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RRAFFX10(CKD314,572,800f[FDA O~
DRT—U>J (12— RK~4800/ — R)

Wall-clock Efficiency = le x12
me ) - 10000 T, xn
100.0000 |
| S
4 0.9500
0.9317
10.0000
4 0.9000
10000 -  —+—Timeofl0x2.0
~<Time of 10x4.0 4, 08500
Efficiency of 10x2.0
—<Efficiency of 10x4.0 0.8230
0.1000 0.8000

12 48 150 300 600 1200 4800
The number of nodes

Strong scaling of 314,572,800 particles

Strong scaling is defined as how the calculation time varies with the number of
processors for a fixed total problem size.
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ERAFFX10(CKB5000 58 FH 52000 FD
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) . . T12
Wall-clock time Efficiency = —=
() Tn
50.000 3, 1.0000
0.9993
40.000 0.9950
/\ \% .
30.000
——Time of 10x2.0 1_0.9900
i X2.
20.000 - . Time of 10x4.0 U
Efficiency of 10x2.0
10.000 | ~<Efficiency of I0x4.0 | | | 1 09850
0.000 0.9800
12 45 90 180 360 720 1440 4800

The number of nodes

Weak scaling from 50,331,648 particles 20,132,659,200 particles

Weak scaling is defined as how the calculation time varies according to the
number of processing elements for a fixed problem size per processing element. 23



Calculation Time and Flops/Peak in case
of 4,194,304 particles in a node

12 /—Fk 4800 /—Fk
r,=2.0xl, : Efficiency of : Efficiency of
Tme ) fopis96) | M) onss (%)
Total caleulation time 0.138 3.808 0.146 3.810
in 1 time step
Viscosity term 0.024 9.657 0.025 9.639
2nd order polynomial approximation ' ' ' '
Collision 0.009 5.830 0.009 5.863
Pressure
1st order polynomial approximation 0.015 5.493 0.015 5.720
Pressure gradient term 0.033 5.154 0.034 5.137
Other (communication,
communication table and sorting) 0.058 0.062
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Calculation Time and Flops/Peak in case
of 4,194,304 particles in a node

12 /—Fk 4800 /—k
r,=4.0 x|, : Efficiency of : Efficiency of
Tme () iopis 96) | ™) fiopss (%)
Total calculation time 0.566 7.102 0.590 7.246
in 1 time step
Viscosity term
2 order polynomial approximation 0.150 11.214 0.159 10.993
Collision 0.053 1.474 0.060 7.086
Pressure
1st order polynomial approximation 0.087 1.278 0.096 7.056
Pressure gradient term 0.185 7.087 0.201 6.930
Other (communication, 0.091 0.074

communication table and sorting)
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L1 Fv w1 =AXK (BERAFFX10)

Radius of Polynomial Time (s) L1 Cache Miss Rate (%)

mteraptl.on Order Indirect Direct Indirect Direct

domain: r,
2.1 %1, 0 1.501 0.530 34.240 8.584
2.1 %1, 1 1.509 0.703 22.873 5.251
2.1%1, 2 2.048 1.186 0.937 2.328
3.1x1, 0 4.878 1.441 47.515 8.278
3.1x1, 1 5.154 2.213 23.797 3.5631
3.1x1, 2 7.801 4.470 7.995 1.089
3.1 X1, 3 14.584 10.760 2.467 0.351
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CPU,GPU,MICH) T &l LOD#EER

FIFE : 132,651

B x4l

fRATSEIE, 1 1.0x1.0x1.0

10051 AT W T Dt &R
RFESFEE TSV IILT S

mea s b FEMPS _ SRIBEMPS
JOEYY  Grlops) A |EEEE C-on o \EERE C-om o
(s) BELE (%) (s) BELE (%)
Intel Core i7- 1155 Indirect | 531.18 0.30 586.92 4.90
3820 Direct 135.79 1.18 1.00 183.89 15.64 1.00
Tesla K20m Indirect 218.85 0.07 472.58 0.60
nACxao0 A Direct 15.77 0.99 8.61 13335  2.11 1.38
Xeon Phi 3120P Indirect 416.28 0.04 425.92 0.78
gACxapo 10932 Direct | 44.40 0.41 3.06 61.40 5.38 2.99
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‘ 4jd)n-|_ tT) L

Model Stage Area Buildings Floating objects
A Second 10.5kmx10km Non Non
B Second 4.5kmx3km Non Non
C Third 400mx550m Modeling Two (Tanks)
D Third 660mMx810m Modeling 431(Building)

Time: 320sec jlas
Velocity(m/s) e

Model A Model B Model C Model D
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Model A in 2Md stage: G&ELQFEDIL

AIFIERE: 2m

fEMTPEL © 10.5kmx10.0km
fEATAERI: 2000sec (33min)

dt : 0.01s (or Courant number 0.1)

ERIRAFFX10 (Fujitsu Sparc)

« 120 nodes (1920 cores) MPI + OpenMP
« RAKIFE : 1.318

- STEIFR © 3 days

1 time step (average): 2.4 sec

R IR AT
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Model B in 2 stage : 3R FT—FRITDIZHDRARFREZMFZERKR T D
T8O DR

e EERAFFX10 (Fujitsu Sparc) 144 nodes (1024 cores) MPI+OpenMP
o AIFERE: 1 . N
. IRAKFE: 2.6 &
- FTERFRI: 1 weak

« 1 time step (average): 5.5 sec

o fRIFEL : 4.0kmx3.5km
« fEMTBFR : 800sec

+ dt: Courant number=0.1 _ _ o
« Time of domain decomposition (average) : 60 sec

- = :
Sl = "-:J‘ &5"‘?\":1 -
e e ) 'T'
) ,_,.’—-
e M

13_)‘1" .
\f"’

Boundary of Mode C & D
in 3rd stage area
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Model C in 3 stage : 2DMDA >INtz =R 9 DT

« FIFER: 0.2m FUMAKZFCX400 (Intel Xeon) 32 nodes (512 cores) MPI+OpenMP
. fRATREL: 400mx550m « mAKNFE: 4.0 8

.« FENTEFRY: 200sec - FTEER: 30 days

« dt: Courant number=0.1 « 1 time step (average): 8.2 sec

« Two tanks are released at 60 sec « Time of domain decomposition : 62 sec

Time: 0.0sec S mw
Velocnty(m/s) ‘\
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Model D in 3rd stage : 431 DDZFEYpH thfEitth 20t 9 DT

RIFERE: 0.5m FUMNKRZFECX400 (Intel Xeon) 72 nodes (1152 cores) MPI+OpenMP
ﬁﬂﬁ%ﬁiﬂi: 660mMmx810m « BRAMIFEL: 80 millions

fRATBFRE: 400sec STERFR: 40 hours

dt : Courant number=0.1 1 time step (average): 0.78 sec

All buildings are released at 200 sec Time of domain decomposition (average): 4 sec

= - Time: 260.0 sec
"3’9“""‘ =~

N

W _fh Velocity (m/s)
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SE3MEEMT @ M _ERSY) (CRRIZIC N B & 1T D ToTh =K EE i

ZHEKXFCX400 (Intel Xeon) 32 nodes (768 cores) MPI+OpenMP
« STRAKBRAT : 4000541F(0.5m) by $EXIFIMPSEE AR A « RS FURE D ZABIS (IR I R 73 TRER

- IBERRAT: 100523 (2m) by ADVENTURE_Solid v1.21 - STEIE: 7485




B

» MPS[&Z#%/&
 5ETE
n SR ARAT

SIEVENOli

s MPSPZf#2A & MPS=

46



MPSBRfBE(E-MPSiE) | ™72 7
78 F%F 7 ( / fh&E: r
AERL wE: U

: k EAH: P
o EH-HMECLBDHDE G =0+ AtW20i+§ e
] BEIERE: v
R EE P =T+ ALT EHEE: J
Halo exchange
EhstE ‘ P=c?pli 0| EnEHTHREEENSENICRDS
Halo exchange "o
¥ — -y At k+1
EHRRICLDHDHE 0'=——|VP]
yo,
SREE - (BT Gt =0 +0'
Halo exchange k4l = —1
r=r +Atu
\ 4 n - n
BT HIE P=c’p——2 <::|d—P:C2
n, do
T c 3R [m/s]
n, R FiDRIFEEE
e HFREEOEEE




'MPS

FIHA{E

A 4

B -#ECKDNDOAE

A 4

BRE - (S EF

A 4

Halo exchange

EDEE

Parallel BiCGStab _‘

F=r“+At0

0" =% + A2 + gl

S5 (SI-MPSE)

EHARIC L3 H0tE

BRE - 7iE T

Halo exchange

vepkt—_ L2 N~
At?
Halo exchange At
| P
Gt =0 +0'
F =7 +Atd"

R THE

R’

mAADEE: P
fid: r

wmE: U

£5H: P

BN ERE: V
SHIEE: 0§
[EHNDIRIT7Y > HEN




‘ MPS, SI-MPS, LS-MPS

Explicit MPS Semi-Implicit MPS Least Square MPS
() (SI-MPS) (LS-MPS)

Published year 2010 [1] 1996 [2] 2014 [3]
To obtain pressure FrEgsle sta;e_ equatlon%:[& Pressure Poisson equation (implicit)
L (explicit)
: @ Gradient model of original MPS First-order polynomial )
Gradient operator ) : :
(not consistency) approximation
: Laplacian model of original MPS Second-order polynomial
Laplacian operator . (not consistency) ' '
Pressure oscillation High (x) Low (O) Very low (O)
Accuracy Low (x) Medium (A) High (O)
Calculation time Very short (O) Long (X) Long (X)
Required Memory Very small (O) Large (%) Large (%)

[1] A. Shakibaeinia, Y. C. Jin: A Weakly Compressible MPS Method for Modeling of Open-boundary Free-surface Flow, Int. J. Numer.
Meth. Fluids, 63, pp. 1208-1232, 2010.
" [2] S. Koshizuka. and Y. Oka: Moving-particle semi-implicit method for fragmentation of incompressible fluid, Nuclear Science and
Engineering, 123, pp. 421-434, 1996.

[3] T. Tamai, S. Koshizuka: Least squares moving particle semi-implicit method, Computational Particle Mechanics,
DOI10.1007/s40571-014-0027-2, July, 2014.



\ To calculate pressure

Explicit MPS N —n RITFEEE
Pk+l — CZIO i 0
1 * * *
2 =S
ji
Semi-Implicit MPS & Least Square MPS
Method a
k+1 0 * 0 no — n_* -, . . .
<V2P>_ _ (1—0()'0—<V-V>_ iy Yo : : i Original Seml. Implicit MPS 1.0
i At i (At) n Incompressible SPH [2] 1.0
Projection SPH [3] 0.0
Mixed source term by Tanaka [1]
a =0.05 a | mass conservation | pressure oscillation
oa=1.0 Kept (O) High (x)
o=0.0 Not kept (x) Low (O)
a>0.01 Almost kept (O) Low (O)

[1] M. Tanaka, T. Masunaga: Stabilization and Smoothing of Pressure on MPS Method by Quasi-Compressibility, Transactions of JSCES,
Paper Number 20080025, 8pages, 2008.

[2] S. Shao & E. YM Lo: Incompressible SPH method for simulating newtonian and non-newtonian flows with a free surface. Advances
in Water Resources, Vol. 26, No. 7, pp. 787-800, 2003.

[3]S. J. Cummins & M. Rudman: An SPH projection method. Journal of computational physics, Vol. 152, No. 2, pp. 584-607, 1999.



‘ Gradient & Laplacian operators

I =(X,Y,) : position vector

Explicit MPS
HIR(CEBMPSAEL, ST537 AFRER (TFHAM)

oo -3 AR e -2 - ]

r —
jil

Semi-Implicit MPS
HIR(CLBMPSAEL, ST537 AR (TFEEM)

(VP), = oz[ (6, -l r)} (vp), = 25 S [lp -, ]

171 j#i

F__.




Gradient & Laplacian operators

Least Square MPS

TA5—RBRICE DG/ 2 B AW EREEM I ERR
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'Hydrostatic pressure

(a) Explicit MPS
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 Pressure of fluid particles
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Dambreak (screen shots)

(a) Explicit MPS (c) Semi-implicit MPS

Pressure

(b) Explicit MPS smoothed smoothing (d) Least Square MPS
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EHDEIE
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Consistency

BAIF  mANF GHAF)
*ﬂ?@ﬂ% ffi*ﬂ? . Dirichlet*ﬂ? (3F§I|Z'fﬂﬁ*ﬂ?)
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Original MPS

east Square MPS.
= 3IRTT
= |l,:0.02, 0.01, 0.005, 0.002
s BCEHR . 3.1, or 4.11,
«  PREIGSMI3EDDirichlethl F =&
= FHERIER(E.

1

[(x,y,2) = — sin(7r) sin(7y) sin(72),
T

x,y,z € [0.1,0.4]
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HXIERZ : Gradient & Laplacianim{BEFE

AMAIKFACiE

Relative errors of Gradient for regular
arrangement

Relative
errors

1.00E+00

1.00E-02

1.00E-04

1.00E-06

—@—ori(r3.1)

1.00E-08 1st (r3.1)

2nd (r3.1)

1.00E-10 —@—3rd (r3.1)
0.002 0.02

diameter of particle =~ —@—4th (r4.1)

Relative errors of Laplacian for regular

Relative
arrangement

errors
1.00E+00
1.00E-02

—0
‘_..—
1.00E-04 ——
P’

1.00E-06

—@—ori (r3.1)
2nd (r3.1)
1.00E-10 —@—3rd(r3:1)

0.002 . .
diameter of particle =~ —®—4th (r4.1)

1.00E-08

0.02

ER

Relative errors of Gradient

Diameter

ori (r3.1)
1st (r3.1)
2nd (r3.1)
3rd (r3.1)
4th (r4.1)

0.02

5.94E-03
5.94E-03
8.15E-03
1.22E-05
3.86E-05

0.01

1.49E-03
1.49E-03
2.04E-03
7.64E-07
2.42E-06

0.005

3.72E-04
3.72E-04
5.10E-04
4.78E-08
1.51E-07

Relative errors of Laplacian

Diameter

ori (r3.1)

2nd (r3.1)
3rd (r3.1)
4th (r4.1)

0.02

2.35E-03
2.86E-03
2.86E-03
1.06E-05

0.01

5.89E-04
7.15E-04
7.15E-04
6.62E-07

0.005

1.47E-04
1.79E-04
1.79E-04
4.14E-08

0.002

5.95E-05
5.95E-05
8.16E-05
1.22E-09
3.87E-09

0.002

2.36E-05
2.86E-05
2.86E-05
1.06E-09

Convergence
rate

2.00
2.00
2.00
4.00
4.00

Convergence
rate

2.00
2.00
2.00
4.00
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HXIERZ : Gradient & Laplacianim{BEFE

AFRRAIRMTAC &

Relative errors of Gradient for irregular

Relative
arrangeme nt
errors
1.00E+00
® — —— —0
1.00E-02
1.00E-04

1.00E-06

—@—ori(r3.1)

1.00E-08 1st (r3.1)

2nd (r3.1)

1.00E-10 —@—3rd (r3.1)
0.002 0.02

diameter of particle =~ —@—4th (r4.1)

Relative errors of Laplacian for irregular

Relative
arrangement
errors
1.00e+00 ® - ——
1.00E-02
1.00E-04 ///‘
1.00E-06
—@—ori (r3.1)
1.00E-08
2nd (r3.1)
1.00E-10 —@—3rd(r3.1)
0.002

. . 0.02
diameter of particle =~ —®—4th (r4.1)

ER

Relative errors of Gradient

Diameter

ori (r3.1)
1st (r3.1)
2nd (r3.1)
3rd (r3.1)
4th (r4.1)

0.02

5.09E-02
6.22E-03
8.17E-03
1.97E-05
3.85E-05

0.01

6.75E-02
2.33E-03
2.05E-03
3.05E-06
2.41E-06

0.005

7.75E-02
1.10E-03
5.12E-04
4.34E-07
1.51E-07

Relative errors of Laplacian

Diameter

ori (r3.1)

2nd (r3.1)
3rd (r3.1)
4th (r4.1)

0.02

1.30E-01
2.83E-03
2.87E-03
1.08E-05

0.01

4.17E-01
7.50E-04
7.18E-04
8.16E-07

0.005

9.00E-01
2.64E-04
1.80E-04
8.97E-08

0.002

8.59E-02
4.62E-04
8.20E-05
3.10E-08
3.86E-09

0.002

2.45E+00
9.87E-05
2.87E-05
5.92E-09

Convergence
rate

-0.23
1.13
2.00
2.80
4.00

Convergence
rate

-1.27
1.46
2.00
3.26
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Verification model of Poisson equation
with Neumann and Dirichlet BCs

= MFHECE
ARRAIBCE : ARAIACE (C&RAX

|0X0.50)£H<§)J75:7J|]25 Blue particles :  Fluid particles
s ZERHEEEL X E— /A Green particles : Dirichlet particles
Original MPS Red particles:  Neumann particles

Least Square MPS.
. BAEEYR 3.1,

Poisson equation

<V2f>i:V2f(Fi) in Q

f.=1(r) on I
of
on I'
@) Ay,
i ; o~ 1 ..- p - -~
fle,y, z) = s sin(7a) sin(my) sin(7z),

x,y,z € [0.1,0.4]



‘ Convergence of Poisson equation

BiCGStab tolerance : 1e-10

1.00E+01 1 83E+00

1L00E+00 © T T T T —
3.25E-01

1.00E-01

1.00E-02
1.00E-03 1.19E-03

1.00E-04
1.00E-05

1.00E-06
5.0E-04 5.0E-03 5.0E-02

Diameter of particle

Total relative error

——SI-MPS
6.20E-06 ——L.S-MPS(2nd order)

Diameter of particle 2.00.E-02 1.00.E-02 5.00.E-03 2.81.E-03 2.00.E-03 1.31.E-03 1.00.E-03 8.42.E-04 6.73.E-04 5.00.E-04

# of particles (DOF) 64 6,859 117,649 851,402 2,685,619 10,216,823 24,137,569 40,867,294 81,734,588 204,336,469

relative error | 3.25E-01 8.66E-01 1.29E+00 1.51E+00 1.57E+00 1.71E+00 1.76E+00 1.78E+00 1.80E+00 1.83E+00
e # of iterations 12 48 128 246 283 511 649 749 983 1249
- relative error | 1.19E-03 9.95E-04 3.90E-04 1.47E-04 1.21E-04 3.64E-05 2.19E-05 1.58E-05 1.05E-05 6.20E-06

# of iterations 11 43 111 196 226 482 682 720 859 1131




The number of iterations of Poisson equation

BiCGStab tolerance : 1e-10

10000
1249
1000
1131
-
e
= 100
<
12
10
11 ——SI-MPS
1 ——L.S-MPS(2nd order)
1.E+01 1.E+03 1.E+05 1.E+07 1.E+09

Number of particles

Diameter of particle 2.00.E-02 1.00.E-02 5.00.E-03 2.81.E-03 2.00.E-03 1.31.E-03 1.00.E-03 8.42.E-04 6.73.E-04 5.00.E-04

# of particles (DOF) 64 6,859 117,649 851,402 2,685,619 10,216,823 24,137,569 40,867,294 81,734,588 204,336,469

relative error | 3.25E-01 8.66E-01 1.29E+00 1.51E+00 1.57E+00 1.71E+00 1.76E+00 1.78E+00 1.80E+00 1.83E+00
e # of iterations 12 48 128 246 283 511 649 749 983 1249
— relative error 1.19E-03 9.95E-04 3.90E-04 1.47E-04 1.21E-04 3.64E-05 2.19E-05 1.58E-05 1.05E-05 6.20E-06

# of iterations 11 43 111 196 226 482 682 720 859 1131



Efficiency (Weak scaling) _T

1
Tn

1 \
~ \
0.9 ——a 0.90
oy 0.87
[
D
© 0.8 076
i —SI-MPS -
07 ——|.S-MPS(2nd order)
E-MPS 0.69
E-MPS(2nd order)
0.6
1 12 29 48 96 240
Number of nodes
# of nodes 1 12 29 48 96 240
Diameter of particle 2.81.E-03 1.31.E-03 1.00.E-03 8.42 . E-04 6.73.E-04 5.00.E-04
# of particles (DOF) 851,402 10,216,823 24,137,569 40,867,294 81,734,588 204,336,469
SI-MPS 1.00 0.86 0.95 0.92 0.90 0.69
LS-MPS (2nd order) 1.00 0.99 0.94 0.80 0.81 0.76
E-MPS 1.00 0.90 0.91 0.89 0.88 087
E-MPS (2nd order) 1.00 0.92 0.93 0.91 0.91 0.90




=TSR DR (Weak scaling)

BiCGStab tolerance : 1e-10

400 361.78

——S|-MPS
300 ——LS-MPS(2nd order)
E-MPS
E-MPS(2nd order)

Total calculation time (s)

200
100
59.36
58.74 7 4 o
0 128 157
1 12 29 48 96 240
Number of nodes
# of nodes 1 12 29 48 96 240
Diameter of particle 2.81.E-03 1.31.E-03 1.00.E-03 8.42.E-04 6.73.E-04 5.00.E-04
# of particles (DOF) 851,402 10,216,823 24,137,569 40,867,294 81,734,588 204,336,469
SI-MPS 58.74 125.88 143.10 169.29 223.71 361.78
LS-MPS (2nd order) 59.36 115.21 159.53 193.04 224.05 305.31
~ E-MPS 1.28 1.42 1.40 1.44 1.45 157
E-MPS (2nd order) 5.39 5.84 5.77 5.91 5.92 5.97




STEIBRIOLEE: (Strong Scaling)

1,952.50
1000 4" 1,641.66 BiCGStab tolerance : 1e-10

= x100 40,867,294 particles

é 100 77.66

g ; 19.12 11.18

g 10.69

S —e—SI-MPS

g 1 —0— LS-MPS(2nd order) XSO

—0—E-MPS 0.42
E-MPS(2nd order) 021
0.1
4 6 12 24 48 96 240 480 960 1440
Number of nodes
1000 1680.3
94.54 1000 - 1506.23
. x1.5
< 100 —
g 116.31 2
= =
S =
g 10 s 100
S =
[@)] o
X =
s —e—SI-MPS —@—SI-MPS
= —e—LS-MPS(2nd order) 0.38 —@— LS-MPS(2nd order) 10.38
o 21 1w 27
: ‘ 4 6 12 24 48 96 240 480 960 1440

4 6 12 24 48 96 240 480 960 1440
Number of nodes Number of nodes 67



Speed up (Strong Scaling) '«

Speed up

100

T

n

BiCGStab tolerance : 1e-10
40,867,294 ticl
, , particles 360

183.42

164.01
147.41

93.18

——S|-MPS
——LS-MPS(2nd order)
——E-MPS

E-MPS(2nd order)
—Theoritical value

4 6 12 24 48 96 240 480 960 1440
Number of nodes
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'Future work
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Thank for your attention




