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Second ordered
tetrahedron

Equation to be solved

' preconditioning
' matrix

Computations of
outer loop

(double precision)

QOuter loop

Solving preconditioning
matrix

Solve system roughly using CG solver
(single precision)

A 4

Use as initial solution

Solve system roughly using CG solver
(single precision)

|

Use for preconditioner of outer loop

5% AIRE & T B BAFVEHER Y LS —

Linear tetrahedron

Second ordered
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



Resource to solve target problem

« K computer @ RIKEN Advanced Institute for Computational
Science
« 10.6 PFLOP machine consisting of 8 cores x 82944 compute nodes
« Maximum available time: 8.0 hours

« Godzilla can solve target problem using full machine within
available time!
- Attain superb scalability for utilizing all 663,552 cores
« Attain high efficiency & performance for finishing simulation in 8.0 hours

W: ﬁnmzu




Performance of this Solver (1.08 trillion DOF @

full K computer)
« Size-up scalability: 96.6% efficiency from 9,216 cores to full K computer
(663,552 cores)

« Enables 18.6% of peak (=1.97 PFLOPS) on full K computer
« Speed-up scalability: 76% efficiency for 9,216 = 294,912 cores

. \l\//IeIEr¥I%OOd scaling considering non-uniform mesh is partitioned using

« Similar scalability can be attained for practical problem

Normalized 2 9216 294912 663552 # of cores
elapsed time 1 + —
1/2 \
1/4
1/8 \ ~-Size-up scalability
1/16 \\
1/32

20



Weak Scaling on Summit @ SC18 solver

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
< oo 75:.8 77‘.6 8(1 : : 7 : -,
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



Difficulties in FEM for huge problems

* Analysis Cost

« Solver on supercomputer

e Scalability communication between compute nodes for synchronize values
(vector-vector, matrix-vector product)

e Cost for Constructing FE model
« Robust & good aspect ratio & fast



7 types of Codes fo

e For layer media
. %Jp to Trillion-order
1012-) DOF

e Unstructured
tetrahedral elements

e with structured grid

mapping
« For more complicated
. l(Jp tg billion-order ,. 5
1 O 9 B D O F :i)z\e[::: Igr’n renne;t)l (Modeled with 16mm b) Close up view of full 3D tetrahedral element model

 Unstructured
tetrahedral elements

« With multi-material
marching cubic

W& - o5 P TE I AL —Y Yy
FEH A X16mOUEE R EE
B BEN490(E

e) Stress response (von Mises-stress)

d) Displacement response
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(a) Close-up view of FE model. ~ (b) Whole view of FE model. (c) Locations of unit fault slips. * = Eﬂé%ﬂﬂ 7AN 800075 E EE }_I— D 7@
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Crust layer -~
Upper-mantle layer =~

Philippine Sea Plate - P

Pacific Plate i
FE model and locations of grid points used as inputs for the basis functlons

0.00
(i) Average (ii) Standard deviation
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Target domain

q

Input slip distribution
‘ (one case of data assimilation simulation)

' _Macro analy reglgn ;j

2944 km

Macro-analysis region (0.01 T-DOF Micro-analysis region (2.05 T-DOF
problem with 500 m resolution in [1]) problem with 45 m resolution)
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First ever city simulation using full power of K computer

Kashiwa, oo . s
i o Abikol

e Target Tokyo metropolis

* One of world’s largest
metropolitan areas

 Enabling of this area leads to e S e e
application to nearly all cities ST (R g NS iy

Kawasaki &}

VI N

- L\ .
nagery ©2015 Data SI0, NOAA, U.S. Navy, NGA, GEBCO, Landsat, Map data ©2015 G




Fault-to-city simulation

City

Surface soil*.

2

Structure response

i

Nonlinear wave

29



Fault-to-city simulation

« Earthquake linear wave propagation simulation @ 10Hz target frequency

e Use 18 billion unstructured low ordered finite elements & 56 billion DOF model with
implicit time integration

| ity simulation

Falt Velocity Norm (cm/s)
7 ll0.0

5.0

loo

30



City simulation

/ Structure response\

Surface soil*.

-~

’ Nonlinear wave




Googleearth
. Data SIO, NOAA, U.S. Navy. NGA, GEBCO
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— Time-parallel method (Solve m = 4 timesteps simultaneously and use for initial guesses for future time steps) —y
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

— Adaptive Conjugate Gradient Solve up to ¢ = 1.0 x 10
r-- Transprecision & Al Preconditioner — use to roughly solve r = A?Z  ---------=== o mmmmm o oo oo oo

FP16 communication
PreCGe¢ (15t order tetrahedral mesh) FP16-32 computation
Solver.=A".z.uptoe.=0.7

)

o |

1] i

sl |

Y [

& ol o _ rank #0 rank #1

ped S| Use z, as initial solution

E z| i 3 FP32 communication

= S| PreCG¢,,, (1t order tetrahedral mesh) FP16-32 computation

@© — ! - =

5| E| ! Solverg, = A’z upto gy, =0.05 h’ Use z_ as Dirichlet

- =3 I

- g ! Use z,, as initial solution boundary condition

3 |

- - | | PreCG (2 order tetrahedral mesh) FP16 communication
| | Solver=A’zuptoe=05 FP16-32 computation
I

| Use z for search direction Y P ———

Adaptive Conjugate Gradient Iteration FP64 computation
(2" order tetrahedral mesh)

S
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