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To achieve a reduction in the damage caused by largsolver [7] together with mixed-precision arithmetic. A com-
earthquakes by improvement in reliability of disaster esti-munication avoiding inexact LU decomposition [8], which has
mations, we have developed an HPC-based comprehensivery good convergence characteristics for crust-deformation
earthquake simulation system of wave propagation, structurgdroblems, is used for preconditioning the coarse grid. By using
and social responses. Although challenging to attain perfora sophisticated preconditioner on a problem reduced by the
mance on current computer architectures, we greatly accelemulti-grid, we can reduce the iteration counts while attaining
ated unstructured implicit finite-element simulations needed t@ low-memory footprint. Furthermore, memory access, com-
solve nonlinear wave-propagation problems in complex-shapechunication, and computation cost per iteration are reduced
domains, by both computational and computer science considby using single-precision arithmetic in the preconditioner. For
erations (e.g., Ichimura et al., Gordon Bell Prize Finalists inmatrix-vector multiplication in these solvers, we use matrix-
SC14 [1] and SC15 [2]). By applying this fast and scalablefree methods (i.e., element-by-element method, EBE [9]) to
general-purpose finite-element solver to wave propagation, sdilirther reduce the memory footprint. As EBE becomes an
amplification, and crust-deformation analyses, we can simulaten-cache computation kernel, we can also circumvent load-
all phases of earthquake disasters on a larger scale and witlmbalance from the differences in memory access patterns
higher resolution than existing HPC methods. Furthermorein the unstructured computations. Indeed, 96.6% size-up effi-
these physics-based simulation results can be input into socialency was attained up to full K computer with 663,552 CPU
simulations of an earthquake disaster. This system is expectewdres for the whole solver with a simple preconditioner and
to be a next-generation earthquake disaster estimation methd@B.8% size-up efficiency was attained up to full K computer
and joint projects are currently underway with national andeven when using the targeted ILU preconditioner on a highly
local governments as well as with nuclear power and lifelinenheterogeneous problem. Although it is not a straightforward
industries. This poster presents the algorithmic design, impleprocess to achieve high levels of performance on EBE ker-
mentation, performance, and portability of a fast low-memorynels on CPUs with SIMD units and multi-cores due to data
footprint implicit solver developed to forecast earthquakes byecurrence, we could accelerate these hot-spot EBE kernels
data assimilation — the next ambitious target of a comprehenising novel SIMD buffering and coloring methods. These
sive earthquake simulation system. developments led to high performance levels for an implicit

unstructured finite-element method; 27.6% of double-precision

With physics-based crust-deformation simulation in earthfpeak was attained for the EBE kernels and 11.5% of peak (1.21
quake forecasting, a resolution ab°~! m is required to PFLOPS) was attained for the whole solver when using the full
resolve the physics of faulting on a heterogeneous fault plané computer system. The method is also highly portable; the
[3], [4], while a domain of105~7 m x10°~7 m x10°~¢ m  EBE kernel attained 27.0% of double-precision peak FLOPS
with many plates having complex three-dimensional geomeen the newest Intel Broadwell CPU [10], and although only
tries needs to be modeled to connect the fault plane to that a preliminary stage, we could also confirm high levels of
observation points. This leads to at lea8t—' Tera-Degrees- portability using GPU architecture. As expected, the solver is
of-Freedom (T-DOF) unstructured finite-element simulationsextremely effective for practical problems, and enabled solving
even when using mathematical methods such as multiscae2.05 T-DOF problem of Eastern Japan, which corresponds to
analyses based on singular perturbations. This problem 205 times more DOF compared with the state-of-the-art, in just
1023 fold larger than the 0.01 T-DOF problem solved in 3199 s by using the whole K computer. This is 30 times faster
the current state-of-the-art simulation using one-tenth of the€ompared with a memory-efficient solver developed in SC14
K computer [5], [6], and thus, a fast implicit solver with using 3x 3 block Jacobi preconditioning with EBE scalable
a low-memory footprint and high scalability is needed forup to the whole K computer.
such computations on present-dag'—2 PFLOP machines
with 10° petabyte memory. Thus we designed a solver using This scalable and portable unstructured computation al-
multi-grid preconditioning in an inexact conjugate gradientgorithm capable of utilizing SIMD width and multiple core



counts is expected to benefit from large advances in hardware
capability in the next generation of many-core architectures
(e.g., Post-K supercomputer [11] and Knights Landing [12]).
This will enable multiple practical crust-deformation simu-
lations, and thus, will strongly support advances in physics-
based earthquake forecasting based on data assimilation. This
unstructured finite-element solver is also expected to be useful
in a wide range of applications where appropriate geometrical
modeling is essential for ensuring appropriate degrees of
numerical accuracy.
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