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Example code:

Example code:
do i=1,nx doi=1,n
do j=1,ny do j=ptr(i)+1,ptr(i+1)
a(i,j)=b(i,j))+b(i+1,j)+.... a(i)=a(i)+b( )
enddo

enddo
enddo enddo
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c) Resident evacuation

a) Earthquake wave propagation

3¢ 56 .

Two million agents evacuating to nearest safe

hEarthquake,. ™
s B=ru:
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HAVE1—22REFoT- o ke

i‘[i], */\:L L— ‘/EI f/ﬁ“ b) City response simulation

T. Ichimura et al., Implicit Nonlinear Wave Simulation with 1.08T DOF and 0.270T Unstructured Finite Elements to Enhance Comprehensive
Earthquake Simulation, SC15 Gordon Bell Prize Finalist 5
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----------------- Solving preconditioning matrix = ---------------o-oo- -1

(single precision)

Equation to be solved Outer loop

(double precision) l
» Second ordered
Use for preconditioner of outer loop tetrahedron

—— CG loop |
Solvmg _______________ ! Solve system roughly using CG solver
' preconditioning ——! | (single precision)
i matrix i | |
‘Computations of | Use as initial solution ~ -"ear tetrahedron
Second ordered | OUterioop —
tetrahedron . | Solve system roughly using CG solver

« Solve preconditioning matrix roughly to reduce number of CG loops
« Use geometric multi-grid method to reduce cost of preconditioner
» Use single precision in preconditioner to reduce computation & communication

T. Ichimura et al., Implicit Nonlinear Wave Simulation with 1.08T DOF and 0.270T Unstructured Finite Elements to Enhance Comprehensive
Earthquake Simulation, SC15 Gordon Bell Prize Finalist



AIEETOFEHESEOAA

. f}ﬁf%iﬁf%ﬂ'_iF'ﬂ%ﬁ’é%ﬁﬁﬂt’d‘é:t’C\ THIAIZ R 7 S— R ()
oy
» TTHINTRILIRIRARDNE N =8 THIRIMLEERRYRLES
RIEEZEFOTEHELIENZ LY

I

\

* WAMITEATIIRIMLIRZERITTES M ?
—st BT —FTUFvIlinof-FF (CPURT-GPUMRT)

* TELZHITIANTMLVIRERZHIBT D EETEGTLN?
T AR FREOME




SIMDIZ@ELT=BREZZRZET L
)X LFHFE-ZEXDH

Kohei Fujita, Masashi Horikoshi, Tsuyoshi Ichimura, Larry Meadows, Kengo
Nakajima, Muneo Hori, Lalith Maddegedara

Journal of Computational Science, 2020k Y
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« SIMD (single instruction multiple data)
« —DDMTTEBDT —3=EE
- MRHEETREOITENTES
. FANTEHTHo1Y, T2 LICRADIRIEET DM LESHL
« f§l:Intel AVX-512 (512 bit SIMD, {E¥EEZ B/ MR B8 DE T LO TIRMN)
« a512=_mm 512 _loadu_pd(&a[0]); // EHELI=8EFREAE) N LL IR EFIZA—k
b512=_mm512_loadu_pd(&b[0]); // E#ELI=8EFRZAE) ML I XZIZO—k
c512=a512+b512; /| 8EXRZMNMEHE
~mm>512_storeu_pd(&c[0],c512); // 8EHRZEAE!) DERFEEIZCALT
% : https://www.intel.co.jp/content/www/jp/ja/architecture-and-technology/avx-512-overview.html

AEY F LY XA
load
a0 |1 |2 |3 |4 |..]|7 — ad12|o |1 |2 |3 |4 |.. |7
+
load
b: |0 [1 |2 |3 |4 |..|7 | ——— p512]0 [1 |2 |3 |4 |..|7
store

clo |1 |2 |3 (4 |..]7 | «—— 1210 |1 |2 |3 |4 |..]|7
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Solve for each of few

thousand time steps: Unknown vector (up to trillion degrees of freedom)

4 2 4
—M+—C"+K"| su" = F" - Q'+ C"Vv" ! +M[a" ! + —v"!
dr? dt dt

Sparse symmetric positive definite matrix Known vector

(changes every time step)
11
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----------------- Solving preconditioning matrix = ---------------o-oo- -1

(single precision)

Equation to be solved Outer loop

(double precision) l
» Second ordered
Use for preconditioner of outer loop tetrahedron

—— CG loop |
Solvmg _______________ ! Solve system roughly using CG solver
' preconditioning ——! | (single precision)
i matrix i | |
‘Computations of | Use as initial solution ~ -"ear tetrahedron
Second ordered | OUterioop —
tetrahedron . | Solve system roughly using CG solver

« Solve preconditioning matrix roughly to reduce number of CG loops
« Use geometric multi-grid method to reduce cost of preconditioner
» Use single precision in preconditioner to reduce computation & communication

T. Ichimura et al., Implicit Nonlinear Wave Simulation with 1.08T DOF and 0.270T Unstructured Finite Elements to Enhance Comprehensive
Earthquake Simulation, SC15 Gordon Bell Prize Finalist
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 Element-by-Elementi&(ZE 5503 LT7 7t X hwide SIMDETE#E(ZH LY
TRRLERY 5155
s HGARIRILDZUF LA—EF(u)
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Element #0
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e Element #N-1
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Kernel in previous solver Kernel in time-parallel solver: less random access

Element #0 Element#0______________ Contiguous
Contiguous in memory ‘ ' in memory

/ (ie., SIMD efficient) / ] B e
)(4 :(_ - E )(// - —
Element #1 Element #1
f; \
K

N

l+1
S

i
~N
\ Future time steps SN N ) B
u : u

Current time step i Uit Uiz U3
Tsuyoshi Ichimura, Kohei Fujita, Masashi Horikoshi, Larry Meadows, Kengo Nakajima, Takuma Yamaguchi, Kentaro Koyama, Hikaru Inoue, Akira Naruse, Keisuke
Katsushima, Muneo Hori, Maddegedara Lalith, A Fast Scalable Implicit Solver with Concentrated Computation for Nonlinear Time-evolution Problems on Low-order
Unstructured Finite Elements, 32nd IEEE International Parallel and Distributed Processing Symposium, 2018.
Kohei Fujita, Keisuke Katsushima, Tsuyoshi Ichimura, Masashi Horikoshi, Kengo Nakajima, Muneo Hori, Lalith Maddegedara, Wave Propagation Simulation of Cofiplex
Multi-Material Problems with Fast Low-Order Unstructured Finite-Element Meshing and Analysis, Proceedings of HPC Asia 2018 (Best Paper Award), 2018.




Standard solver algorithm

1. setx_; < 0

2. for(i=0;i<mi=i+1)

3: guess X; using standard predictor

4 set b; using x;_

5.  solve x; « A~1b;using initial solution x; (Computed using iterative solver with SpMV kernel)
6:

}

Developed algorithm

1. setx_;«<0andx; <« 0(i=0,..,m—2)
2. for(i=0;i<mi=i+1)

3. setb; using x;_4

4:  guess X;;p,—1 Using standard predictor

6:  while (“724 > €) do {

7 guess b; using %;_; (j=i+1,..,i+m—1)

8: refine solution {X; < A‘lEj} with initial solution %; (j = i, ...,i + m — 1) (Computed using iterative
solver with concentrated computation kernel)

10:  }

11; X; < fi

11: )
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Compute using

Element #0, _4-wide SIMD

Global left hand side vector (f)

Core-wise
‘7? temporary I B I + - =
vectors (ft
O (" O
II II I+I
[] B +l -

______________

T R

—_—

1. Initialize 2. Update 3. Add necessary
necessary components components
components (gray) by EBE (black)

fi  fiq Fup T \
LR s ﬂ#
\ Future time steps

Current time step

:IIIII

<

= [ ]

Uio U
_ _ _ m Many-core computation (in case of three cares)
Core-wise computation (in case of m=4)



Wide-SIMD CPUIZHITAThEMLEETE A
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« NOMIVZEINYD T2 INy DT HIETSIMDIEZT NTES

Example for time parallel kernel (m = 4) with 8 width FP32 SIMD architecture

Element#0 _____________. . . N Element #0
|| :k-i-=/i i ]! = Pack QE Eg
I R N 1\ 1 I : : /'
8 Compute
\ Element #1 - x\\ i | using 8- : E Element #1
i i fuz fiug N i il B width SIMD :
~ ! =1 =4 : | |
\\\ HEn Unpack ~--* B Pack
Future time steps e and add
Current time step : Ui Uiy Uiz Ujrs Ui Uiy Uy Uss
Naive implementation: use only 4 out of the With packing: can use full SIMD width

8-width SIMD 19
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Decompose mesh using graph partitioning

(Threads

Thread 1, Thread 2, Thread 3 2,3 idle)

KON
: N
O

Color #3

Color #2

All threads compute each color

Color #1

|||||||||||||||||||||||||||||||||||||||||||||||||||||||

Overall mesh

b) Developed thread partitioning method

a) Standard coloring method

20



Performance on actual urban earthquake
simulation problem

« Compute seismic shaking of 3 layered ground in central Tokyo

10 — o 40M M3 o wum 236 [cm/s]
a) Model of 1.25 km x 1.25 km area of Tokyo with b) Elevation of interfaces of three soil layers c) Response at ground surface (merged
4066 structures horizontal component of Sl value)

21



Elapsed time (s)

Performance on actual urban earthquake
simulation problem

300

— = NN
OO O O O O
o O O O O

0

247.2

1.97 x faster

125.6

2.03 x faster 3.99 x faster

61.9

Solver algorithm

SC14 solver (without
time parallelism)

With time parallelism

With time parallelism

EBE kernel algorithm

Baseline (m=1)

Baseline (m=4)

Developed (m=4)
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Kohei Fujita, Kentaro Koyama, Kazuo Minami, Hikaru Inoue, Seiya Nishizawa,
Miwako Tsuji, Tatsuo Nishiki, Tsuyoshi Ichimura, Muneo Hori, Lalith Maddegedara,
High-fidelity nonlinear low- order unstructured |mpI|C|t finite-element seismic
simulation of important structures by accelerated element-by-element method,

Journal of Computational Science, 2020
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Color #1 Color #3
(Threads 2,3 idle)

Overall mesh

Nodes on MPI
boundary

MPI process #0

MPI process #2 Boundary domain Inner domain
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Layer

700 2,100

100

Vp (m/s)

Vs (m/s)
Density (kg/m3)

700

1,500 2,100

0.25 (Pmay )

0.05

Damping

0.007

Strain Criteria
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Data-driven approachE DL S

HPC Asia 2022 Best Paper: "152K-computer-node parallel scalable implicit solver for dynamic
nonlinear earthquake simulation” / Tsuyoshi Ichimura and Kohei Fujita (The University of Tokyo,
RIKEN); Kentaro Koyama (Fujitsu Ltd.); Ryota Kusakabe and Yuma Kikuchi (The University of
Tok o?\;/ILI'akane Hori and Muneo Hori (Japan Ag}\?nqy for Marine-Earth Science and Technology);
Lalith Maddegedara (The University of Tokyo); Noriyuki Ohi, Tatsuo Nishiki, and Hikaru Inoue
(Fujitsu Ltd.); and Kazuo Minami, Seiya Nishizawa, Miwako Tsuji, and Naonori Ueda (RIKEN)

28
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Equation-based and data-driven
approach

 Equation-based approach (e.g., ¥ILF T 1) wki%)
c (ERE—FZIEIRNTRAEREEZA . ERE—FDOKREFTZIRMN

« Data-driven approach
« FET AV A XIZGLTIRMEFRENRES(.e., RKIAEERESEHICH
[TAERE—FETORBIIBEBEIARNLGLH, SBEA/NSITRIFIRE
FHIZ5Z D)
c INLDHETIFRHAEHESIIENTETERLIM?
- Equation-based modeling C{EXE—F %K fiZL . data-driven methodIZ &
%/%ﬁ%i%l:isl‘fé%ﬁ%—lf’&ﬁ?ﬁ% LT FERIMESNDOKBRAL—L




Data-driven initial solution estimator

s BEITKELET 32 FE>TERE—FZETHBEZHTE
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Solve preconditioning matrix equation Az = r roughly  ____________,
(single precision) :

— CGloop 5 CGprehm |
_____________________ : CGpre CGpre P :
| Solving Part of
. preconditioning e second
i atrix E ordered !
“Computations of / tetrahedron |
t pl E Second ordered mesh E
Second ordered outer loop ' tetrahedron Az =r
tetrahedron :
Equation to be solved Outer loop
(double precision) CGprem CGprem

Linear tetrahedron
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Close-up view

— © Minimum element size varies from 32 m (crust) to
w 0.25 m (city): Challenging compared to crust- or city-

only simulations 36

- Soil layers
/ Crust
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* Fugaku@Center for Computational Science, RIKEN

 Single 48-core Fujitsu A64FX/node (3.07 TFLOPS FP64 peak & 1024
GB/s memory bandwidth)

 Total 158,976 compute nodes

* Oakbridge-CX@Information Technology Center, The University of
Tokyo
* Dual 28-core Intel Cascade Lake Xeon/node (4.84 TFLOPS FP64 peak &
281 GB/s memory bandwidth)

» Total 1,368 compute nodes



Oakbridge-CX&EE B TH E1THF ]

« LITOETEIRETHEEETAIZZETR Ratio to

« 256 Oakbrlnge -CX compute nodes FP64 peak
(1.24 PFLOPS FP64 peak, 72.1 TB/s /
memory bandwidth)

578 Fugaku compute nodes PCGEK - [2_561;1094 2.23%]
(1.77 PFLOPS FP64 peak, 591 TB/s
memory bandwidth)

* 'ﬁE /f t"COakbrld e- CXJ:-C 585  [7.12%]
18. 9§ '_E 126 O%La)mj_"t% Developed 358 la[.14%]
%IE
. A|—|—7)[,9‘—7 )wR3E(Z J:é‘/)[,/\—? 0 2000 4000 6000 8000 10000 12000

l/:| IJZ_L\ ' J:L) ;EJJ IJ‘?&,‘% Eﬁ%‘ﬂ Elapsed time of solver + predictor (s)
TS '

%%?&7_§-T?i— ‘-'-E Lﬁj;ﬂ —JL OBCX (256 nodes)  m Fugaku (578 nodes)
VL soEd MR E a2
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3A§;t
Sxit
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« EBE@developed solverTIl%12.3%
of FPb4 peak

9319 [2.56%]

585

Developed ‘E

Developed
@Fugaku

B CGpre

2000

Ratio to
FP64 peak

/

11004 [2.23%]

[7.12%]
[8.14%]

10000 12000

4000 6000 8000
Elapsed time of solver + predictor (s)

mOBCX (256 nodes) mFugaku (578 nodes)

[4080] [8160] [30760] iterations
v v

0 100 200 300 400 200
Elapsed time of solver + predictor (s)

CGpre*hmr CGpre®lmr BCGother Mpredictor

600

39



—PCGE¥X

¥ 5x from architecture

= & Lk TMweak scaling
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Tsuyoshi Ichimura, Kohei Fujita, Takuma Yamaguchi, Akira Naruse, Jack C. Wells, Thomas
C. Schulthess, Tjerk P. Straatsma ChrlstopherJ Zimmer, Maxime Martinasso, Kengo
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Porting to GPU systems

« Communication & memory bandwidth relatively lower than K
computer

« Reducing data transfer required for performance
* We have been using FP32-FP64 variables
* Transprecision computing is available due to adaptive preconditioning

K computer Summit
CPU/node 1 X SPARCG64 VllIfx 2xI1BM POWER 9
GPU/node - 6 X NVIDIA V100 GPU
Peak FP32 0.128 TFLOPS 93.6 TFLOPS
performance/node
Memory bandwidth/node 64 GB/s 5400 GB/s
Inter-node throughput 5 GB/s 25 GB/s

in each direction




Introduction of FP16 variables

 Half precision can be used for reduction of data transfer size

Single precision .
(FP32, 32 bits) S| e xponent fraction

1bit sign + 8bits exponent + 23bits fraction

Half precision _
(FP16, 16 bits) 2| [&/X|P firlacit|ion

1bit sign + Sbits exponent + 10bits fraction

« Using FP16 for whole matrix or vector causes overflow/underflow
or fails to converge

« Smaller exponent bits — small dynamic range
« Smaller fraction bits — no more than 4-digit accuracy



FP16 for point-to-point communication

 FP16 MPI buffer only for boundary part

« To avoid overflow or underflow, Original vector x is divided into
one localized scaling factor Const and FP16 vector x*°

 Data transfer size can be reduced

* Const x X1® does not match x exactly, but convergence
characteristic is not changed for most problems

PE#0 X

$ Const X x1©

X

f

boundary part
PE#1




FP16 computation in Element-by-Element method

« Matrix-free matrix-vector multiplication
« Compute element-wise multiplication
« Add into the global vector

* Normalization of variables per element can be performed

« Enables use of doubled width FP16 variables in element wise computation
* Achieved 71.9% peak FP64 performance on V100 GPU

« Similar normalization used in communication between MPI partitions
for FP16 communication

FP16

Element-by-Element H += | Element #0
(EBE) method — —
= u m FP32 | —> |FP16
f= .Ze Pe A Pe' U — += — Element #1
[A, is generated on-the-fly] — — .
f u

A_  Element #N-1

D




Introduction of custom data type: FP21

* Most computation in CG loop is memory bound
* However, exponent of FP16 is too small for use in global vectors

« Use FP21 variables for memory bound computation
« Only used for storing data (FP21 X 3 are stored into 64bit array)
 Bit operations used to convert FP21 to FP32 variables for computation

Single precision
(FP32, 32 bits)

S| elxponent fraction

1bit sign + 8bits exponent + 23bits fraction

S| lexponenit friaction

(FP21, 21 bits)

1bit sign + 8bits exponent + 12bits fraction

Half precision

(FP16, 16 bits) L2 |&/X|P fracltion

1bit sign + Sbits exponent + 10bits fraction



Performance on Summit

« Developed solver demonstrates higher scalability compared to previous solvers
« Leads to 14.7% (nearly full Summit) peak FP64 performance

288 hﬂ 1,923.7
576 M 1,939.5

N =
wWw -
o O,
AN
=
© ©
NN
N o

# of MPI processes (# GPUs)

0 500 1000 1500 2000 2500
Elapsed time (s)
Summit

Developed W SC14 M PCGE (Standard)
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Tensor Core ;& B

Tsu;Loshi Ichimura, Kohei Fujita, Takuma Yamaguchi, Akira Naruse, Jack C. Wells, Christopher J. Zimmer,
Tjerk P. Straatsma, Takane Hori, Simone Puel, Thorsten W. Becker, Muneo Hori, and Naonori Ueda.

416-PFLOPS fast scalable implicit solver on low-ordered unstructured finite elements accelerated by
1.10-ExaFLOPS kernel with reformulated Al-like algorithm: For equation-based earthquake modeling

SC19 Research Poster
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R ERFHEREREIZSITSTensor Core®E,

« NVIDIA GPUIZ{E+BTensor CoreZF{ES52EMTENIL. (THTIEE B R E O REICH S

;é_tiﬁ

« BIEICEBERFEFEIIFBERFAREREZHAFKE T H_&TTensor CoreziEFH

Loop until converged

— Adaptive conjugate gradient method to solve f = K u

r-- Preconditioner — use to roughly solve r=Kz -----"=-"="=--"-~
Maprtor, 1
v | Tensor Core
Roughly solve r,= Kz, computation

I Use z, as initial solution FP32
Roughly solve r,.= K_z, “ computation

U itial soluti
| Use z, as initial solution P30
Roughly solve r=Kz “~ computation

Use z for the search directioninthe | _ |  ppgq
adaptive conjugate gradient iteration g « computation

3F1‘§L$§?ﬁﬂﬂ%$£®$%d%ﬁ(iﬁ THIETE(Z/B1=8. Tensor Corex+NFExE A
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ERRERFERELRLZIZHITHTensor Core
D ;EFH@Summit

« VILIN—EERDEFERITIEMIT H5ED D, Tensor CorelZkDE R
BEICKYEZEIL

PFLOP count m Elapsed Time (s)

4000 12882 150
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0 - PCGE SC14 Developed

Typical FP32 Tensor Core solver solver solver

kernel kernel . =
VILIN—2 KD EEH 5T EFRM

BERFICKDBTLEROERITININLEHE o0



CPU-GPU17 3R fiZ 4T

Tsuyoshi Ichimura, Kohei Fujita, Muneo Hori, Lalith Maddegedara, Jack Wells, Alan Gray, lan Karlin, and
John Linford. 2025.

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

B}_ Pr(%_ceedings of the SC24 Workshops: WACCPD Eleventh Workshop on Accelerator Programming and
irectives
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a Grace S 18x NVLink 4 20
2 Q CPU § 900GB/s ~2
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* Predictor@CPU: B EDKET—2%E

AT HZLET. ROZALARTIYT DfE%

HETE

» Solver@GPU: R1EEEYVIL/N—IZLKYUK
iz

s E&R% CPU-GPUA U A2—axI &Y
predictor/solverft R % &R Z [ £

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

53



Predictor@CPU

. ﬁ%@sﬁﬁaﬂxq—\yj°o)7—_“_gxit — {xit—s,xit—s+1, ,xit—l}’ Fit — {fit—s’fit—s+1’ ___’fit—l}jéﬁﬁ
WBIET. RORTYTDEEE X U= predictor (XY, F¥, fOEF A

« MHREFRBEDRLICKYREZEVILANA—DREBZMNEIBENDS

+ BHRT YT DT —HRILCPUAE)ITHIMTER L=, KEENDCPUAEZERALCPUTEHE

Relative error of solver
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Adams-Bashforth predictor
(used in baseline method)

Data-driven predictor

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



GH200IZ&H 1T A TEEEETRIFE R

» CPUEGPUMD M A Z{FESheterogeneous computinglZ&YETE XS
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10
Computation on  Computation on 9
CPU GPU
= 8
Predictor (step Solver Problem 3 21 6.23x
, o 7 X :
) (stepit —1) EETEY 5 speedup speedup
2 6
Predictor (step Solver Problem & 5
it) (step it) set #1 g v GPU and CPU
= 4 2.96x computation
Predictor (step E 3 speedup overlapped
it +1) 3, / /
8_ v
Predictor (step Solver ._T“j 1 . .F.r
it+1) (step it +1) 0 (
Baseline method@A100 Baseline method@GH200 Developed method@GH200
Data synchronization between A100 PCle GPU GH200 GPU only
GH200 GPU + CPU
CPU and GPU (1935 GB/s) (4000 GB/s)

Tsuyoshi Ichimura, Kohei Fujita, Muneo Hori, Maddegedara Lalith, Jack Wells, Alan Gray, lan Karlin, John Linford,
Workshop on Accelerator Programming and Directives (WACCPD) 2024@SC24
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