g;/”/a

Wy
Fig. 2.2.4-9 Calculation domain and boundary conditions.
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Fig. 2.2.4-10 Comparison of interpolation methods for the mainstream-velocity time history.

FHETTHE LA e — FEICK LT, ZEEE Y 2 — /L CHREBLL 72 F 57 ol EE & i i
Ffs (3 —f) ORZIEZ Fig. 2.2.4-11 \2R7, FF7 AEREEIXREFEE L7l & 0ESTh 5,
WTNOT—Z b HEEONL—7 ETI0MEHIL72bDOThD, Zadibs e, Bl L 3 —AO0m
FOEZONT, BRAgFR—ENR 65, 72, Table 2.2.4-1 (IR LB &L RD & &
RO ELIRE L BN R S A7 —LZHonThH A v a— FAD L2 REHR T TW5D, 5
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Fig. 2.2.4-11 Mainstream velocity and yaw angle of the on-road wind measured and on-road
flow reproduced by CFD simulation.

Table 2.2.4-1 Reproduced on-road turbulence statistics.

| Average of wind speeds ‘ ‘ Turbulence intensity ‘ | Integral length scale ‘

T 7 w o Tl | TI TI TI

On-Road 29.915 -0.043 2.134 0.742 1.902 2.963 1.306 0.609 15.779 13.929 31.487
CUBE 29.922 —-0.032 3.236 0.777 2.274 3.673 1.365 0.402 20.304 14.237 17.909

Fig. 2.2.4-12 1%, 4 SOEAIE 7 A b (a, b, ¢, d) ITBT DBRFOWNYG 2 L L72H D T,
A KT —KEEmIC I T 5 BT R E A & 2R A R LTV D, EimEEORE I LT
— O GNRER DM 7 A FTEEL, A BT9—BIOY A K T7—F b0 OFERRNIE
BEKIZFLTNDODMRBTE D,
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Fig. 2.2.4-12 Mainstream velocity distribution and spatial streamlines in the side mirror
horizontal cross-section for different time segments (a,b,c,d).
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II. FFX IZB99 2 Al
1 FHRET IV
FEFTICIIME ARy < o (LBM) 12£-5< LES fi#gft Vv 3— FrontFlow/X (FFX) ZfEf L
7mo WEET L E LT 3 W 27 HERKS (D3Q27). fE2eE7 /L& LT SRT (H—#EfmiH<Ts
) BLOMRT (ZfEMEEEET V), ELifET /L & LT Smagorinsky €5 /L3 LN WALE £5
NN TWD, 7o, MR, BEEMTIX 16 B (500 / — F) 775 996 {Ek& T
(4,000 / — R) ., FEAEfRMT (A 13EED B30 10 (BB C %M L 72,

2) WHIFHE DT L & hE (Phae

A RER 2EOET M LT, /— R SO EE. / — b7z OmissEEE % 2 T
Bra S L, WHIGHRMRR O Z1T 572 (Table 2.2.4-2), / — RY7= 0 OFEFRKARE Lizs
— AN G EEHEENE, ) — RY 720 OFEESFEED 4 OREITEWERPEOND, 1/
— FY72 0 8 fElk, 16 ik Lo adFEmRnr ki 45, Zo7cd, 1 CMG 4720 1 ik &
LT, TXLET 1 RICE OBEHEE 5272130 BFEHE L LIl 725 2 L 2R L,
ZOHTHER DS strong-scale DOAFFIFHEMEREIZIRGF CTHLZ EbMERTH I ENTE T, 727210,
J = RER DI WGE . 7 — Y720 OFRHE & LTIl 22 P EFHERHBERITES D720,
IRTGA=BP—=_A 2T GEIE, /— FE L < L GHREDERMZEL T O0ERH D, FFIT
Yol — FETAEENOT — 2 2T 286, 100 77— AL EOTIANE L 72 5720, /) —
NN E T 2 LER B D,

Table 2.2.4-2 Assessment of FFX computing speed with various numbers of compute nodes.

Number of nodes 10 30 100 125 250 500
[node]
Number of domain
partitioning /NODE 4 4 4 16 8 4
Number of regions 40 120 400 2000 2000 2000
Computing speed
(GFLOPS) 42 40 36 27 21 33
Number of elements 23.4 7.8 2.34 1.872 0.936 0.468
per node [millions].
ELAPSE/STEP [s]. 0.545 0.191 0.064 0.067 0.043 0.014

3) WFFER R

LBM M CILE M2 AW TV D72, i 25 o 72 RS B B 7 & ORI R & i
T 556, WKBERZ BB T 2720 OWBEMPEME L 725, LBM it TIA<HEH I L TnbH 3y
ARy JIETRE LTZFIETH LD, BHRREZEEICHB TERVWRENRH S, Interpolated
Bounce-Back ¥ (IBB) 1%, ¥iAFm ONLE & T+ O EBIFREZ & &2, S oAm Bz A
T ZITV, BIEIRE X0 EEICHELT 5 2 LA AfRER Rk CTh 5, IBB IXHBEHOREZ
BT DD L TWAHEDR, UANXR—DIY) FFEHeT P — LANOELR R & OEAIZ IV TR
BNRZEICRD Z PRI N TS, BERTIIETEOK -2\ - LBM OFHHEIZBW T,
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2 OMIRIEFE OB PO IR CEAENERT 2 Z b o7, FFX Ofigtr Tk 3 kot 27 /5
M ORAHEET VA LT D0, EHEDIRIEE TR+ H M%< (72 & ZIXEERED 14
Wi J510) DKL DA B —% 7 MLEE L TWAT20, Z O THEE, JEEEOMRIERI L
DSNLTe2 B2 ERHY . TNURBBOIRK Lo Tz, 2 THWIREDA 2 —8 7 R fR
E LB B2/ o 7o 810, 20T 2R ERBREE CHHEZZELSE LR EIToT2, FE
B Z NS DLREFE A VL THKRF AT TFDO 1 WA T TH Y, HEHRICITIRE R
BrHZ PIHEORENERND Z ENRTE T,

Table 2.2.4-3 (ZEKE 10 0 OFFHTIZHR U TBAZE L7 FiEZEH LI RO —#l %2 ~3, NBCMAX /X
WIRMHEIZBWT—EHLL EOA 2 —8 7 FRFRELTZSAIL, TOR T2k &Rk S 25 H
ETH %5, NBCMAX 28 13 D4, FHREITZLE L e D08, TR 2 K3 2 Em 3 /S i,
NBCMAX=20, 23 D% — A TikiftfA 7113 NBCMAX Zf#H L7aWGE L IEIE 8 L, #HENLE
6T 2% Z & &gl Lic, RFEEE BEEMNT (53800 1,000 (2) (C@EH Lok, ZE I
MTEDLHZ LEMERL,

Table 2.2.4-3 Effect of improved wall treatment on computational stability.

Number of Number of -
Case | NBCMAX | 4 torsect | modified wall Cd Stability
Case A 0 634,964 0 Baseline X
Case B 13 634,964 1,537 (0.24 %) Overestimation O
Case C 20 634,964 639 (0.10 %) O
Almost equal to case A
Case D 23 634,964 338 (0.05 %) O

Fig. 2.2.4-13 |2 FFX Z W THEE £ DY OF LT CEIEEN D OLEEIRSY) 21T - TofiA
R, HESEECY A R T — AN MONERAEAE L, ZHTIUEL TN D Z L3b)e
Do FRNTEE T H0 3R & T RHMEE 0.6 mm, K& 7 REUE 996 (ETH %,

Fig. 2.2.4-13 Visualized aeroacoustic field around a vehicle computed by 99.6 billion grids.
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Fig. 2.2.4-14 I[CHEWM A5 1.48 m by, HE2 5 4.8 m OALEIZEIT 5 EFEART FL &R
TR SEER & g U= iR 23, () 13 TARMEE 0.5 mm, 996 [Ek& T ORI CTH Y . LBMIZ X
2 RS R A S 10 kHz PR E TR R & B —ET 2 2 L 3bnd, () (T 1ifg %
2mm, 16 BT OITHERTH 5, KTHHLE 0.5 mm OFER L H#gd2 & 200 Hz LL_Eo JEH 5K
RV T HERE R A2/ NEHE T 2N RO 08, REMICIEERER R KL T,
(b) TR LTI IHs it 22 & & \THRIE FTRE 7R IR D JE AR A HEE LT/ R CTh D, & FRHMEEE 0.5
mm OfENTCTlE 8 kHz FEE £ THER L FEAY M ERD D Z ENTE D, fMEE 1 mm Tl
4 kHz, 4% 2 mm T3 2 kHz BRE L THRIT T2 2 LW AETH D Z L 2l L7, 22 TifiA
=Nk L=UIRTAE L, 28T CLZMETE 5 LE LT-, —f%IZ Navier-Stokes (NS) FHFEZ
RO CIE, A7 — Va2 HBT OIS FREZLE L LTV, LBM Tl fisis:
DT HNIZFBERICRRZEZENE U WNWTe D, DRV T TREHETE 5 Z L3R TE /-, NS
FRERAR— 2 DG BEE A DT fRAT Tl MR 0.5 mm OMENT CERER#G 1T 2 kHz 2
EThoTeZ b, ZHEBMITICE TS LBM OBMMAZRT LN TER, HIEL,
LBM T. @& b A NV ZBOEGS 2 2856, SHRAZLES D010, ZEMEHET
/o (MRT) %27 METAEMEHT D, ZADOET /ML, FECHEE) &5 O RV EE) 2B
L2 A 7 — L OFEB) & B O K 5 IZIERMEOIEENZ BIE L 7-RE A 7 — L& 3T 5 2 LT kb
FHRZZEMIETVDR, T OB, FEHREICRT LT, (KRR Z EZEOMB L Y KE<T
HZEICHY L, SHROMBEICKREREEL 5252 EnbhoT-, BEVBEMATICHET L TV D
THA X% &Iz, SRT (H—EMIEHET L), MRT, F =2 AT v NET VORRREESR Z
4% L. SRTIENS HRRX 3#%, MRTIZ 7515, ¥2LF2 hETFNLTIL 2405 L5,
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(a) Grid resolution:0.5 mm, 99.6 billion (b) Grid resolution:2 mm, 1.6 billion

Fig. 2.2.4-14 Comparison of aerodynamic sound pressure spectra outside the vehicle obtained
from wind tunnel experiments and the lattice Boltzmann method.

Fig. 2.2.4-15 (2 NS FEAUC K 2 MMTHE R 2 UL L7A 12, LBM 1T X 2 38t B oo M
WEZ £ DR ERT, 5 kHz OFEKTIE, BEIEZE RS EROFMA CTH HEED 5
m FEERENNLE TiE, EOERET LEAVTHREOFEIT/ NS WA, 10 kHz UL EOE K
DY, MRT °F% 2 A7 MET/MIBENRKE 25, MRT X% 247 MaHT 52 &1
L0, mbA I NVABOWRNGELE LTI 5 2 &N TE, ITATREZR LA /L AT BT
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Fig. 2.2.4-15 Effect of collision model of the lattice Boltzmann method on acoustic attenuation
(with reference to the results of the NS equation analysis).

Fig. 2.2.4-16 I3 A7 MASRICHEDO IR ZER TEL LR TH D, EHRET MITIT
MRT ZfEH L7, AT Tk, 10 kHz 23817 2 (RRRMER O N 0.1 dBRREIC /2 2 X 5 (2T
G E L), RIEMEROFBIXFEACEETEIRETHIN, KT a X, e
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Fig. 2.2.4-16 Influence of bulk viscosity on different frequencies on aeroacoustic analysis using
the lattice Boltzmann method.
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KIEHTAER LD | A& AR 0.6 mm, #1138 996 (5D LBM it 21795 Z & IC KV HEj#E £ D
D OZENEREEREERSTCTELZ L2 MRTH L L BT, MBELE L LK TR 16 EDfE
MCHLENREDOANNT MVERERSRDDL Z LN TEDLZ L 2R LI, 16 (EOFEIT ['EE)
500 / — FZfEH L7256, 10 T AT v 7 OfFTICK) 6 Beil 22 L7z, 996 k&1 DT D56 .
MEE] 4,000 / — RE[EHL, 1 HAT v 7 OMBHTICK 12 R 22 L7, REHIISHT 2546,
FRMTIE & 7 — REO D 16 (8 TRRIE DT CRIER KBNS ERODHLZENAMRETH D Z LN E
TTHY, XR—=RATF AL LT 1,000 {EREEOMNT 2 FEHM L, JBIRFER L 0EEMLHR L BT
INBUBHRATIZ K o CRREI ST A —F R o T i &2 50 L T < Z & RREHBSG TOTEA L L /e
HEEZBND,

TAVCHEE R T~ 5 HANBRE & 0 AT DT HAR SR 1 O 1 ) 5 8h & S 2Ry & MR 2 oy B9 %
BN D, Wk - AREEALT SVIENTIXE DS OSBECHE L FETH D0, SAGHIZ LT
T 5720, EBRICE DMEEN A+ Th o7, Bk, Fig. 2.2.4-17T [T X O R~A 27T b A %AE
AL, BUREBRZITV, TEE] 2 AW R L O AT -7, Fig. 2.2.4-18 I FFRAE SIS &
OfRATHE R 2 s, ENEOELHBERK THL A R —/L FREOEEER AT bro
AT IR & fRAT CRBR DM Z R L TWAH Z LR LT, TNHDOT — X ZIuicAhth, NG
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Fig. 2.2.4-17 Microphone array with MEMS microphones for 224-channel wavenumber
frequency spectrum analysis and schematics of experimental setup.
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Fig. 2.2.4-18 Wave frequency spectral distribution obtained by experiment and analysis (side
seal surface).

G)HART—<B: E—rROTRIT 7 o DERER L
(a) WFIERR DEEE
KGR T —~ Tl 1) T —~Q : Al ZIEH L2 FEEA T — VELRO TRIET VOB 12
BWTHRET Ve — METAEIEH L, ERIIRGT STV I R#R kG T A —4 %
WRTHZLITL T, ERMERE RKIBICEE T 570 XT7 7 7 2R ET 5,
BRBFEIX, E— MR THT7 7 ORFHRT A =X ORARN R AE LA FEMLT-, AEHET Y
T—HHT R EOMRT 7 B SEIZL T, Ty O RRERECEE LD, EERBRNT
A= LR OBBRERE L, ZOREICHZY ., FEET 7 o0 3 RonRIIEIC IS < G%E
EEXT VT EITORBEEME L, a7 7 7 VEEROBIEMRNT 21TV, 7 7 VEROMEE
I L, BXEH T A& (BIR) OfAE KIBIZIZR Le 7 7 v OBEEEF 21T o7, S HiT, Z
D7 7 EPAFO b — N T IS A A TGA A T BB 2 FEhti L. ek 7 7 > Dk
BEZ LRIZFERESD Z LN TE, AWET —~ THRET 57 7 > OBEEHRFOFEE L L=,

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 conducted a fundamental review of the design parameters of heat-pump
fans. In particular, by referencing various axial fans such as automobile radiator fans, we
investigated the relationship between the main shape parameters and the resulting single-fan

performance, which is important in the upstream design of propeller fans. For this investigation,
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we constructed an environment for designing and modeling a propeller fan, on the basis of three-
dimensional shape measurements of actual fans. To evaluate its standalone performance, we
performed numerical analysis of a single propeller fan, and carried out a conceptual design for a
propeller fan that greatly expands the range of the design parameters of conventional propeller
fans. Numerical analysis was also carried out by installing the designed fan in the flow path of
an existing outdoor unit of a heat pump. The obtained results exceeded the performance of
conventional fans, confirming the effectiveness of the conceptual design of the propeller fan

developed under this research theme.
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% AT TR AN & i BRI TN ENAREIR R E S L E N BRESM258%E L, BEHE 121 No slip
K EFRE Lz,

Inlet Outlet

Fig. 2.2.5-1 Conventional propeller fan (left) and computational domain and boundary
conditions for performance prediction of a single conventional propeller fan (right).

Outlet

Inlet

Cylindrical surface

(Free slip condition)

Fig. 2.2.5-2 Computational domain and boundary conditions for performance prediction of a
single conventional propeller fan installed in circular duct.
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Fig. 2.2.5-3 Computational grid on blade surface of conventional propeller fan for LES using
FrontFlow/blue.

PIREAMEF 400 mm Ot — MR THTORT 77 02 _—2T7 4 UK EiT770) L L,
Vi EFREL 0.05~0.40 OFEFHICIBWT T 7 CHIROVERE A FHM L 7=, XEHREREIT 0.25 TH D,
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PRI BIT DN S EE L, FEREBICB T 2MEEZHER L, 205G OMITHEK % Fig.
2.2.5°4 | Y, ENHAARBFOMAT Tld, BUSRES 2 ZHUEM & L TRV, 77— R
XM OB & RFEY . TS OIE K E 5 2 TR & S5 LT,

Outlet

Inlet

Fan+Casing

Fig. 2.2.5-4 Conventional propeller fan installed in an outdoor unit of air-conditioning sysytem
(left) and computatoinal domain for whole outdoor unit (right).
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Fig. 2.2.5-5 Measured geometory of a ring fan (left) and surface modeling for flow analysis
(right).
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Fig. 2.2.5-6 Measured geometry of a conventional propeller fan (upper), surface modeling for

flow analysis (lower left) and propelelr fan installed in outdoor unit of an air-conditioning
system (lower right).
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Fig. 2.2.5-7 Airflow resistance of conventional outdoor unit for heat pump.
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Table 2.2.5-1 Principal design parameters.
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Fig. 2.2.5-8 Surface grid for non-refined LES (upper) and instantaeous distribution of static-
pressure coefficients computed on suction surface of blades and vortical structures
visuzliaed by iso-surfae of second invariant of velocity-gradient tensor (lower), computed
by high-resolution LES with FFB for single axial fan designed in this study.
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Fig. 2.2.5-9 Predicted performance curve of single conventional propeller fan and single axial
fan designed in this study.
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Fig. 2.2.5-10 Pressure distibutions on center plane and vortex structure visuzliaed by iso-
surfae of second invariant of velocity-gradient tensor of internal flow of single conventional
propeller fan (left ) and single axial fan designed in this study (right).
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Fig. 2.2.5-11 Pressure and velocity-vector distibutions around blade on 90 % radial position of
single conventional propeller fan (upper) and single axial fan designed in this study
(lower).
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Fig. 2.2.5-12 Vortex structure in internal flow of single conventional propeller fan (left) and
single axial fan designed in this study (right), visuzliaed by iso-surfae of second invariant
of velocity-gradient tensor.
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Fig. 2.2.5-13 Predicted performance curve of single axial fan designed in this study installed
in outdoor unit of an air-conditioning system.
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Fig. 2.2.5-14 Pressure distibutions on center plane and vortex structure visuzliaed by iso-
surfae of second invariant of velocity-gradient tensor of internal flow of single conventional
propeller fan (top) and single axial fan designed in this study (middle) and single axial fan
designed in this study with enlarged impeller diameter (bottom).
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FrontFlow/X (FFX)., 83X CUBE %, %O N—RUTT7OERIZRLHD2LEDEEZLND
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DEBOERTHNCE A, 77V 7r—3 9 L OFEMREN AE U —PEBANEIS R b Wi 7 v =
URXLEHERFET D E L BIC, TEE OFEDBEMERL M LI D700 L Eiid 5,
BB AL, BENONREMNRT 7Y r— 3 > FFB % NVIDIA #5 GPU A100 (248 L,
GPU Hif&F#hMERE 257 GFLOPS, 64 GPU Dl 5|55 MERE 12,963 GFLOPS, W 4i{k2h= 78.8 %
ZER L, 72, FFB © [E{E) (2B 5 7 at AMEEICE S 2R &2 86 L, W5t shs s
f ESEL72010, oo~y Pt T 5703 AAEBFEL, 48 /— K (192 7rtk R)
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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 have ported FFB, that is one of the representative applications in this
project, to GPGPU A100 of NVIDIA. As a result, we have achieved a sustained standalone
performance of 257 GFLOPS. We have also achieved a sustained parallel-computing performance
of 12,963 GFLOPS and a parallel-computing efficiency of 78.8 % when 64 of A100 are used. In
addition, to reduce the inter-process communication overhead and hence to improve the parallel-
computing efficiency of FFB run on "Fugaku", an algorithm to optimize the rank map have been
developed. As a result, the communication time have been shortened by 24.0 % and the overall
computation time including the communication time has been shortened by 6.8 % for a parallel
computation of FFB run on 48 nodes (192 processes). Furthermore, by improving the optimization
algorithm, the time to produce an optimum rank map for 192 nodes (768 processes) have been

significantly shortened from 70 hours to 6.36 seconds.
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TBls. A€ —%#40GB) A4 L7o fUL K PE AN o 7 — OFtH R 27 L Wisteria-A |2
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KRAEY AN—T"y RO BRIHESNWDOMERED 66 % THDH, S HIZ, Wisteria-A 2BV THK 8 /
— K (64 3 A100) % v 7= FFB @ weak-scale X F~—27 7 X h & %Eji L, FFB O 5GH5H
PERE 2 7Pl L7z, GPU (fHIR) &7 0 IZHEIY TREHEHIT 400 T TH 5, MPI @52,
Wisteria-A 23R — 9% 2 fiFHD MPI 74 7 7 U ompi-cuda 3 & O Nvmpi Zffi ] L7z, Table
2.2.6-1 B XV Fig. 2.2.6-1 ITHHAMREZ T, 8 / —F (64 2k A100) % AW 72856 0I5
#1L 78.8 % (ompi-cuda), BLO, 74.3 % (Nvmpi) TH-7-, GPU ~®D FFB OBMEIZEET 5
WFFEBR%E T, HUR KRG A o # —3 KL OV NVIDIA #: &8s U T30 L 7=,

Table 2.2.6-1 Results of weak-scale benchmark tests of FFB on Wisteria-A.

e " FHELREH T LR
MPI 1 — 4E D G
A7 /A B [sec/STEP] [GFLOPS]
ompi-cuda 2 16 0.341 3,754
8 64 0.393 12,963
Nvmpi 2 16 0.350 3,657
8 64 0.417 12,217
14
A 1-Node o
12
® ompi-cuda
10 nvmpi
a 8
@]
o
~ 6
4 [ ]
2 A
]
] 2 4 6 8 10

Num. of Nodes
Fig. 2.2.6-1 Results of weak-scale benchmark tests of FFB on Wisteria-A.
A7 vV =7 hTHIZERSE LD R E2 TR A OFEKT —%7 7 F v ICRBT 5720, GPGPU /N

Z . SX-Aurora TSUBASA + U — X T& % Vector Engine Type30A (VE30A. Fimt — 7 MEfE4.91
TFLOPS, i AE U A/L—"7"> b 2.45 TBlsec., AEY —%& 96 GB) A ## L7z gL K5 WA
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DEBEINOFRNBUOER O EEL T5hE0Em#E{tEX>7-, VE 7= 0 OMEGEIL 341
GFLOPS T&Hh YV, ZAUTAE I ANV RiE» LHEE S D EEMERED 56 %I2fY L, FFB 3, SX-
Aurora TSUBASA DEWAE U Ry RiEAZ 402D LT FEMEREZ L L TV D 2 & AR
Nz, F£7-. &K 2,048 VE FTfEH L7~ weak-scale X F~—7 7 A F&aEh L., WHHLEIE
61.7 %, FEHFIERE 301 TFLOPS #3Emk L7z, ZORERICE Y, 120 EEHERKOZHE 1 =
T 7T HT-0 0.82 THElETE 572D, AOBA-S ECTOFEHAMEE G L Lz K LES fE#fT)s
ARETH D Z & MR L=, AOBA-S ~®» FFB OBAICE T 22208513, AL KRZEY A S—H
AT A2 —B LU HRERRA S L LT L7z,

b) T v 7~ Fhasibic & HFHEER M

b-1)

WMoET —~Q@OAICBE LT, FFB OFEMFHEZ LBc, [EE) 1 51/ — RE A7z weak-
scale X2 Fv—27 T A MIBWT, WIHLHEN 50 BILE £ TR T+ 2888 H 5 2 L 2k~
RWFGET —~ TILZ OFEE R T D720, BB AR 298 o & — R &
L, 707~y TORBIGICE > TEWIEFIRHEMER A BT 5 — LV EMERRE L T D, &
5B IRy —voEmEfbET oL L bz, [EE] OFHE . —Fo@EY v 7 LoEE&E
LT D72l Fiio i E LT b e B — 2B A LZ O R A TN Lz,

b-2) Tk

&) TiX TofuD £ v #—ax 7 FE JIFNDBEICL Y, 3R, — FREER ST 5, %&
3B — FITiL 10 KD Tofu Network Router (TNR) Mz G TEY ., = F 10 ol v
JREIY LT HN, B — FREBSER S LTS, TNR ZHWZBED 2 2 2§ 4 51218,
SHEFEITHCK T 7 (mpl 7rER) O TNRIZHITHEE XY, Z, a, b, oOlfHici-S%, TNR
ICRBITHWBERKEZBEL, 70 7HOLETOBEEEFBEY v 7 IZEY THET ILERD D,
Z v B OMBEEITFEEI TR, A—7 Y7 hToh D Structural Simulation Toolkit (SST)
ERHOWTESETHZ R TE S, SST (L2 BERICEAT I ML ZNEHWEBERET —7 L
e % Fig. 2.2.6-2 12779, SST ZHWTHG LIZE@ET —7 v L0, @EDR v 7> TNR O
FUV 7BV YToNLBEREZRET L, 20 ORI L ERT DR A Kb+ 52 &
ICE-> T, WEa X &R L., WHEREEEOR E2X5, 20k ) AR biE %<
X NP W2 TH Y | BIEMREHIN TEMICHS Z L IRETH L, ZZ2TiE, ACEY
HYIalb—aryTUICHWONDE LT AL aiEO X haRY AT L3 Y X LEHWT,
TofuD v h T —2 L0 6 RITWHLEAEZERICBIT 5T v VBEE T AV I ab—T v KT =
— Vo k Db Y EFE LT, FFBIZ XL D 192 7 ek ADIFIFHHEICBWT, sy
BOREEMEZFMBEE S LT =—V v 7 LkiR% Fig. 2.2.6-3 [&nd, 7=—V v 7Hi (Fig.
2.2.6-3 f£) LEL, 7=—V 7% (Fig. 2.2.6:3 £) TIE@EEMUHSNTND Z L3 bn
%, ¥z, FFB D 768 7' ¥ ZDWAHFHHRICH L, 7=—V 72XV T~y TaElT 5 2
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DR RRIBEICER T 572010, 77~y 7ORBEILERICET SR OBHENA KA L 25,
Xﬁ%f@\%mﬁ@ﬁbt%%£%?~7w%ﬂﬁb\#o\ﬂm&ﬁ®¥ﬁmﬁgkﬁé%%
DHFHIRR A ET AR PORE(LT LT RADOKBEEML, 96 / — K (384 Fut ) @
T v~ 7O L E 30.4 fFEmdt Lz, 512, Tofu = NEfL (12 /— K, 48 7t R)
TV w75 [(Ta—nv7 )y 7)) LBEDELZLICLST, 192 /—F (768 FutkX)
M OREIEE 7 > 7 ~ v 7 OfERIER 2 70 RS 6.36 B (K 4 I3 1) IZ KIEIZHEAE L7z,
2L, Zv—r 7 Uy TP EGEA L728A o FFB @13 R <Cm (5 FE M & 5 b 72 5 1R R o JHE
BB L IS B OMGENLETH D Z & 2T 5,

Parse log records &

Example of SST log convert to table
MPI_Waitall entering at walltime 5680885.418039048, cputime 251.113964500 seconds in thread 0. l:ﬁ
int count=10

Communication weighting table

- a

MPI_Request requests[10]=[2, 3, 4, 5, 6, 7, 8, 9, 10, 11]

MPI_Status statuses[10]=[{bytes=31484, cancelled=0, source=1, tag=1, error=0}, {bytes=19096, cancelled=0,
source=6, tag=1, error=0}, {bytes=2196, cancelled=0, source=7, tag=1, error=0}, {bytes=46564, cancelled=0, »} 1\ o
source=30, tag=1, error=0}, {bytes=456, cancelled=0, source=32, tag=1, error=0}, {bytes=31484, cancelled=0,
source=0, tag=1, error=0}, {bytes=19096, cancelled=0, source=0, tag=1, error=0}, {bytes=2196, cancelled=0,
source=0, tag=1, error=0}, {bytes=46564, cancelled=0, source=0, tag=1, error=0}, {bytes=456, cancelled=0,
source=0, tag=1, error=0}]

MPI_Waitall returning at walltime 5680885.420046815, cputime 251.138054500 seconds in thread 0.

Fig. 2.2.6-2 Communication table generated from data output by SST.

6y . [Bvie] "
Lo mapfile none s mapfile sum

3.5€410

DL;\-—

n—ooo

Fig. 2.2.6-3 Optimization results based on total number of communications (eft: without-
optimization, right: optimization).
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Fig. 2.2.6-4 Optimization results based on information entropy (left: information entropy,
right: information entropy and communication hops).
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