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Development of Unified Library for Domain Decomposition Parallelization and
its Application to Various Methods
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The objective of this study is to propose and develop a unified library for domain decomposition-based par-
allel simulation that is independent of specific numerical methods. The proposed library comprises a graph
manipulation component that handles data transformation and partitioning of graph structures and a parallel
linear solver library built on these graph structures. We concentrate on the graph structure representing the
interactions between computational points in numerical simulations, with the goal of eliminating reliance on
multiple numerical methods by utilizing this graph structure. The library is implemented for the standard fi-
nite element method, s-version finite element method, and particle method, and its effectiveness is evaluated

through the these parallel computing performance.

Key Words : Parallel computation, Domain decomposition, Graph structure, Linear solver
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Parallel Data-Driven Multiscale Analysis System
based on Interface-Capturing Technique
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YODDDDDODO0OD0O0O0OD00O00000 (0 305-85730000000000 1-1-1)
00000000000 (0 305-85730000000000 1-1-1)

This study develops large-scale parallel structural analysis system to create a surrogate model faster in the
data-driven approach of FE2-type multiscale analysis, which is a typical numerical analysis method for
composite materials. In the data-driven approach of FE?-type multiscale analysis, the computation cost for
multiscale analysis is reduced by replacing micro scale analysis with surrogate models. However, the com-
putation cost for creating surrogate models is high, and composite materials with different microstructures
difficult to be treat. The proposed method creates surrogate models that can be used for microstructures
with various material configurations by introducing the level set method and capturing the material bound-
ary surface as a spatial distribution. The proposed method implements a parallel analysis framework for the
distributed-memory parallel environment, and the parallelization efficiency of the system was quantitatively
measured. The results confirmed that the proposed system reduce the computation cost for creating surrogate
models.

Key Words :

Surrogate modelling, Level set function, distributed memory parallel computing, Material
arrangement, interface capturing
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A variational mixed formulation of conservative Allen-Cahn equation
for two-phase incompressible flows
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This paper presents a variational mixed formulation of the conservative Allen-Cahn equation for stable

and accurate computation of two-phase incompressible viscous flows. We split the Allen-Cahn equation

into the convection and the diffusion-reaction, namely mobility equation by introducing a scalar Lagrange-

multiplier having diffusional dimension. Practical computational results will be shown on the day of the

conference.
Key Words :

Finite element method
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Proposal of Compressible Structure Analysis Scheme Based on An Eulerian Finite
Volume Method with Marker Particles

WS 235 D PE I fEw] 2 R EAE D HEE Y
Tokimasa Shimada, Koji Nishiguchi, Shigenobu Okazawa and Makoto Tsubokura

D (D) BLZEIRSE R SRR A £ o & — RRIE B
(T 650-0047 SR A TP X ¥ 5 FGHT 7-1-26, E-mail : tokimasa.shimada@riken.jp)
Il (L) B BRFAREDE LEgeRl 2%
(T 464-8601 ZZENE A 7 =i TREX AZMT, E-mail : kojinishiguchi @civil.nagoya-u.ac.jp)
M () IIALRY: R EITEL B
(T 400-8511 1LZLIEFAFHTEE 4-3-11, E-mail : sokazawa@yamanashi.ac.jp)
DE () M RERERE & 27 LGSR Buz/BR LA sHRREI e Y & — F— 2V — X —
(T 657-8501 SR T #E X /SH A HMT 1-1, E-mail : tsubo@tiger.kobe-u.ac.jp)

An Eulerian structure analysis method is suitable for computing large deformation problems and performing
large-scale simulations. In this research, a compressible structure analysis method based on an Eulerian
finite volume method with marker particles is proposed. In the proposed method, the governing equations
of motion are computed with an Eulerian mesh and internal variables of solid are computed with marker

particles.

Key Words : Eulerian Formulation, Compressible Structure Analysis, Finite Volume Method, Particle

Method
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Data-Driven Multiscale Analysis Based on Order Reduced Distribution of Multiple
Materials
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This study presents a data-driven approach for FE2-type micro-macro coupled multiscale analysis, a typical

numerical analysis method for non-homogeneous materials. The proposed method is a faster version of

direct FE2, whose microscopic simulator is replaced by a surrogate model. In the offline process of this

method, a level set function represents the arrangement of two materials in a unit cell as a spatial distribution,
and a functional model is created that includes the arrangement information.
Key Words : Data-driven multiscale method, Finite element method, Level set method
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s-version of finite element method (SFEM) has intrinsic strengths in local high accuracy with low com-
putational costs and simplicity in the meshing procedure. It, however, has challenges in the accuracy of
numerical integration and matrix singularity. In this paper, we summarize these problems and present strate-
gies for solving them. As a concrete solution, we propose B-spline based SFEM, in which cubic B-spline
basis functions are applied to the global basis functions, and Lagrange basis functions are applied to the lo-
cal basis functions. The numerical results show that B-spline based SFEM can be computed with sufficient
accuracy using the standard Gaussian quadrature, and the proposed method is superior to the conventional

method in terms of convergence of an iterative method.
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local mesh QL boundary

local mes

boundary
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Dirichlet
FGL

boundary

-1 Global and local meshes defined in SFEM.

MMRE R R ETE 2720, Xy aLlBEETH
B. Ny, i \EFEEREL NC (x), N& (x) OFLTH D, u?,
u? FEEBIRL N (x), NJL @) ITET 2R THB. 5
FTOY BT ORI u(x) DML RAE ST 2 720,
(2) TR XN 3 Dirichlet IR M 23T,

ub(x) =0 onTI%t 2)
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-2 Linear, quadratic and cubic Lagrange basis functions.

Local element Q]E'e

N\

Integration
points

: G,e L,e
in Q¢ and Q

Integration
points

. G,e L.e
in Q> and Q;

Global element Qf’e Global element Qg’e

-3 An example of mesh superimposition that causes the in-
accurate quadrature.

ECIE BB IS U TR Vi R R0 0y, BN
RedEc COliETd b, FEBEO—RE M EIZE
TR CTHRESE L 725, ORI 212, fERMIES
X ¥ adBIZBWTE, 1751 KU, KX O{EfE T DR
ENET 5.

PERBIEG X v > 2 KIE 2 DOFEIFET 5. 1
2%, 174 KO, K'C OREREMEETH 5. ZofE
X, K3DE3Z, Za—nLXyara—hLXy
A INCER D E ZICELS. K3 TR, -
ARy Y2 LOBR QL ERSHERE LTEY, #%
MOBBICIX, B QL NOREREE L 0z oMy
EIINZ, Za— LRy a EOEEQC ICER -
TV SR TR QF NORERES & 2 oMs
75, ZR—rULX vy a2 EOEHK QG ICEZ > TV
2RI TR Q5 WOIERBIRE & 02 oMo Es
ZhZen&EEN 5. AiD L B D Lagrange £ EEIEUE
BEERE 0T COHERTH D, —BEMOEEAE
BCTH 2. T7bb A BEBDFE 5 FEI AN T A
Y%, BUERE S T RENCEH S B H Y ZREE
D XD ARG E EHECHE ST e TE
RN, BOFEENET 5.

Z ORI LT, BUERS OEEED DIk
RPEPIREBEEXNTE /. Fishet al. [6,9] IXEZ
FDT=DIZ, THEGEEHICHE->TZa—NL Xy ak
DEZREDEIL, MMt FEIc LAY 2K
FEEEA L (K4a) . ZOFEGIEREZ @RS
BERT 55T, WM AR 2K
REEaZR N RE LD, BEOEEE R [10] DL
IFHERMI (1111278132 2 2T, FPEFGEREEIC X 2
HEBLOMEL T 2 FEbIREIhTVS (X
4(b), (©) . 7=, Av¥aofMintidfThs, EE X
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(a) Local element (b)

Global element

Subdivision
boundary i

line

-4 Examples of existing mesh-subdivision approaches for
discontinuous integrands.

DHEROH D ARMEEZHEAL7HbH 5 [1,7]. L
PLAENS, WIThOFIEGEE DN v AKMEEE #E
LG EXIVIEFICRKRELFIEaR M 2L EL LT
BY, OSBRI R LICEEDH Y AKE
ERHEMAAEEREAX v ¥ aEZBRO AT VWS,
PERBIEA R v 21 EDDH 5 —DODFREIX, FAv
¥ a2 OREBAB O HNI BRI X T nwZ &
TH2. HEA Y Y 2EZBIABEIR (D) ICX>TE
FENBZD, FHDR > 2 DHEERBREDMIDO R v > a
DOREFEM ORI TRIA XN 5E, Q) DHER
—ETRIRD, Mo—EBMErEkbhs. TbEMK
BATHIDRRATHN S L I ZFAUSEWVIREEL 12 D, K
BIEICBWTHEPINER Loz, IR E(L S
B DETXI T WS (8], RHTERDINR L2z W IRE
X, 70— X Y2 DBEFFERr o — Dl Xvda
DEBBEADP—HT B LAy apBERoTWVWS
BEwZ AT TEY, AT ZOES 272012, 7
B— LRy a2 DBEBERR Lichru -y a
i HHEZHIBR S 2 FIEI R XN T E 72 [12,13].
L2LZBiZEeET e LIBIES 2 DADEEN
MEZEF > TV,

(2) B-spline EG X W 27EIC & BEREDER

AWFFE T, FIE TR L ERES X v & 2750
MR R ARAR ISR ATREZR, B-spline B X v & 27k
PIRRT B, ARETIE, B-spline FEEFEAKOREEB L
BRI 3R EfRIR 15 LT D B-spline HE X v ¥ a
FIZOWTIRN B,

B-spline ZEENLZ / v PRI MUK o TEFRS N
5. 7y MRZMLERERAG)TRIND LD, T
X = RN BT 2 PEIEDOIERD R B ETDH 5.

E={§1’§2’~-"§nk}T (5)

ZDLE, EeRWFIFEHD /v b, i ld/ v bR b
AHD )y FDETHY g =n.+p+1 RN B, F
7z, p & B-spline ZEBB DXL, n ($RATEIRTDH
% B-spline HR Z HEEE 3 5 DI fib 1 % B-spline 2K
B oTtdHs. Gronl/ v bRZ FUIIHLT,
B-spline ZEERIEIZ 0 RO X ERB TR % b\ & L
TEFRIND. KOEBOBE#OERTK (6) ITRT.

1 i = i+
Ni,o(§>={ @ <& <) ©)

0 (otherwise)

R (6) £, 0XD B-spline FEEREEIX, <7 X Vv
XM [&, 6] TEBRINZERIIBWT1%22 D, Z

BBEEETHHER

NN D XN BOTUHMEEZ 27N e b2 5. K
7!i&p = 17273" RN &:j’o‘l’\f, }\oix *&IXFE"? [fis§i+p+l]
TEF SIS p KX B-spline BEBIE N, , () 1%, Cox—de

Boor Dilift:X (7) TREI N 3.
§-&i
N,' = Ni —
P& =g — g Nip1 @)
fi+p+1 - f
2P 2 N 7
’ §i+p+l - §i+1 be! (é:) ( )
B-spline ZLEREB O —FEM 7 EIZ 8) THZ 6N 5.
d P
—Nip (€) =———Nj,-
df P (f) §i+p —fi Nz l(f)
p
— ———————Niy1p- 8
§i+p+l _§i+1 bl (E) ( )

RY ZER DKMITEIRT B % B-spline HiFX, €K FEM
& [AkRIC B-spline BEEBIE OGS THEI NS, £
7z, Z2RIT 8T X vV v 7 REEBEBA DRI, 10T
RT X —RZERNZ BT % B-spline DT > VL fEE
LTERTES. XI MERBTHZa> br—L
Ry ¥ aB; € R = 1,2, .m0 j = 1,2,...,me; k =
1,2,...,0), ZWEARE p,q.r, /v IRTZFILE =
6. &) H o= fum..m) B Z =
(0,0, o) 52 ehizr %, RY 22O B-spline
VU RSER)IRR©O) TERSNS.

SE&n0
ne me Il

- Z Z Z Nip (&) Mg () Ly () B ji 9

i=1 j=1 k=1

ZZT, Nipy©®IZE/ v bRIZ PILVETERSNS p X
B-spline BA%(, M;, () 13/ v PRZ PV H TERS
N3 g X B-spline BI%L, Li, (O)&/ v b7 bV ZT
EFEND r X B-spline BETH D, i,j,kldzhzh
ENE HMNTHIBT A4 YT v 7 ATHS. BB,
Y BRI Ry Y 2 IR ROERAIITEIR & —3
LWz, HERD Lagrange X v & 2 OERRITIEITHE
FT&ERW. ARIFFETIE, Otoguroetal. [14] DX v > a
ERFEERALTWS. £, AHETIEA—T
7w bRZ MV DOABERAL, B-spline £EBEEDER
S 3 XM TR EZ T L. — /AT,
B-RA 77 4 v ORKEENX, NED /7 v b TIEHER
a2V, X o T, ARIFFETiE Dirichlet B
BT 2arbuo—iLRA Y MEEEE YL LT, Dirichlet
HREMZFRT. AT, B-spline ZEREEICHD
MrFid, Lagrange BERIENCED < MHE O HIREZR
EREERRICT A YT X MY v ZHGEDEATHET H
D, BUEREDIE— RN AREEEZH WS Z
MTE 5.
REFEICB W TR D HEZ B-spline BEEBKORF
B, NEERERICB T 2B 0EkETH 5. 0
B LU 1 RD B-spline ZEERBEEIX, #HZ2hXD7HE
BRI B L O 1 2R Lagrange FEBEE L [F U TH 3 23,
2 REAE.@ B-spline FLERBIRX[RIR D Lagrange 1R
BrEizoTws., K512, k% /v bRZ LT
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— 2nd order 3rd order

element element element element
-5 Quadratic and cubic B-spline basis functions for uni-

form knot vectors.

EFXND 2 KB XU 3 KD B-spline BRI Z /R
MIZ/RT & 512, B-spline 3ERE# Lagrange KR
Btk BREF P2 TEVEREE RO, —&
12, p X B-spline & EBHUK, WNER/ v b & TERS
N2 ERERT p—m ROERHEZFFD. m 13/ v+
EICBIS /v FOZEETHS. RIKTIE, £2TOD
W v PCBWTZEEZ 1255, $4bb, X
TOWEESEFEFRIZHEWT, B-spline FEBRIE p-1
ROMREMEEFFD, FIETHNZ XS 112, EREES
Xy ¥ A EORMERET BT 2EREIE, 7 r— o LEJR
B O ERZTEFIC B 2 @M OREIEATH o 7.
L7h3>7T, 3R LD B-spline BEREZ 7 a— L
RIEREICHEA T 2 2 T, FEMEBE 20—y
EPERFERCTHER»rOWE L2 R, THREET
WE DT AKRBENBEHAREICRZ BN 5.

F7o, TERIEARX v 21 kDS 5 —DDHETH -
Tz, &A v aOREEBOEHII DRI, 7
O— UL Xy ¥aka—HhNLXy s aDij/5ic Lagrange
BB EEH L2725 THE. 22T
AT, FX v 2 CB 2B KEREEH T3
ZEERERTE. ZHUTED, FOEHIBAvTaD
BRDHATH->TDH, DXy 2 DOREBEKE
DRy T2 DEEEBEBOMIEATERET 5 Z &3 A
REL kB Abih s, AR TIEEMANZEH E LT,
7'a — VRIS B-spline ZEREE, v—AL
FLEBESUC Lagrange FESEABEHAH T 5.

B, AKX, #EETE RV REHEREOF
FIZBOWTRFTEREELE FEIRT 3 720 O FLMERN ST
DHBESTTHD, Za—rL Xy 2 3ERTT
HHZeEAHRE TS, Z4AUTX D, B-spline FEREEL
BHWAT 5 LT, OB LA X v ¥ aBNFET
2P e, HEBBOERIND T X —XZE/ O
BOBBIIIEEE R 5. £, EEX v 2lkT
X, A=A Xy ¥a FOBERIIHIGT 2 EHRELRET
EF LKA ETHED RIS 2358, Zrn—L
Xy ¥a FOBERICHIET 2 EHERICBIZ NS
DRDEEERE T 2HEDNH 5. Z OEEEIZHR
FICEZ BN TWRW=D, Xy ahIEEE+Tdh
BIGAIFEITE X P OEWED IR LATESIDE L 125,
LhL, Za—ilXy a2l red328T,
Ka R s OIS EIEEE KD D Z e BN TE 3.

HoBEA B TEHR

il
i3

Global mesh

Case (A) hC:hl=4:3

JHEN

Global element ~ Local element

-6 An example of mesh model for SFEM.

4. IREE
(1) fREMG

RETFEB LUERTFIEICOWT, M L238% 1
I, REATH O SN, KIEEEFHWATAEIEICE
B RAREE D S BRGEER T o 72, IRETFIETE, 7
0 — ULIEERE Y LT 2, 3 XD B-spline 34 ER¥Z,
0 — AN Y LT 1,2, 3 XD Lagrange JEEKEIEL
EHW, 6 r—2AEBAELT-. 1ERTIEREZ, Zu—
2V, = VRN RBEIE Y 1T 1, 2, 3 XD Lagrange %t
KRR W, BH9 7 —REMEEL 7. XA ERIE
Poisson A2, MEMTREIENE [0,2]3, JEPRREEL [0,1)°
L, fAHTREIRO 2T Dirichlet BR54F 23R L 7=, fiR
METNALDO—HIZK 6 I1T/RT. WXy 2 IlBWTEHA
BETYHKE L. EBNZEKD D, $XTO
MEEICBWT, EFELMERFECFR LAy 2%k
WL 7.

Ta—r)V Ry Tara—HNRy T2 DERIE RS
BEU ERTA—22 L, R6IWZRTXIIZ, case
A M =4:3 case B)WC:hb=2:1D2@HD
Ry alZBWTHEE R EM L7z, Case (A) T, a—
ANy 2 EOBERERTO— LRy > 2 DEER
REGATVWS D, TERFIETIIEGEKORES
BEL 3. ZORRDI=DICAHIETIZERDH T A
KEEZERRA L, 1IBEFIE, EkFiEe big, @AHOD
BoRfE Db 720D SRV, IREFE
WHHEALTWS DX, RNEREBDO-HTHS. B
HIFEST B T ROBE, D RBOZEIT X 2 5
L? 72 ) VL DEZE, 2RDOEAED 10%LL FTh -
2. %D, ZOREDECTHEIFEIT2ICIERT
HrrEZHNS. Case(B) T, u—H1Xvak
DEZEN 7O — LAy Y2 DBEREREZEZT, K
HEBOBEMIFRE LW, LRS- T, case (B) T
VEAEHE 72 T ZRFEE R R T 5.

KSR VAR 2 B, BOSAR Y ORI L2 3575
VL' RD B, BRI, 1. TORERES X, 2.
HRRNE AL X2 1D ERIER @I SFIHEL, 3.
MEEHOHEREER L, 4 R L AERICES X
A AT S FETH . AL TIE, BEMHEE R
(10) TERL, MHRe LT 1) TR S MEAEHD
Poisson FHEX%Z15 3.

u = sin2xxsin 2wy sin 27z + 10 in Q (10)

Au + 1277 sin 27x sin 2nysin2nz =0 in Q (11
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FEN L2 3825 7 L A3 (12) TERSNS.

\/ Jo 18G0) — u ()P d2

Vo lu ()P d€2
- —"i(}_l;&“ (12)

agz‘f' i€ () — u )| d2
QG\QL

&2 =

ng‘f |16 () + @ (%) - u @) d2
QL

SA:\f lu ()] dQ
QG

Z 2T, QU IIMEATHEERAER, QL ZRATERERL,
u(x) 3G, @) BXU @) Ezhezhrsa—
PNV RAyTaBiu—hn Xy Y228 BEHERT
H3. 7B, KETIEIESTHBEORMLDT-D,
FRFEIRDAMABESR & 70— L Xy ¥ 2 OBERERD
HRLZEIDCHMA Yy 2 ZEELTWS.

ASFATT Y LN — DATHIGH BRI AR V2 v
N—35 4 72 Y Monolithic non-overlapping / overlapping
DDM based linear equation solver (monolis)[15] Z{#H L
TWa. BV NAAN—DORIITHEBEAEEZ Y, £
DOINGFHEMIX 1.0x 10710 2 U7, HERAEERZ, L
DIREDHENEMHTE 255, &4 HHERBKIE
AU T T35 [16]. L7=d3oT, mAKIEREIXE
HEREE U, BHERZBREL THICRLRWEE
3, BREITHIPRER-oTWE e EZ S, ALDHiRE
DB VIR T 50, ALY LTRNHRTr—1
VR L.

HZABEIATYE R OMEE UT—RANCHEH X
NBZFETHY, EEENMNFMTINCOABEHTE 5. BE
FIETIRESG A v ¥ 27RICBIT 2 R8T IEEHE
TAITH B eEZLNTER[11] 23, HREITHIDIEE
fEPEIC DWW T DR BIRFE M R imE 2 E TH
M TWIRW, Z T TARBZE T Cholesky 77 & D K
MEO =) FREBATHIDIEEEMHEZ#REES 5. Cholesky
FIRDRRAICIED { MEETIE, Cholesky 737 L3 )
ALEETL, AFREPoobr Ry MJEBETIC
7TV ZLDET LIGE, 20152 IEEEE L,
ZRLANIIEEME TR WE § 5 [17].

(2) BRCER

AR DR IIC & 2R 2 E AN B S 5 7
DIZ, Za— OVERBR ORI IR % 3 o — A
(Z'a — OUVEJEBIEDS 2, 3 X B-spline £ RIS &
O* 1 K Lagrange ZEBIE) 12BWT, Z/m— ULESHR
a— A NVERDARIGL he : h, = 40 : 3 D —
20D, FRFEBIC B 2 E0 L2 B2 FHIL 7.
WIND 7 — AT Ha—HVHEBEBUL 1 2K Lagrange
HIKBES e U, @EOT Y ARBEELEA L. R
2RI TSRS, MR L2 RS E S 7 —a Y X—TR
L, 78— Xy Y aZBIRTRLTVWS. 2O
R&ED, Zo— OV EERBEB OERES RN — R1F
g, 7a— rVERERAPNEICHFLET 20— A VE

BBEEETHHER

5.4e-04

I: 0.0005

+- 0.0004
— 0.0003 5

— 0.0002
[ 0.0001
1.2e-07

PO

5.4e-04
I: 0.0005

4 0.0004
— 0.0003 5
o

— 0.0002
[ 0.0001
1.2e-07

& ¥

5.4e-04
0.0005

1 0.0004
— 00003 5
- 0.0002

[ 0.0001

1.26-07

"4

&

-7 Relative L? error distribution in the local domain in the
case of i : iy = 40 : 3. Global basis functions are (up-
per) cubic B-spline basis functions, (middle) quadratic
B-spline basis functions, and (lower) linear Lagrange
basis functions. The contours of the error are shown by
color (min: 1.2 X 1077, max: 5.4 x 107%).

FRIZBVLWTHEHZFICRZIWVIRENEL, /- LER
R 2 BICERE DD REBIC R > TWB Z Ehbd
5. ¥/, Z7u—rULEKREEDY 3 2K B-spline KR
BOBEIITEE O H 7 ARKMET D+ kEECEH
BAETH I L ER 5.
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MAT, VEFHELICRFRICB VT, M L2 355
IV ADIURR, FREATHIOIEEMYE, THEMRICE
J 2 AR OMEZ Lz, 2 OFEMIE EEFERICT
My 5.

5. #5ER

AIFFETIE, TERDEE X v > 2 EDOMERTH 28
EFE D 2 ATH DR R ZARARFN RIS % B-spline &
BXRX Y alBRER L.

I3 EROEEX vy 2 E0MEERZRL, @
EhofKa X R EBERE S DERD /=D 7 a— L
LIS BIBOC BER BT C o aE M % 50 B R RE R %
M3z, fT9ORBEMERED T DIHEX v > 212
B 2 FEBEEIC B 2 ORI EAT 5 2
EREMTH S BR LT BRI BIR Y LT,
AFL TR, BRERT C? M5t 2> 3 X B-spline
R E 7 a — NV EEBEE E L, Lagrange 2K
BrEn—HVEEBEBY T2 FEERRELE. ##EF
e ERFEE 3 KIT Poisson SERICHEA LT, ¥
&L ATHR R O BRI D Hh S MEE 21T - 7=, MEE
RS, SBEFIRE, ERFIEID bEEDICRME
KEATEY, FR@Eory 2kEEEHWT S
RKETHETEZ 2 e REnT. /-, #EFE
X, FIHEIEOIRED HTHRERFEL D EATY
LZehREN. Thbb, BEFHRIIEE TR
L7-FF5tEa R M ZHIRTE 2 lREMEZ 0.
BEE: AW, IST BIFEHIRFSE X IR EH3E JPMIFR215S
B X X JSPS BHifFE: 22H03601 DB % 21T - DTH
L., ZZWRELTHEERT 3.
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Performance Evaluation of the Deflated CG Method using Global Eigen-mode
in Parallel Finit Element Method
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Takumi Murai, Naoto Mitsume and Naoki Morita
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The deflated conjugate gradient (CG) method is one of the linear solvers for numerical simulations, which
can improve the convergence of the approximate solution since the condition number can be reduced by
inputting a known independent basis of the solution space. In this study, the global eigen-mode deflation type
deflated CG method, we analyzed problems with different number of conditions using structural analysis as
an example and measured the number of iterations and computation time. As the results, by examining the
breakdown of computation time in terms of the speed-up factor, it became clear that this method exhibits
high parallel computation performance around an appropriate number of contractions.

Key Words : Deflated CG method, preconditioning, Finite Element Method, eigen-mode deflation, par-

allelization
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Algorithm 1 Deflated CG method

1: function cALC_DEFLATED_CG(A, b, Z)
2: FO — p

3 g« (ZTAZ)'Z"7O

4: 1« 70 _AZg

5: if (Ir@)1/1179) < &) then

6: skip main loop

7: end if

8: for i =0,k ++)do

9: if (i = 0) then

10: PO ;O

11: else

. (DT (i)

13: PO pO 4 g0 =D
14: end if

15: v — Ap®

16: Vv — v — AZ(ZTAZ) 1 ZT VD

. (T (i)

17: a® « %

18: XD x® 4 oD pD

19: r*D e f 0 — g0y@
20: if (|7 D)/1I7 ) < &) then
21: exit
22: end if
23: end for
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27: end function
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The S-version Finite Element Method (S-version FEM) is capable of overlaying multiple different meshes,
which is expected to reduce computational and mesh generation costs compared to conventional FEM. How-
ever, S-version FEM suffers from decreased accuracy due to its inability to represent discontinuous physical
quantities such as the boundary of a circular hole. To address this issue, the eXtended Finite Element Method
(XFEM) is applied by assigning enrichment functions to specific nodes, allowing for representation of dis-

continuous physical quantities within elements and improving accuracy. On the other hand, parallelization

is important from a practical viewpoint when calculating complex phenomena. In the case of paralleliz-

ing by domain decomposition method, load balancing considering additional computational costs related
to coupling terms between global and local meshes and enrichment functions is important. In this study,
we propose a load balancing method for parallel computation of S-version FEM analysis with XFEM and

evaluate its parallel performance.

Key Words : S-version Finite Element Method,eXtended Finite Element Method,
Parallel Computation, Domain Decomposition, Load Balancing
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Augmentation of Cross-Sectional Spray Measurements by
Discrete Droplet Model and Ensemble Kalman Filter
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Takashi Misaka, Shun Takahashi, Shotaro Nara, Naoki Sugiyama, Tetsuo Nohara, Yuiki Kuramoto, Yuki Kawamoto,

Akira Obara, Rina Osada, Asuka Kikuchi, Masayuki Ochiai, Kazuo Osumi and Naoya Ishikawa
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2) WK (T259-1292 #hZ)IRSEE HiAL 4 H4-1-1)
3) W S HRAFFEAT (T 252-0881 #RZS) 1| VLR i M8 % Hb)

Spray flows, which contain droplets and particles, play a crucial role in various industrial fields. This
study aims to investigate an efficient and reliable approach for predicting droplet spray flow by combining
the discrete droplet model (DDM) with ensemble data assimilation. Our objective is to enhance cross-
sectional measurements such as particle image velocimetry (PIV) by incorporating fast DDM simulations
of droplets. Specifically, we focus on conducting numerical experiments of data assimilation (also known
as twin experiments) and discuss how the ensemble Kalman filter integrates cross-sectional measurements
and DDM. The results showed that the droplet’s position, velocity, and the spray nozzle’s state are
estimated by assimilating the time-averaged velocity measurements on the cross-section using a carefully
prepared ensemble of droplets. Furthermore, the droplet size distribution is estimated through DDM.

Key Words : Spray Flow, Discrete Droplet Model, Ensemble Kalman Filter
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Concept of numerical scheme for multibody dynamics by the transfer matrix finite element method and
discrete Helmholtz decomposition
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In a previous paper, | have proposed a generalized force method (GFM), in which the simultaneous

equation is constructed

novel reduction method for the treatment of the continua. This report is part

of research regarding Helmholtz theorem, to apply the Helmholtz decomposition (H-d) to the finite
element method. H-d is, however, in a certain coordinate expression. | proposed an improved H-d
expression called dHd. The dHd includes H-d and other coordinate expressions. That is a multidirectional
FEM concept. The objective of this report is to propose a concept of the numerical scheme for the multi
body dynamics by transfer matrix method and above dHd. Depends on your habit, because | fell the
cylindrical or polar coordinate system which is used in general for MBD calculation. The transfer matrix
calculation uses Cartesian coordinate, and dHd uses Lagrangian coordinate which is called also natural
coordinate, but potentials in dHd are represented in current coordinate.

Key Words: Transfer matrix method, Helmholtz decomposition, Discrete Helmholtz decomposition,

Multibody dynamics, Multibody system.
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Flow-driven piezoelectric energy harvester D f# 4T

Numerical Analysis of Flow-Driven Piezoelectric Energy Harvester

A,

2

AN

Shigeki Kaneko and Shinobu Yoshimura

1) (L) REERFLFERUER Bi# (T113-8656 HAUHS SCH XAYRT7-3-1, E-mail: s_kaneko@save.sys.t.u-tokyo.ac.jp)

2) T R KRFETEH

FRIFER Bz (T 113-8656 HUALAR UK X AR 7-3-1, E-mail: yoshi@sys.t.u-tokyo.ac.jp)

Recently, an aircraft using highly flexible, light weight, and high-aspect ratio wings has been investigated.
Since such wings often undergo large deformation, they easily exhibit a post flutter phenomenon.
Although destructive vibration should be suppressed, some researchers have been working on energy
harvesting from the flow-induced vibration while a certain magnitude of vibration is allowed. We have
been tackling this problem by numerical approaches. In the previous study, we proposed a coupled
analysis system for flow-driven piezoelectric energy harvesting. In this study, we show two numerical
simulations to verify the analyses of piezoelectric energy harvesting and flow-driven piezoelectric energy

harvesting.

Key Words : Coupled analysis, Partitioned iterative approach, Fluid-structure interaction, Piezoelectric

energy harvesting
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DEIRBIIREREALATRSTL, BRELTTTIvH
REEFRETLZEN LT LIED D, BEA IR H
BENDIREEN, HLBREORDZHRL, EBEH &
JANWTZF P —n—_Z L &7V, ¥R EDRE
TNA ZADBE IR E T 5 Z LA Sh TV A[2].
AN TR OEE O = DI BB A ERICH Y, EE
R L DBBIES b0V —n—_X MZET S
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In this work, a combined multi-sphere discrete element and finite element (DE-FE) method is developed
to simulate the interactions between an off-road pneumatic tire and gravel terrain in a natural way.
Firstly, several kinds of multi-sphere gravel particle models (GPMs) are established, and the
multi-sphere DE-FE model is constructed on the basis of the soil-bin experiment. Then the tractive
performance of an off-road pneumatic tire on gravel terrain is simulated. The results show that the
simulation results obtained by the multi-sphere DE-FE method are consistent with the experimental data,
and our developed method can reproduce the tractive behavior of off-road tires on gravel terrain well.

Key Words : Multi-sphere DE-FE method, Tractive performance, Soil-bin experiment

1. INTRODUCTION

The interactions between off-road tire and granular terrain
have a great influence on the tractive performance of tire, and
are attracting more and more attention from scholars in vehicle
engineering. In recent years, many numerical techniques have
proposed to investigate the tire-terrain interactions, such as
discrete element method (DEM) [1], finite element method
(FEM) [2] and combined discrete element-finite element
(DE-FE) method [3-5]. In the combined DE-FE method, the
FEM was used to describe the large deformation of the
off-road tire, while the DEM was employed to capture the
discontinuous characteristics of granular terrain.

Even though the combined DE-FE method can basically
simulate the traveling behaviors of a tire on granular terrain,
the granular particles were usually described by using circular
DEs (in the two-dimension simulation) or spherical DEs (in
three-dimensions), which may affect the computational
accuracy of simulation results. In view of this, some
to model

researchers proposed two main approaches

non-spherical granular particles: one is to add an artificial
rolling resistance moment or a shape parameter in spherical
DEs to deal with the interlocking mechanism between irregular
granular particles; The other one is to establish a more accurate
particle model, such as ellipsoid model, polyhedron model and
multi-sphere model. In this work, a multi-sphere DE-FE
method is developed to handle the interactions between an
off-road tire with smooth tread and gravel terrain by using

multi-sphere model.

2. MODELING OF GRAVEL PARTICLES

The multi-sphere model, proposed by Favier et al. [6], is an
approximation method to simulate the non-spherical shapes of
real granular particles, where one multi-sphere particle can be
constructed using a set of elemental spheres. In our soil-bin
experiment, all gravel particles are filtered by the sieving test
to keep the particle sizes within a specified range, i,e., the radii
of gravel particles are distributed from 5 to 7 mm randomly, as

illustrated in Fig. 1. Herein, three simple kinds of multi-sphere
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gravel particle models (GPMs) are established, i.e., cylindrical
GPM, conical GPM and cubical GPM, as shown in Fig. 2.

Fig. 1 Gravel particles

Fig. 2 Modeling diagram of multi-sphere GPMs

3. COMBINED METHOD OF MULTI-SPHERE
DES AND FES

For the contact calculations of multi-sphere DEs and FEs,
the inside-outside algorithm [7] is carried out to determine the
contact types and the Hertz-Mindlin contact Model [8] is
carried out applied in the calculations of contact forces.

(1) Contact types

Fig. 3 shows three potential contact regions between an
elemental sphere and a FE segment, i.e., point-to-facet (PTF),
point-to-edge (PTE) and point-to-node (PTN).

/ PTN,
7/ (+--t)
PTE,
Z (+++)
Y
l
o X
Inside
N/ Outside
PTN;

()

Fig. 3 Three potential contact regions: PTF, PTE and PTN
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Firstly, the normal vector of FE segment at each node can be

defined by the cross product of two connective edge vectors:

= x (=

) (=1,234% (1)

where is the edge vector, and o is equivalentto 4.

Hence, the normal vector of FE segment is determined as:

4 4
= / @
=1 =1
Secondly, the judgement value can be calculated by:
= x ) (=1234 3)

where is the direction vector form point to point
Finally, the contact types can be determined by the
judgement values:
a) PTF contact type: When >0 ( =1,23,4), the
clemental sphere may be in contact with the facet of FE
segment, and the coordinate of projection point Q can be

calculated by the following formula:

4
= (=1234 )
=1
where is node coordinates; is the shape functions,
and 1= 23/, 2= 34/, 3= 41/, 4=
12/, =01+ 3)/( 2% 4).

In this case, the penetration between elemental sphere and

FE segment is defined by:

= - ) - )
where is the center coordinate of elemental sphere, and
is the radius. If < 0, the elemental sphere contacts the

facet of FE segment. If = 0, the contact is not occur.

b) PTE contact type: When ;<0 and <0 (=
2,3,4), the elemental sphere may contact edge 1 (so do as
other edges). The unit vector | of the edge is given by:

=0 = )/ (©)

The projection point on edge is defined by:

= .t ( 2 1) o (7

In which,
= - D) - ®)

The penetration can be calculated by:

ol R b ©)

If < 0, the contact between elemental sphere and the
edge of FE segment is occur. If = 0, no contact.

c) PTN contact type: When <0, ,>0, 3>0and

4 <0, the elemental sphere contacts point 1 (so do as

other nodes) and the penetration is:
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(10)

- - 1| -

If < 0, the elemental sphere and the FE segment will be
in contact. Otherwise, the contact does not occur.

(2) Contact forces

As depicted in Fig. 4, the contact forces between an
elemental sphere in multi-sphere particle i and a FE segment j
can be calculated by:

= i =+ (1 1)
where , and are, respectively, the normal and

tangential contact forces, and can be obtained by:

= 7 (12)
When | | < | , |, the tangential contact forces are:

= . 7 (13)
Otherwise, the tangential contact forces are given by:

- (14)
where represents the penetration calculated by the above
section. . and are the normal and tangential
relative velocities on the contact point, respectively; is
the tangential relative displacement; and mean

the normal and tangential stiffness, respectively, which can be

defined as:

O SR ECRRD) R
B e e )

3
where and

(15)

denote the Young’s moduli of the
multi-sphere particle and the finite element, respectively;

and are the Poisson’s ratios, respectively; and are

the equivalent elastic shear moduli, that is:

=[G+ )

(16)
= / (2(1 + ))
and denote the normal and tangential damping
coefficients, and they can be calculated as:
= 0 )
G0

= [

where S . and

+ )
are the mass and the

damping factors in the normal and tangential directions,
respectively.

Additionally, is the equivalent radius of elemental

sphere and FE, = / ( + ), which is equal to

BBEE BT HHEES

the radius of element sphere here.

Wey

Fig. 4 Contact forces between elemental sphere and FE

segment

4. EXPERIMENT AND SIMULATION MODEL

In order to analyze the tractive performance of an off-road
tire on gravel terrain, an indoor soil-bin experiment device was
developed in this section, which includes (1) single wheel test
device, (2) soil mixing and compacting device and (3) soil-bin
and control system, as depicted in Fig. 5. Among them, the
nominal size of off-road tire is 37x12.5R16.5AR117 with a
radius of 445 mm and a width of 310 mm.

To correspond with the soil-bin experiment, a combined
multi-sphere DE-FE model is established, as shown in Fig. 6,
where the gravel terrain is constructed by using multi-sphere
GPMs, and the FE method is used to model the off-road tire. In
the FE tire modeling, the rubber parts of the tire, including
tread, sidewall, belt and carcass rubber, are modeled using the
Mooney-Rivlin constitutive model, whereas the carcass and
belt reinforcements of tire are described by the orthotropic

elastic model. Besides, the rim is set to be rigid.

Fig. 5 Indoor soil-bin experiment device
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Furthermore, many scholars mostly calibrate the contact and
model parameters using the triaxial compression test or biaxial
compression test. In this work, an indoor triaxial test is also
performed to calibrate the simulation parameters of the
multi-sphere DE-FE model, and it can be found in Ref. [9].

. 310
Unit: mm

210

z ‘d—bl
325
kx 1500 50

Fig. 6 Combined multi-sphere DE-FE model

The simulation process of an off-road tire on gravel terrain
is composed of the following steps:

a) Inflation: The pressure of tire is increased gradually from
0 to 0.35 MPa within 10 ms, and then is kept to be constant.

b) Force loading: The vertical load acting on the rim is
10,163 N within 10-12 ms, and remains stable after 12 ms.

¢) Velocity loading: the velocities will be loaded on the rim
of tire directly from O to the prescribed value (12 to 15 ms).

d) Data analysis: the evaluation indexes of the tractive
performances, including vertical reaction force, tractive force

and rim sinkage, will be collected and analyzed.

5. RESULTS AND DISCUSSIONS

Fig. 7 depicts the simulation and experimental results of the
traveling tracks of an off-road trie with smooth tread on
multi-sphere gravel terrain under the slip rate of 20%, and the
displacements of gravel particles in the Z-direction under
different moments. It can be observed that the displacements
of gravel particles are positive on both side berms of the tire
tracks due to the extrusion of tire, whereas the displacements
are negative under the off-road tire owing to the tire vertical
force. As can be seen from the figure, the simulation results

are in agreement with the soil-bin experimental phenomenon.

Side berms (b)

Fringe Levels
2.000e+01
1.450e+01
9.000e+00 _|
3.500e+00 _
2.000e+00 _

7.500e+00 _|
13000001 ||
1.850e+01_|
-2.400e+01
-2.950e+01
-3.500e+01 |

L*Z/x

Tracks

Fig. 7 Traveling tracks: (a) experiment; (b) simulation
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To analyze the tractive performance of off-road tire, the
vertical reaction forces of the tire on gravel terrain are
illustrated in Fig. 8. In the inflation stage (i.e., 0-10 ms), the
vertical reaction forces are 0 N, because the tire is not contacts
with gravel terrain. With the force loading, the forces will
increase rapidly within a short time. Finally, they will be
gradually stabilize after a period of fluctuation because of the

balance of the forces in the vertical direction.

12000 . :
10000 ~

£ 5000 - - i
3 - == - Simulation
2 .
£ —— Experiment
§ 6000 .
b3
<
2
= 4000 s
2
=
o
>

2000 -

0 T T
0 100 200 300

Time (ms)
Fig. 8 Simulation and experimental results in terms of

vertical reaction force history

Fig. 9 shows the simulation and experimental results of the
treactive force histories. It can be found that the tractive forces
dramatically increase at first to overcome the running
resistance, after that the forces decrease. Finally, the tractive
forces will tends to be stable, and the simulation value of the
tractive force is close to that of the soil-bin experiment.

Moreover, the simulation and experimental results of the
rim sinkages are shown in Fig. 10. During the force loading,
the rim sinkages of off-road tire increase rapidly with the rise
of the vertical forces. Since the gravel terrain is compacted by
the off-road tire, the rim sinkages will gradually converge, and

the simulation value is about 53.6 mm in the stable stage.

8000 . .
,’\ - == - Simulation
N .
60004 ¢ ! —— Experiment i
U/
P
~ [
% ot
5] [
2 [
S 40004 |l 4
!
g [
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= D
“ 2000 77
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‘I Vit g g e ol vy n ’q\ :'2\‘{ X 5",:1, Y
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Time (ms)

Fig. 9 Simulation and experimental results in terms of the

tractive force history
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Rim sinkage (mm)

T T
0 100 200 300

Time (ms)
Fig. 10 Simulation and experimental results in terms of the

rim sinkage history

6. CONCLUSIONS

In this work, a multi-sphere DE-FE method is developed to
investigate the interactions between an off-road tire with
smooth tread and gravel terrain. The conclusions are
summarized as follows: a) Several kinds of multi-sphere gravel
particle models and the combined multi-sphere DE-FE model
are established according to the conditions of an indoor
soil-bin experiment; b) The developed method is used to
analyze the tractive performance of an off-road tire under the
slip rate of 20%. The results show that the simulation result of
the traveling track of an off-road tire on gravel terrain is
consistent with that of experimental result, and the evaluation
indexes of the tractive performances obtained by the numerical
simulation, including vertical reaction force, tractive force and
rim sinkage, are also in agreement with the experimental data.
Therefore, our developed method can well predict the traveling

behaviors of a tire on granular terrain.

BBEE BT HHEES

ACKNOWLEDGMENT

This work was supported by a JSPS Grant-in-Aid for
Scientific Research (B) (GrantNumber22H03601) and JST
FOREST Program (Grant Number JPMJFR2158S).

REFERENCES

[1] Nakashima H, Fujii H, Oida A, et al. Discrete element
method analysis of single wheel performance for a small
lunar rover on sloped terrain. Journal of Terramechanics
2010, 47(5): 307-321.

[2] Nankali N, Namjoo M, Maleki MR. Stress analysis of
tractor tire interacting with soil using 2D finite element
method. International Journal of Advanced Design and
Manufacturing Technology 2012, 5(3): 107-111.

[3] Yang P, Zang M, Zeng H. DEM-FEM simulation of
tire-sand interaction based on improved contact model.
Computational Particle Mechanics 2020, 7: 629-643.

[4] Nishiyama K, Nakashima H, Yoshida T, et al. FE-DEM
with interchangeable modeling for off-road tire traction
analysis. Journal of Terramechanics 2018, 78: 15-25.

[5] Zeng H, Xu W, Zang M, et al. Calibration and validation
of DEM-FEM model parameters using upscaled particles
based on physical experiments and simulations.
Advanced Powder Technology 2020, 31: 3947-3959.

[6] Favier JF, Abbaspour-Fard MH, Kremmer M, et al. Shape
representation of axisymmetrical, non-spherical particles
in discrete element simulation using multi-element model
particles, Engineering Computations 1999, 16(4):
467-480.

[7] Wang SP, Nakamachi E. The inside-outside contact
search algorithm for finite element analysis. International
Journal for Numerical Methods in Engineering 1997,
40(19): 3665-3685.

[8] Balevic¢ius R., Dziugys A, Kacianauska R.. Discrete
element method and its application to the analysis of
penetration into granular media, Journal of Civil
Engineering and Management 2004, 10(1): 3—14.

[9] Guo X, Zheng Z, Zang M, et al. A multi-sphere DE-FE
method for traveling analysis of an off-road pneumatic
tire on irregular gravel terrain. Engineering Analysis with
Boundary Elements 2022, 139: 293-312.

-E-10-02 -



© —MRAFEABARGEIER

E-10-03

0000000000 Vol. 28(20230 50)

BBEEETHHER

ooooo

Jodooogogo
HelmholtzU U U U OOODOOMO

Large-Scale Parallel Solution of Helmholtz Equation
by High-Order Finite Element Method

oooobooo?oo0o0?

Akinari Tsukamoto, Nozomi Magome, and Naoto Mitsume

YOOOD 00000000000 (0 305-85730000000000 1-1-1,
E-mail:tsukamoto.akinari.qw @alumni.tsukuba.ac.jp)
0000 00000000000 (0 305-85730000000000 1-1-1,
E-mail:magome.nozomi.sw @alumni.tsukuba.ac.jp)
0 (MH)DDDDDDDDDDD 00 (0 305-85730000000000 1-1-1, E-mail:mitsume @kz.tsukuba.ac.jp)

The purpose of this study is to develop and verify a fast simulation framework for the Helmholtz equation
for frequency-domain acoustic analysis of sound fields using the finite element method. In this study, a
framework for solving the 3-D Helmholtz equation was developed and parallel computation using the do-
main decomposition method was implemented for it. It reads a mesh in which the domain is partitioned into
first-order hexahedral elements or higher-order elements. Results obtained by it was compared with theoret-
ical solutions including sound wave propagation problems in pipes to verify the accuracy of our proposed
framework. Numerical results show good agreement and appropriate convergence with the theoretical ones.
In addition, the parallelization was confirmed to have moderate parallel performance.

Key Words : Helmholtz equation, finite element method, parallel computation, domain decomposition
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Fluid-Rigid Body Interaction Analysis
Using ISPH Method with Improved Ghost Cell Boundary Model

W RMsE D RS2 D ZHiEX Y

Takayuki Tsunemi , Hiroyuki Omura and Naoto Mitsume
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This study develops a coupling analysis model between particle-based free-surface flow
and mesh based rigid body dynamics in two-dimensional space. We have developed the
improved ghost cell boundary (IGCB) model, which is characterized by its ability to use
finite elements directly as wall boundaries and to treat boundary conditions with high
accuracy. In this study, we extended the model for coupling analysis that guarantees
momentum conservation by applying the reaction forces of fluid particles to each inte-
gration points in the elements. We introduced the developed model to the incompressible
smoothed particle hydrodynamics (ISPH) method and verified its accuracy.

Key Words :

Particle Method , Incompressible SPH, Ghost Cell Boundary Model,

Fluid-Rigid Body Interaction
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Numerical simulation of microcantilever testing for ceramic materials
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In this study, the simulation models for so-called “micro cantilever beam testing” are developed to
determine the material properties of ceramic materials considering their anisotropic crystal structures.
After some V&V processes to the FE models, such as observation of exact dimension of the each
specimens, mesh resolutions, simplification for loading condition or boundary conditions, the response
surface would be evaluated against 6 elastic-plastic material parameters. Then, optimization problems to
minimize the gaps in mechanical responses between the experiments and simulations, could be solved as

typical inverse problems.

Key Words : Ceramics material, FEM, Anisotropy, Optimization by Response Surface
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.1 Typical microcantilever specimen prepared by FIB
method.

Fig.2 Typical FEM mesh created for a microcantilever.
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Fig.3 Comparison of calculations using experimental and
estimated values at 54.7°.
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