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NVIDIA GH200 Grace Hopper Superchip
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Crustal . .

deformation Data-driven part on memory rich CPU,
Solver part on high-performance GPU,

Input fault Time-history . . .
slip atplate  displacement with fast CPU-GPU synchronization 2
boundary response
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Compare and
choose best
ground structure

Observed natural
frequencies of

ground

Candidate Computation of time- Computed natural
ground history simulations X frequencies of
structures many random input cases ground 3
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l a) Horizontally stratified ground b) Ground structure with c) Ground structure with
structure circular basin bedrock slanted bedrock

Candidate ground
structures (showing
the interface between
soft and hard ground)

Computation of 16384

time step simulations
X 8 random input cases

Computed natural
frequencies of ground

3.0
25

-, Natural
frequency
1.5 (HZ)
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Eurasian

plate Philippine

sea plate

Input fault slip Time-history

at plate displacement

boundary response
Seismic wave propagation@full Fugaku (152352 nodes) Crustal deformation@Fugaku (73728 nodes)
25-fold speedup from previous solver without data-driven method Fujita et al. ScalaH 2022

Ichimura et al. HPC Asia 2022 [Best Paper] S
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(CPU only) (GPU only) (CPU+GPU) ‘
HPC Asia (Ichimura et al. 2022) ICCS 2023 GTC 2024, WACCPD@SC24
ScalaH@SC22 (Fujita et al. 2022) (Murakami et al.) (Ichimura et al.)

NVIDIA GH200 Grace Hopper Superchip

Data-driven part on memory rich CPU,
Solver part on high-performance GPU
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WACCPD 2024
The Program Committee of the 11t Workshop on
Accelerator Programming and Directives

Heterogeneous computing in a strongly-
connected CPU-GPU environment:
fast multiple time-evolution equation-
based modeling accelerated using data-
driven approach

Held in conjunction with SC24 in Atlanta, GA on November 18, 2024
awards the contribution

Heterogeneous computing in a strongly-connected
CPU-GPU environment: fast multiple time-evolution
equation-based modeling accelerated using data-

Tsuyoshi Ichimura, Kohei Fuijita, driven approach

MuneO HOFI Maddegedara La“th, by: Tsuyoshi Ichimura, Kohei Fujita, Muneo Hori, Lalith Maddegedara, Jack Wells,
JaCk We”S Alan Gray, Alan Gray, lan Karlin, John Linford
lan Karlin, John Linford

Eleventh Workshop on Accelerator
Programming and Directives (WACCPD)
2024@SC24

Best Application Paper Award
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BR—4y S RE Ebaseline solver

» CPU-GPURIA S RIZHER SN I-CPU-GPUIRIEZ AL\ T, 28y —X
DPDEIZEDKFZIEL 2L —3 % E
« CPU-GPURINEEICEHSN VAT LLETT 2R EFEZANSILT.
RBEAR)ERHLI-CPULSHEEGPUD M AZEF
s BEMRATYTitIZEWWTGEIL AR A = fU%KEE
sparse symmetric 1 AN

positive-definite matrix  output vector
» Baseline solver:
- BIBERENKEN=O. REZEVILAN—ZFH

« B{AMIIZIF. Compressed Row Storage (CRS)H = THEHAL =175 ITE D<ERTT
FINORIVIEE R - HE OB EZEE R

input force vector



Proposed concurrent CPU and GPU

computing method

« T —ADIIAL—La ERIBFICE

1T

* CPUIZKYRDZA LARTYT DE%EF A

(predictor)
* GPUICKYBRE H BT REKEE

(iterative solver)

« 53E 77 CPU-GPU interconnect?,

1LVT,

oredictor/iterative solver®§ii& T

fig - KR SRR = X

Elapsed time

Computation Computation
on CPU on GPU
<2
Predicto Solver Process #0
ep (stepit —1)
Predictor olve Process #1
(step it) ep
Predictao Solver
ep (step it)
Predictor Solver

(step it +1) (step it +1)

Arrows: Data synchronization
between CPU and GPU
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Proposed concurrent CPU and GPU
computing method (GPU part)
« GPUDMERERBIZ T 1200I=, LU TEEN

« Matrix-free SpMV (sparse matrix-vector) multiplicationz ;& F8
« CRSH.R THHMLI=2{A1T5IAZglobal memorymh b H L TERITHINIMILIEAX &
FEILHRDYIZ, TRIVR T - K TEHRITHIRIMILIEEZY, P ;Ae(Pexif))tEJr;%i
EZR1TH
SR RBEENCEZAOO—NILEH RBEE~ADIVEL T TS
c SIEEREZDLOD ., AE) 7V ERIFEIB SN, FERELTEEEREDSLIGPUIZE L
TIFETEEEA [ £
« Matrix-free SpMVZESICETHAERUERAELEIBSND =D . ROF-ATIBREZ
FAWTEZHTr—RZRFICETE T HIENAIGRELD
o INITKYBRITHINIMILIEREZ . LUBEBEIERDOHLAOTLIGSpMV (SpMV with
multiple right-hand side vectors)IZZE I TE5

Z PT A.(P, x‘t) ) z PT Ao (P.fxg, xt, x5, x5 }))




Proposed concurrent CPU and GPU
computing method (CPU part)

« T—HEREH R 2

ESEICKY .

EEAIRELGEASYILNN—ZEEL

@CPU

« RIEEVILN—DOHIEEZ LT DO LSIZFE
X = predictor (X', F&, f),
ZCT. XU FUIBEESHERRTYIDT—4
Yit — {xit—s’xit—s+1’ ___,xit—l}, Fit — {fit—s’fit—s+1, ,fit—l}
s VB ZERETTRAIHILET VILNA—DOREHED - BRI ERED
WHEIZ DM B
c BFRIIT—AIKRBEELLGYGPUAEY IZIRFESHELV =8, CPUIZTEHE



Proposed concurrent CPU and GPU

computing method
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« Predictor/iterative solver®Mgii#& TCPU-GPURH
THHARE - BEMTFE R 2 R HH

« EITHMZELTCPULEGPUZERIEFIZIE
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Elapsed time

Computation

Computation on GPU
using matrix-free

Process #0:
cases #0-#3

Process #1:
cases #4-#7

on CPU :
SpMV with r = 4
e
Predicto Solver
ep (stepit —1)
Predictor olve
(step it) ep
Fred 0 Solver
ep (step it)
Predictor Solver

(step it +1)

Arrows: Data synchronization

(step it +1)

between CPU and GPU
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Proposed heterogeneous computing
method in reduced form

° _ﬁBODFI:lEJ

free S MV’&
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Tl . matrix-
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Elapsed time

Computation

Computation on

Process #0:
Problem case #0

Process #1:
Problem case #1

on CPU GPU using CRS
<a
Predicto Solver
ep (step it — 1)

Predictor

(step it)

Predicto Solver

ep (step it)
Predictor Solver

(step it + 1)

Arrows: Data synchronization

(step it + 1)

between CPU and GPU
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« R ENRISEMERREICH T D EREZREEE T S
pt—(V -c-V)-u=f
« u: displacement, p: density, c: elasticity tensor, f: outer force

¢ E ‘ I:, N K- ) ‘ =% ‘i%jJ ]
%)Lﬁ%]‘%n ﬁ_%d:ljsl'étﬁ %1 ewmark-g;EIZEARMBESZE AT

4
+ + K it — fit +C it—1 + M( it—1 4+ — lt—l)
(dtz 77 ) f v a 7V

. ;w_t’&%ﬂ#FEﬁXT‘leﬂ SWLVTLLTDELSIZ#EL

CPUZE7=IZGPUIZ 2]5( baseline method: block-CRSIZ EDOKHRITHINRIRL
%ﬁjj_ ‘)L%%L\T~/\ é} !

. ? 2FA [%ﬁiée,%tfrﬁﬁxmﬂfﬁ%fm%i% HEBEEIZHLT, XHR[1]

. Baselme/? sREHIZRIC RN EE A {§ (3x3 block Jacobi preconditioning)
* OpenACC (GPU computing), OpenMP (CPU computing), X U*MPIZ LV TE
<

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



GH200 1/—FIZHEFHTINANTRILIED—TILIEEE

« LLTDEROGH200 1/—KIZHWTHERER L
« CPU: 72-core ARMv9a Grace with 480 GB (384 GB/s) memory
« GPU: H100 (34 TFLOPS) with 96 GB (4000 GB/s) memory

180 163
—~ 160

140
% 120 9.7x speedup
© 100 by use of GPU
&)
= 80
% 60 3.7x speedup by 1.9x speedup by SpMV with
£ 40 68 matrix-free SpMV r = 4 right-hand sides
|_ .

20 4.56
0 - . 2%
CRS@CPU CRS@GPU matrix-free@GPU matrix-free-4@GPU
Memory Bandwidth (% to peak) | 0.21 TB/s (55%) 2.0 TB/s (51%) 0.58 TB/s (15%) 0.51 TB/s (13%)

TFLOPS (% to peak) 0.049 TFLOPS (1.4%) | 0.47 TFLOPS (1.4%) | 9.5 TFLOPS (28%) 18 TFLOPS (53%)
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« KYZLDRATYTHsERLSZET, predictorlZ L2 ¥ BB ENREL
RE#LLYDIELLS

Relative error of solver

1.00E-02 Adams-Bashforth predictor

1. 00E-03 (used in baseline method)

1.00E-04

1.00E-05 _ _
Data-driven predictor

1.00E-06 g3 — (s = 8,16,32)

1.00E-07

1.00E-08

1.00E-09

1 11 21 31 41 51 61 71 81 91 101111121131 141 151
# of solver iterations required to attain accuracy below 10-8 error



GH200 1/—KIZHITEH7 TV r—a (B E)

Solver
35 Total @CPU  Baseline method
accelerated by higher
730
£ oe GPU memory
@ bandwidth Use of data-driven Further accelerated by
g 20 predictor: iterations multi-vector matrix-free
S 15 | reduced by 1/2.3 SpMV kernel
o Solver Solver Predictor :
© 10 Total @GPU Total CPU Solver Predictor
E 5 31 3.0 @GPU @ Total @GPU @CPU
e, 'S5 13 08 0.35 0.34 0.31
O S s eee— >
CRS-CG@CPU CRS-CG@GPU CRS-CG@CPU-GPU matrix-free-MCG@CPU-GPU
Relative speedup 1.0 10 26 86
Relative energy usage 32 7.0 3.2 1.0

« 86-fold speedup and 32-fold reduction in energy from using only CPU
« 8.7-fold speedup and 7.0-fold reduction in energy from using only GPU

18
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 Baseliy UEGPUTIL, AEU /N RIREEREE TEITRFHE A 1/101ZE A #2
AT n) S IS IAN, i AT
- CPULGPUQ )RS %Jﬁﬁ &Y E jn lztGPUODa"}’EFFJ WSS LR TN, %
D—FT, T —2ER ﬂ_-ﬂj%ﬂ R 81520\ 066 ~08 68IZ BT He
T. £ETHRIX1/2.31Z8E, ff\‘—“% TIRILE—ERAE/2IZ
* Multi-vector matrix-free SpMVA—RJLIZKYSIGIZETERE - TRIILXF—F
AEN4EHE
Power including CPU,
me}nory, GPU
CPU GPU Total | Elapsed time Elapseq time Solvce_r Relative Moduﬁe power 'I'c:tal_ energy
memory memory elapsedtime for solver for predictor |tera‘Flons speedup  (GPU power) per time step
usage usage per case per case per case per time step per case
CRS-CG@CPU 56.9 GB 304s 30.2s No predictor 152 1.00 327 W (76 W) 9944 J
CRS-CG@GPU 104 GB 449GB 3.05s 3.03s "-..__\ No predictor 152 9.96 709 W (608 W) 2163 J
CRS-CG@CPU-GPU 178 GB 57.8GB 1.17s 133s 0.812s 66.6 26.1 858 W (604 W) 1001 J
EBE-MCG@CPU-GPU 340 GB 60.5GB 0.352s 0.336s \ 0.310s 68.8 86.4 877 W (652 W) 309J
R

Computed on GPU

Computed on CPU



Weak scaling on Alps@CSCS

* Predictor-solverfll DT —A#5iEL 3K/ —FRETITHO N5z, 28/ —FETEWVIESIEEENFLOND
* 94.3% weak scalability to 1920 Alps nodes (7680 GH200 modules)

0.48
Node #3 0 0.474

Node #4

o
N
~

Elapsed time per time step (s)
o
N
(@]

Node #0
Node #1
0.49.44
Node #0 Node #1 Node #4

0.44

2 MPI CPU (predictor) OLVN(Jhileie)l CPU-GPU 1 2 4 8 16 32 64 128 256 512 1024 2048

processes data transfer

t 20

GPU-GPU communication (inter-node)



Method flexible for systems with power caps and
varying memory size, CPU or GPU capabilities

* 5l :CSCS AlpsTld., EXa—ILHI-YU617 WD EAFIKINHSHT-8. CPULEGPUZE

ERCE AR CETT A EIETEEL
- EE _CPUBHMNBEIN. R-T-BHRIZGPUB ANIREDLSGPUR MM TAEIN S
. a:k:’GIiCPUODOpenMPZI/“JF*;G&’&%E?%)C&’GCPU&GPU(:-E.ﬂllU?JE%#’L%YEE?J0)%']1%"&

&

Total Solver Predictor
olal - @GPU @CPU

Solver Predictor

Total

@GPU @CPU

Total Solver Predictor
otal - @GPU @CPU

0.5 0.47  0.455 0.46 —0.445 0.447 (.432

3 04

@®

o

s @03 0.232

5 E 2 0.16 0.18

£

— _

0
36 threads 24 threads 16 threads

Relative speedup 1.0 1.02 1.05
Relative energy usage 1.05 1.03 1.0

CPUMDOpenMPARL vk #ZiFI59 Z&T, CPUNENEHEMNBEFMMIZH B,
FBEEOEMBETRILEF—HIRIZDHEMNS

21



FEH

+ CPULGPURE ICHEB SNV AT LIZE L TPDEIZE I
FEZal—2a a R T 2FEZRHRE
T—SEBEFELCPU-GPURDEE (> 4—IR M ERNBIET, X
BRECPUAE LGS MREGPUD M A ZE FH
V2al—3avDARIL—=TIk RU, TR T—RREONTAZ.
/::Ll/ A REEEELT L E

« 86-fold speedup and 32-fold reduction in energy from using only CPU
 8.7-fold speedup and 7.0-fold reduction in energy from using only GPU

* 94% weak scalability up to 1920 CSCS Alps compute nodes
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