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~ . Close-up view of the city . y
Seismic wave propagation@full Fugaku (152352 nodes) Crustal deformation@Fugaku (73728 nodes)
Up to 25-fold speedup from previous solver without data-driven method Up to 76-fold speedup with combination with other rr%ethods

Ichimura et al. HPC Asia 2022 [Best Paper] Fujita et al. ScalaH 2022
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Data-driven part on memory-rich CPU,
Solver part on high-performance GPU .



RAEBOARA

» T =B FIRICKSHPDEICEDKHZIEL I aL—2 3V D EEILFIE
NHER*0=E
« Tsuyoshi Ichimura, Kohei Fujita, Kentaro Koyama, Ryota Kusakabe, Yuma

Kikuchi, Takane Hori, Muneo Hori, Lalith Maddegedara, Noriyuki Ohi, Tatsuo

Nishiki, Hikaru Inoue, Kasuo Minami, Seiya Nishizawa, Miwako Tsuji, Naonori
Ueda, HPC Asia 2022

« Kohel Fujita, Tsuyoshi Ichimura, Sota Murakami, Takane Hori, Muneo Hori,
Lalith Maddegedara, Naonori Ueda, SCALAH@SC22

« R

CPU&GPU@EH};E@ IZEADPDER—RDEETZaL—av D EE
E@GH2002 X7

« Tsuyoshi Ichimura, Kohei Fujita, Maddegedara Lalith, Muneo Hori, GTC2024

« Tsuyoshi Ichimura, Kohei Fujita, Muneo Hori, Lalith Maddegedara, Jack Wells,
Alan Gray, lan Karlin, John Linford, WACCPD@SC?24 (accepted)
« ZTHEN




R—4Ary Sl RE

* PDE~N—RXADFRIE 22— 3y
s UTDELARBRRERINLRTYTIZENTKEE
ArSu = " (1)
. é"l\ BXEIDERITH. Su™: REIRTLIL, [ AL LATYITnIZE T HERRAN
L
« A" RREGERITINEG D=0, REZZAVTKQ)ZHINFTFERATL
kKR
« KIRIRFREZ KRR RIEEE T LAV A LET S
* Equation-based 7 7 B—F &T—A2EREI R 7 T O—FENEMITTERT S
CETEZD
« WHEBEDIHERD = BRDEEBEIRMEIEFICEE




Equation-based 7 7A—F &T7—SER &) £
7 78—F

- Equation-based” 7’ O0—JF(e.q., multi-grid)
. %ﬁﬁ%—lﬁliﬁ:xrﬂtﬁﬁ%éﬁmms BRE—FDREIIESIASEL

T SEHRTTO—F
2 BT —SDRIEEH A OEHECEFLTHEIRNEBEDSLIE (e,
SR OB EESES Bl EHAGIRNABEL A, RGBS
FREICHILIZAA M EINE)

CCNEDAAENRMIAS B EHIET, REMICEENS
PR RIGE—F N FTBIITKEE
. B%%%E’j]ﬁﬁ’id)**r"é’;ﬁ'ftﬁ'éx# LARIZENWT, BERE—FIZIX
equation-based7 JH—F . BATHEERE—FICIET — FERENRIT T
O—FZFALVTKEER




T—REREN R FRIC KD HNEAAE T A

* BEFALATYT DREFERZANT, REEVIL/A—DHIEREE
TEXE—FZFHl
- BREIRBITIAZXV L = AX" 2L THEE (SCSTXM L =
[x™* L x" 2, xS IEEEDSsFALRTYTDEERX™ = su™ — Suly,,,)
o T—ARERENE FIEDREZTE/LIE SHtransient’G{ERE—K [Lequation-
based?: ¥ I FixZF AL TERE(6ul,,,, [FAdams-Bashforthix), T—2ER
& FikIZKYnon-transientE B RE—RER D B:

n _ n n—1 n—1
5uini — 5uadam + A(5u _ é\uadam

c BET—INEE EVEAE T AIIZMPIFEER 2 EIN TIHRILL TE
« HHAEEFRICELNTMPLEEIIFE




7 — SERBY R F %I £ HAVHIRR T 8O 34 4

e FEIT—X
¢ SBALRTYTDANT—EX = [x', %2, ..., x| EHAT—HFY =
[y y? .y ISR L, P = XUNEREEELGDELIICs X s E=ATHIU
ZEBEET L AZVYNETKODS
« FHIDTI—X
e ANMx%Zxx =Pc+rEER(CZZT.c=Plx)
s ANxITwT B EERyY ~YUc =YUPTx = (YUUTX)xELHETFET S
- Eoﬁ}g_)s’y'l’fL\Z?‘yj’O)?—?’EﬁL\ FE -FRHEBIALATY
7=




F—AERBE T TSk D

s BIEZEDLLGWLH . BVRT—SEUTAHERFINS
c ETOT—ET7VERAMNEREGLH-H. BB THETRE

« VHAREHEE CHRESENLEIS-REZNENIIRRT A Ry —5T
WIEREERVIN—EHAEHESET. BERTART—7T )L
UZal—a FEMNAIREICEALHATT

« XRITHA"DF IS CTEYEY ILAN—F1ER




ot RPN R AL T AR

Eurasian plate

Philippine sea
plate

s I I NYITH T DM DFLEEISEZ LT D

X B AEK(CE ’JL\’CnJrﬁ 5
oijj+fi =0, %
. . M 1
O-l] = AekkSij + Z,LlEij —E<O'ij — §O-kk5ij>'
1
Ei' =—(uij+uji)

- AREFREICKDBERL - [1)ITEOFREERIC - T

Y. WREEIFKSU" = freBRIALATYIT 70 = e

ﬁ’q’=< ElREIZ)RIE S ..
* ’CK(:IHR% |’:t DE BEUVIE JHE_IﬁE ?‘T %fd:ﬁ’/ﬁ' 5” &7‘8:%) Input fault slip at Time-history

plate boundary displacement response

[1] T. Ichimura, R. Agata, T. Hori, K. Hirahara, C. Hashimoto, M. Hori, and Y. Fukahata,
An elastic/viscoelastic finite element analysis method for crustal deformation using a 3-D
island-scale high-fidelity model, Geophysical Journal International, 2016.



relative error

T—I3ERE R TR FRICLHPABRORE

#E F7E & BB )L/ \— (PCGE : 3x37 Oy /7 JE K IC K HRTALEZ AL V=3
T AP L P A e A

. 3173.%20) &Eﬂﬁzp%/,"l%,%@“d order Adams-Bashforth method)& b~ | 18 [EI1 %A

1.x10"E . .
i data-driven predictor — Data-driven predictor (use s = 16 steps for
{x10-1E 23”3 Orger agams Easrr::ort:] the data-driven predictor):
) rd order adams pasnior
% 10—2 5u:lm - 6u2dam + A(5un 1 5uadam

previous —

x 1073 random —
x107"§

1
1
1
1.
1
1
1

2nd order Adams-Bashforth:
Sult, =u"3 —3u"2 + 2y

31d order Adams-Bashforth:

Sult; = 7u™t —18u""% + 16u" 3 — 5u"*

n-—2

0 5000 10000 15000 20000 Previous: Sujn; = U™ —u
iterations

Convergence history of solver for ten time steps Random:  dug,; = random(-1:1)
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obtained by data-driven method | --------------- Solving preconditioning matrix . __________________,

Use Su!

ini

as initial solution to CG solver

—— CGloop X Solve system roughly using CG solver CoaTrse”ed equa“TO”
(single precision) (P12"AsP12)X=P1, by o >
 solving : 29
| ' 3
| preconditioning —t> Use X;—P1, X, as o 5
| matrix ! initial solution Ry
L e e e e e v

Computations of . | Solve system roughly using CG solver
Second ordered outer loop \ | (single precision)

tetrahedron

Use Xo<—Py; X; @s Linear tetrahedron

Outer loop
initial solution

Equation to be solved
(double precision)

Y

Buluasieod
21118W0995)

Solve system roughly using CG solver

(single precision)
l Second ordered

Use for preconditioner of outer loop tetrahedron

[1] K. Fujita et al., Fast and Scalable Low-Order
Implicit Unstructured Finite-Element Solver for Earth's
Crust Deformation Problem, PASC 2017 -
Proceedings of the Platform for Advanced Scientific
Computing Conference, 2017 13
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outer iterations

Convergence history of multi-grid
solver for ten time steps

50

Solver elapsed time (s) iterations FLOPS efficiency

O total  solver  predictor outer  inner loop O  inner loop I  inner loop 2 (to FP64 peak)
PCGE 439.2  439.2 16377 - 7.39%
PCGE + developed predictor | 137.5 137.2 0.21 5062 - - - 7.31%
Multi-grid solver 15.35 15.35 42.8 89.7 956 7861 6.83%
Developed solver 5.72 5.39 0.21 26.2 58.6 174 1893 8.71%




Weak scaling

« EE73728/—FETHORS—5E ) F1%& 5t
- MHIEFRIFEICHISERILESIRIRICKST —F (EET/LT0.21 8)
« KIRERBETOREHOEBIIELNFoN., SFRIEICDEN-TLNS

» 73728 i
S
2 36864 | o o
E 1329 s, 40288 iterations
S, 4608 |puu—— 35.0 s, total 17732 iterations
T 6.78 s, total 2264 iterations
s 2304 —
(0D}
£ 1152 pppe—— 4395, 16377 iterations
~ 576 r_—/— 15.4 s, total 8950 iterations

< 5.72 s, total 2152 iterations

0 20 40 60 80 100 120

Elapsed time of solver + predictor (s)

elapsed time multiplied o . : :
m PCGE E,y 1'310 in figure) g ® Multi-grid m Multi-grid + data-driven predictor
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Fugaku A100 / GH200 [single node]

CSCS Alps [GH200 Nvm

(CPU) (GPU) (CPU+GPU) (CPU+GPU) ‘
Ichimura et al.: HPC Asia 2022 Murakami et al.: Ichimura et al.: fggggtgdifl':
i . GTC 2024
Fujita et al.: ScalaH@SC22 ICCS 2023 WACCPD@SC24

NVIDIA GH200 Grace Hopper Superchip

NVLink Network
< 256 GPUs

Data-driven part on memory-rich CPU,
Solver part on high-performance GPU |
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-
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DEEZHEERLDDVILAN—ZEEE

« REZRVIVA—DNHBEUTDERIIFE

X = predictor (X', F%, fit),
Z_CTHE FrO)S’)"’(AZT IDT—RFFET—2EL-T—A3BHEFEF TR

xit — {xlt s xit= s+1, o X xit= 1}, Fit — {flt S,flt S+1 flt 1}
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2T RFEDER

&

a—al [} =i _L —_ N —_— 0 C i ;
 BRECORREEI IS MOBMATYT S Comuan
DT—FNILE o
« F B BDI O KEEATNBE e

« T—AEREIRNFEZDBEDERAE
* CPUARY LIZZFET—3Z=&RFL.CPUTT—4
2B A LR —
. ﬁﬁﬁﬁg*ﬁiﬁ'fﬁ@ﬁmﬁfCPUtGPUFHE]'57_'\\—'5‘% (step it + 1)

Solver
(step it + 1)

Data synchronization

between CPU and GPU
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« IREF £ . CPULGPUFFRAL2EYFD™ Computation

8 7 [3] B | 2 oK i on CPU
« CPULT—DOBEOMBEDVEIfEZHE Predictor
« GPULTZDHDMEREDEIL FIEKXZ Kk E (step it)
- YRR TE - HREURAR D AR TCPU-GPU S

Fﬁﬁ-tj___gglﬁl;ﬁﬂ (step it)
. EE?TH#FEEJ rhiiiL TCPULGPUD R &t ———

;%:75‘7 ﬁl:. - (step it + 1)

» MHAfEHTE QCPULARERARBE@CPUNE _
ITRREIIERIREE., D, &ECPU-GPUA Y Predictor

gaR oML T SRR e HUE

Data synchronization
between CPU and GPU

Tsuyoshi Ichimura, Kohei Fujita, Maddegedara Lalith, Muneo Hori, GTC 2024

B B F HA

Computation
on GPU

Solyer Problem
(step it — 1) set #0

Solver Problem
(step it) set #1

Solver
(step it + 1)

20



MEEER : 2—4~ v INulRE

o ¥RTZENRYTE M RREICHE WL T REZ FT
pit—(V -c-V)-u=f
« u: displacement, p: density, c: elasticity tensor, f: outer force

« UEAR_ZREBERIZEDEMBEBIE -Newmark-Gi& (& BEEE S IZLY
LIRS

M C . . . . 4
t t t—1 t—1 t—1
(dt2+d +K)u‘ = f'* + Cv' +M(a‘ +Ev‘ )

« ZEEIATYTitIZEWWTCEEE AR E KR

« Baseline method: 7 Avy-aERILEE B -H & OEE (ABYKRRE OBRT
BINTRIVIEFEZER)

s REF & TR FIE [1] (T&YUbaseline method(ZHT-A S ¥NEAREHETE
 OpenACC (GPUETEER), OpenMP (X J/LFOF7CPUETEER), MPIZFRLNTELE

[1] Tsuyoshi Ichimura et al., HPC Asia '22, best paper award



M ReRIE IR IR

System CPU GPU (FP64 peak)
Memory size (bandwidth) Memory size (bandwidth)

Xeon node 4 x 20-core Xeon Gold 6230 NA
Total of 384 GB (564 GB/s) for 4 sockets

A100 node 24-core EPYC 7402P A100 PCle (9.7 TFLOPYS)
512 GB (204 GB/s) 80 GB (1935 GB/s)

Grace Hopper node 72-core ARMv9a Grace GH200 (34 TFLOPS)
480 GB (384 GB/s) 96 GB (4000 GB/s)

 Baseline methodD YV IL/\—REH-YDETHB (L. B AT LDAEY /N RIRIZIZIX LA
* CUSPARSEIZ&ZERITHININILIEERIFDHERE(ATE!) /N FIED50%IE E)
« HERATLBTAELGLEENTETLHEEF
« Grace Hopper nodelZE L TIXCPUAEY [EGPUAE DSENDABEZEH L. CPU-GPURIIX900
GB/S@I%J%’(DQ_: ‘gl\-t‘:nﬁé 3 = -
« BEFEICKYSEBITINEIFTES

22



Baseline method @A100&IRZE F %
@GH200 T 4 RELL B

. 1
» Baseline method D4 &k 9
GPUAEY/NURIED2.1fF
DZE(T{FLN, GH2_.O_Q(:EB g ° 2 1x
LWTALOOLET2.1f8m &l § 7 speedup 6.2x
s IREFZE@GH200I& 2 ° speedup
baseline method@GH200 g ° om0 , GPU and CPU
FUYSHIZ2.91F 5% é 4 2.9X compitnation
© CPURHECPURBIIZE  § speeduP - overlapped
— =Sy g, (6P ;
o T—AERENRIFIRIZKYRIE S ’/
HHL/3.2(2 7B EITfENE 0 . o e
ﬁ:t’ '% JE'“: " Baseline method@A100 Baseline method@GH200 Developed method@GH200
. S OE =
?tlyggégf SE6.2fF D =R A100 PCle GH200 GH200 (4000 GB/s)
3= E (1935 GB/s) (4000 GBY/s) + 480 GB CPU with fast

GPU only CPU-GPU interconnect
23
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30

» TP R FERIICPUNR—RAD VAT AT )
LFNFHTESMN ., GPULLERTCPUBAR®DET
BB (X AR R AT I E L

« IBREFE£@GH200 nodelZ&LY
 Baseline method@Xeon nodett T264Z M =E 1t

20

15

10
5
0 [ |

Normalized elapsed time (per problem set)

o TR FIRTIES NIV )L/ A —@Xeon & &
nodett THILBED EE1E 6@3’00 ©~\9°° &
& &
Q)@é%\o Q}Q’@\ o%‘*”bé\
%%Q;\S g«sé‘{bo &
°
\@‘{@

Xeon node: 4 X 20-core Xeon Gold 6230 (total of 564 GB/s for 4 sockets)
GH200: 72-core CPU with 96 GB Grace Hopper GPU (4000 GB/s) 24



CPU GPU

é ~ 7(-~ é r—n sﬁ 1 t @ G H 200 Memory size (bandwidth) Memory size (bandwidth)
b d‘ =) L 72-core ARMv9a Grace GH200

480 GB (384 GB/s) 96 GB (4000 GB/s)

e TIRAES matrix-free’ZER{T AN IR ILIEFR) EE BRI ML D RIFGETE
?'sz 1’)‘@'5'_£—Céb LA EIR ﬂ:g_fﬁg
. 'J$ FIEE - TUF LT ORADEIFIZELY . SHIZ4EDEERIL
. %?E#Faﬁ(icpuﬁwttfscs{& GPUELA L T9.0f5I-EFE 1k
« FRAIRILF—ELCPUBIKLETL/3212, GPUB{KLELT1/7.01ZHIR

CPU GPU Total Elapsedtime Elapsedtime  Solver Total energy
. ) . : Module power :

memory memory elapsedtime for solver for predictor iterations (GPU power) per time step

usage usage per case per case per case per time step P per case
CPU only 56.9GB - 30.4s 30.2s No predictor 152 327 W (76 W) 9944 J
GPU only 104 GB 449GB 3.05s 3.03s No predictor 152 709 W (608 W) 2163J
Developed (CPU+GPU) 340GB 60.5GB 0.352s 0.336s 0.310s 68.8 877 W (652 W) 309J

t t

Computed on GPU  Computed on CPU

T. Ichimura, K. Fujita, M. Hori, L. Maddegedara, J. Wells, A. Gray, |. Karlin, J. Linford, accepted for WACCPD 2024.
preprint available: https://doi.org/10.48550/arXiv.2409.20380



Weak scaling on Alps@CSCS

*Juﬁq:#’é %if/)b BN T—A2RIRAIFFHE/—FRTHLTWAST=8H . KERESXTLIZEL
é‘E E)T4H\; 31 1

1920 Alps nodes (7680 GH200 modules)[Z#LYT94.3% weak scalability

Node #4

Node #3 . 0.48

= 0.475
0.47

0.46

er time ste
o
S
(@)]
(@) ]

P
o
N
o
o1

Node #0 0.4%9.447
0.445
0.44

0.435
Node #0 Node #1 Node #4 1 2 4 8 16 32 64 128 256 512 10242048
2 MPI OISOl CPU-GPU # of Alps nodes

CPU (predictor)
processes ¢ data transfer
per node (node internal) ) . _ _
m m T. Ichimura, K. Fujita, M. Hori, L. Maddegedara, J. Wells, A. Gray, |. Karlin,
1 J. Linford, accepted for WACCPD 2024. preprint available: o6

GPU-GPU communication (inter-node) https://doi.org/10.48550/arXiv.2409.20380

Node #1

Elapsed time
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