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Tsuyoshi Ichimura, Kohei Fujita, Seizo Tanaka, Muneo Hori, Maddegedara Lalith, Yoshihisa Shizawa, and Hiroshi
Kobayashi, Physics-based urban earthquake simulation enhanced by 10.7 BInDOF x 30 K time-step unstructured
FE non-linear seismic wave simulation, SC14: International Conference for High Performance Computing,
Networking, Storage and Analysis, 15-26, 2014.

Tsuyoshi Ichimura, Kohei Fujita, Pher Errol Balde Quinay, Lalith Maddegedara, Muneo Hori, Seizo Tanaka,
Yoshihisa Shizawa, Hiroshi Kobayashi and Kazuo Minami, Implicit Nonlinear Wave Simulation with 1.08T DOF
and 0.270T Unstructured Finite Elements to Enhance Comprehensive Earthquake Simulation, SC15: International
Conference for High Performance Computing, Networking, Storage and Analysis, Article No. 4, 2015.
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CG loop

Solving T : i | Solve system roughly using CG solver

' preconditioning |, | (single precision)

' matrix |
________________________ | i o . Linear i

i - Use as initial solution .

gggff;ggons of | tetrahedron !

Second ordered | Y — |
tetrahedron 1| Solve system roughly using CG solver !
Outer oo | (single precision)

Equation to be solved P ' .
(double precision) ! !
: Use f diti € outer | Second ordered !

se for preconditioner of outer loop tetrahedron

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

e Structuring unstructured mesh
 Omit costly geometry computation part of unstructured elements
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. ?ize—ug scalability: 96.6% efficiency from 9,216 cores to full K computer
663,552 cores)
« Enables 18.6% of peak (=1.97 PFLOPS) & 1.08 trillion DOF @ full K computer

- 8.6 times faster than conventional solver (CG + Element-by-Element + simple
preconditioner (block diagonal Jacobi preconditioner)

« Speed-up scalability: 76% efficiency for 9,216 = 294,912 cores

« Very good scaling considering non-uniform mesh is partitioned using METIS
« Similar scalability can be attained for practical problem

Normalized 2 9216 294912 663552 # of cores

elapsed 1 o —
time 1/2 \

1/4

1/8 \ ~-Size-up scalability

1/16 AN
1/32 X
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First ever practical tault-to-city-to-social simulation
accomplished

« All phases of earthquake fault-to-city-to-social simulation
simulated at state-of-art level

e Enables huge leap in improving reliability of earthquake
response estimation
« HPC can play an essential role for saving lives and society

Fault-to-city simulation City siu Social simulation =



Fquation-based modeling & data analytics
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Tsuyoshi Ichimura, Kohei Fujita, Takuma Yamaguchi, Muneo Hori,
Maddegedara Lalith, Naonori Ueda, Al with Super-Computed Data for Monte
Carlo Earthquake Hazard Classification, SC17: International Conference for
High Performance Computing, Networking, Storage and Analysis, 2017.
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Tsuyoshi Ichimura, Kohei Fujita, Takuma Yamaguchi, Akira Naruse, Jack C. Wells,
Thomas C. Schulthess, Tjerk P. Straatsma, Christopher J. Zimmer, Maxime Martinasso,
Kengo Nakajima, Muneo Hori, Lalith Maddegedara, A Fast Scalable Implicit Solver for

Nonlinear Time-Evolution Earthquake City Problem on Low-Ordered Unstructured

Finite Elements with Artificial Intelligence and Transprecision Computing, SC18:
International Conference for High Performance Computing, Networking, Storage and
Analysis, Article No. 49, 2018.



Fquation based modeling & data analytics

e Equation based modeling
c BRE, BT3RS
e Data analytics
« ENE(ICELMAIRE, Equation based modeling & tbB L THEE

Phenomena

T

Data analytics Equation based modeling
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« 5—EZ[E: equation based modelinglc X » TEMENT-T—& %
data analytics [CHHW %
« KA equation based modelinglc L W EREERED T — X & £ A RE
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SC17 « SC14: equation based modeling
« SC15: equation based modeling
Phenomena « SC16: equation based modeling

« SC17: equation based modeling for Al

Data analytics
(with better
prediction)

Simulated data Equation based
for training modeling
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c BEESRE I X uiBEiE . AllZ LY equation based
modelingz &Rt - BT 2 X MMEEA~

SC18
Phenomena
SC14: equation based modeling
« SC15: equation based modeling
— _ « SC16: equation based modeling
Dat? . _ Equation based « SC17: equation based modeling for Al
analytics Al for accelerating  modeling . SC18: AI for equation based modeling
equation based (25-fold speedup

solver from without AI)
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Loop for all time steps (n=1,2,...
Loop until converged

L) Rz F

— Time-parallel method (Solve m = 4 timesteps simultaneously and use for initial guesses for future time steps)

— Adaptive Conjugate Gradient Solve uptoe = 1.0 x 10°®
- Transprecision & Al Preconditioner — use to roughly solver=A"z  ----

jj L/ ﬁ%fﬁ?%#% ;L_i

Solve with CG solver #1 with  Solve with CG solver #2 with
FP21 for storing vectors FP21 for storing vectors

Step n Step n+1, n+2, n+3

FP16 communication

PreCGe¢ (15! order tetrahedral mesh)
Solver.= A% z.uptoe.=0.7

FP16-32 computation

| Use z. as initial solution

r

rank #0 rank #1

FP32 communication

PreCG¢,, (15! order tetrahedral mesh)
Solve r,= A",z ,up to e, =0.05

T2 2T N
g0 W W

FP16-32 computation

e z. as Dirichlet

| Use z,, as initial solution

boundary condition

PreCG (2" order tetrahedral mesh)
Solver=A"zuptoe =05

FP16 communication
FP16-32 computation

.|, Use z for search direction

Adaptive Conjugate Gradient Iteration

(2" order tetrahedral mesh)

FP64 communication
FP64 computation

v
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Summit_E TDERE (Weak scaling)

500 454.2
10 415.1
400 297 3 349.8 374.6 /
2 302.5 311.7 . ¢ -
£ 300 o—
—« SC18 2 200
— SCl4 < 4 82.9 84.3 83.7 90 100.4
S 100 75:.8 77‘.6 8(1 : : il : -,
0
# of GPUs 288 576 1152 2304 4608 6144 12288 24576
# of node 48 96 192 384 168 1024 2048 4196
DOF 3.5x109 7x10° 14 x10° 28 x 109 56 x 109 75 %109 151 x10° 302 x10°
SC18'’s efficiency to 19.5% 14.7%

FP64 peak
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a) Overview of city
model

c) Close up view of city model

e) Displacement response

b) Location of underground structure  d) Displacement response of city of underground structure
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Tsuyoshi Ichimura, Kohei Fujita, Takuma Yamaguchi, Akira Naruse, Jack C. Wells, C. J.
Zimmer, T. P. Straatsma, Takane Hori, Simone Puel, Thorsen 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: International Conference for
High Performance Computing, Networking, Storage and Analysis, 2019.
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« Bz 1X, Tensor Core on NVIDIA Volta GPUI%, FP6AEE ICLENTI6ES
Lypeak FLOPS : FP64 7.8 TFLOPS, Tensor Core 125 TFLOPS
- — AT, BREEE, BAEOSWVEETHZE
- TRHOTIEREDHKD. . .
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Tensor Core%

-

— Adaptive conjugate gradient method to solve f=K u

- Preconditioner — use to roughly solver=Kz
rank #0 #1

II}

L

o

Maprtor,

!

Roughly solver,=K,z,

1

comp.

Use z, as initial solution

Roughly solve r.= K.z,

Loop until converged

Use z, as initial solution

Roughly solve r=Kz

B o o - -

Use z for the search direction in
the adaptive conjugate gradient
iteration

)

- INT14 comm.
Tensor Core

FP32 comm.
FP32 comp.

- FP32 comm.

FP64 comm.
FP64 comp.

LT3

- a0l —> 3

PFLOP count mElapsed Time (s)
4000 12882 150
3000 - =
100
2000 | 191
1000 55528.47 S0
.32
0 mmm—— | O
PCGE SC14  Developed
solver solver solver

StEMBERER )L TV X LHAEICKD
time to solutionZztiZ. Flop countTI(d72<,
HETEHEB TDOESFlop countDEANEE
AR BT DR ET )L Z R U T
1.67x1012BHEOHED _ETT )%,
Summit 4544 518 _ — K (27,264 NVIDIA

BILIBER (CTensor CorelCHhNTE TR UICIBERFIVEE
- FP160D16*16MD1THIFEN—ADEE (CHFE
- GPUNDFT —4AFEN X MCEE, BEEBEEALRE

(UN
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« 416-PFLOPS Fast Scalable Implicit Solver on Low-Ordered Unstructured Finite Elements

Accelerated by 1.10-ExaFLOPS Kernel
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Tsuyoshi Ichimura, Kohei Fujita, Muneo Hori, Lalith Maddegedara, Naonori
Ueda, and Yuma Kikuchi, A Fast Scalable lterative Implicit Solver with
Green's function-based Neural Networks, 2020 IEEE/ACM 11th Workshop
on Latest Advances in Scalable Algorithms for Large-Scale Systems
(ScalA)@SC20: International Conference for High Performance Computing,
Networking, Storage and Analysis, 2020.



B

« Based on the Green’s functions that reflect mathematical properties of partial
differential equations (PDE), we developed a novel preconditioner using
neural networks (NNs) with high accuracy and small computational cost for
improving the convergence property of an iterative implicit solver.

« As the dense and uniform computation involved in NNs are more efficient
than that of the conventional PDE solver schemes, we could solve the time
evolution of a highly heterogeneous problem in 4.26-fold shorter time
compared to a typical PDE solver. The method is also suitable for use with
low-precision arithmetic in NNs as the accuracy of the final solution is
guaranteed. The localized property of NNs enable high scalability for solving
large problems: a 5.57 trillion degrees-of-freedom problem was solved with
98.1% weak scalability up to 55,296 Fugaku nodes with 30.3 PFLOPS (16.2%
of FP64 peak performance). This method can be used in various PDE-based
simulations and has potential to make broad ripple effects in various fields.



(Green’s function-based Neural Networks

%

R LNERERMEOUTOKBEEEZ 5.
Adu" =T,
Z Z TCALfIZEEZIn-stepBICKREL TELT 5.

1LY 7zimplicit matrix solver

—A 7T, PDE L(x)(a(x)) = b(x) 21T,

nl{z) = /g(.r.s)b(s)(h'.

where L(g(x,s)) = d(s—x).

MNERF &5, 22, (L(x)linear differential
operator, b(x): known distribution, a(x): response
of this system, x: an arbitrary point).

2(x, s)hGreen’s functionT&H V), TN % BTULIE &
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— xRV 7R CG DT (IZ L7 f

Algorithm 1 Iterative solver with NN-based preconditioner for solving
Eq. (2). Here, GF-based NNs (Bf is the estimation of the solution of equation
Adu = f by the NNs) is used in the preconditioner in an adaptive conjugate
gradient method. Matrix vector product of A and A are computed by the
EBE method. (7) and € indicates single-precision variable and tolerance
for relative error. As the GF-based NNs are highly accurate and capable
of resolving high frequency modes, high refinement rate is expected in the
iterative solution refinement.

M B8 GIVIEA B LD e

10:
11:
12:
13:
14:
15
16:

17:
18:

19:
20:
21

22:
23:
24:

r < f— Adu
B<=0
i<=1
(* outer loop start *)
while |[rl|2/|[f]|2 > € do
(* preconditioner start *)
r<=r
z < Br (* apply GF-based NNs inside process domain *)
Zp < A, 'rp (* refine solution near domain boundary and inter-
process boundary using conjugate gradient solver with 3x3 block
Jacobi preconditioning up to €, with Dirichlet boundary conditions
with value of Z and initial solution z;, = 0 elsewhere *)
z < z using z updated with z,
(* preconditioner end *)
if 2 > 1 then
B« (z,a)/p
end if
p<z+p8p
q< Ap
p <= (z,r)
a <= p/(p,q)
q< —aq
r<r+{q
du <= du+ ap
i<it+1
end while
(* outer loop end *)

4.0E+7 (P

6.0E+6

Distribution of the Young’s modulus of the target head model

1.E+0
1.E1
1.E-2
1E-3
1E4
1E-5
1E-6
1E-7
1.E8
1E-9

0 10 20 30 40 S0 60

Relative error (Error)

Elapsed time (s)
-—e—CGBJ ~&— GF-based NN initial solution + CGBJ —&—Proposed method

Convergence speeds of solvers for the head model measured on one
Oakbridge-CX node. The convergence ratio (ratio of change in relative
error per iteration) was greatly improved by the use of the GF-based
NNs in each refinement iteration in the proposed method. The simple
scheme using GF-based NNs for initial solution of PDE solver scheme
(CGBJ) could not utilize this improvement in the convergence ratio.



#XNumbers in brackets indicate ratio to FP64 peak.

4 7.95s 7.94 s 7.98s 7.99s 8.05s
[16.5%] [16.5%] [16.4%] [16.4%] [16.3%]

1728 3456 6912 13824 27648 55296
# of compute nodes

Total time
[ratio to FP6
peak FLOPS]

9
OX:
37
26
B 5

8.10's
[16.2%]

8.06s
[16.2%]

S

Elapsed time

O = N W

m other parts of CG loop m GF-based NN mboundary part update

X 3.6

0 0.5 1 1.5 2 25 3
The number of floating-point operation per iteration (x 1012)

GF-based NNiZsolver DX 5 = % A& A B2
72, RISEEEBAERILIEN.

LAL, EHR77EXEESEBRAEDTER
ICALEBRIRE T, F 7o, GF-based NNixHRA
v b7 A4 X ELER A D Tscale L9 W

Weak scaling results of proposed solver on Fugaku: a 5.57 trillion degrees-
of-freedom problem was solved with 98.1% weak scalability from 864 up to
55,296 Fugaku nodes with 30.3 PFLOPS (16.2% of FP64 peak performance).
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Underground AED & 5 RIRET ESA

st Displacement response jﬁﬁﬁ%ﬁﬁ?—ﬁﬁfﬁ DRI BEE| fok ) DD
gy 55 (LA £ 5HPCHBS
/“/\,~=r/~ j\(‘_\ Overview of : Complex response on i 1 [/ _ \‘/ 3 \/ @EE 0)1§IJ)
“‘1\ i ﬁ‘/ ground surface due to

city model underground structure

Finite-element model with
11,002,859,706 DOF,
2,593,545,132 second-order tetrahedral elements

Computation example of 11,002,859,706 degrees of freedom; 2,593,545,132 element model of fully
coupled ground and aboveground/underground structure earthquake shaking analysis using IRIS on
98,304 CPU cores (2,048 nodes) of Fugaku: The 2 x 2 km domain was modeled with 0.5-m tetrahedral
elements with three soil layers; 9323 buildings; and an underground complex with 645 tenants. **
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