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
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Introduction Reformulated Al-like Algorithm for Solving Huge Problems
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A better unde_rstanding of earthquake phys_ics IS a gra_md challenge because Reformulate the solver algorithm with local and uniform basis expansions, such that the Performance of the matrix-vector kernel 220 35
of the potential of large damage to the society and cities. computation becomes similar to that used in Al training * The pe_rformance of th_e matrix-vector multiplication Tg’ 15 17 4-fold
. Amagnitude-8 earthquake is ST T « An unstructured finite-element analysis can hardly attain performance on Tensor Cores because kernel s measured using one NVIDIAV100 GPU £ 4, speedup
anticipated along the San Andreas o of the basis functions with complex connectivity and varying strengths. on problem with 2,457,600 voxel elements. 2 ¢
Fault System, which could also be S E il O 1 » We reformulate the solver algorithm such that the local and uniform basis expansions are used. * 49 TFLOPS was achieved using Tensor Cores, s ) 0.94
affected by the olate activity in the R N 2 BORN. o » Alocal and uniform basis is used in the preconditioner of adaptive conjugate gradient method. corresponding to 17.4-fold speedup from a typical Typical  Tensor
. . &5 4 . i FP32 implementation of the matrix-vector kernel.
Cascadia Subduction Zone, where H . : Major part of the solver becomes FP32 Core
a magnitude-Q earthquqke and a %x: Lo, ® e an rlltera_?ve strluctured-grld_ solver — Adaptive conjugate gradient method to solve f =K u —— Time-to-solution of the whole solver kemel kernel
huge tsunaml occgr_re_d In 1700. ‘5;  North ) \_:_V;]te Sggogrgfrﬁgﬁ;tr;na?:&ces' - Preconditioner — use to roughly solve r =Kz~ --=---- « Compared developed solver with a standard solver (PCGE; conjugate
* We expect probabilistic long-term E AT il usage orl _ S | | gradient solver with 3 X 3 block Jacobi conditioning) and the SC14 Gordon
earthquake forecasting to become S 3 0 g multiplication is enabled in most S| | MaFI rtor, emeor Core Bell Finalist solver [2] well-tuned for V100 GPUSs.
. . . 2] - 1 . .
possible by constructing a physics- San Francisco Earth \ ‘ . %?Jggégzégts%]q_ costly matrix-vector produc_:ts. “é ' TRoughly solve .= K.z -/ computation » « Measured performance using 4544 nodes of Summit (27,264 NVIDIA V100
based earthquake model with a San I:Sr::cjlggg 0 v « Same final FP64 results with thOSe 8 : juse L as Ir\]/mal \;O\;ution : GPUS) onal.67x1012 DOF problem .
reallstlc plate geometry and an E8r8n9a/1lgr/|1e?aME6aghq ‘;"w ¢ (/ | Of the Standard SOIVerS al’e atta|ned E : Vv FP32 : . The developed method haS 4000 PFLS)AF’)\ Seunt [] ElapSEd Time (S) 150
assimilation of continuous data L e N O ,. | * The solver convergence is improved - 2| 1 [Roughly solve r, =K.z, " computation , increased the arithmetic count, but 3000 | B8 5047
while solving the governing PaciiciPlate] 195410117 1167 L Sea | e by designing a special elementwitha g1 Use z, as initial solution : Tensor Cor lerated th 191 100
ti Eo S Lty ~ high mapping accuracy = FP32 | eNSOrL.0ores acceieraled e 2000
equations. : | e s i ]
. . . . . . + A voxel element consisting of eight : Roughly solve 1 = K z <~ computation | matrix-vector kemel, leading to 3.89- , 55528.47 20
« The computation of governing equations with equation-based modeling smaller sub-voxels is used L----L ______________________________________ | fold speedup from the SC14 solver. /.32 0
considering the crust, pl.ate’.a.nd. f"."”'t geometry in hlgh ﬂde.“ty 'S required. . * The multiplication of the ie-th Use z for the search direction in £P64 Weak scaling on Summit PCGE SC14  Developed
« Unstructured low-order implicit finite-element method is suitable for computing element matrix and vector the adaptive conjugate gradient P | | solver solver solver
the visco-elastic-plastic time history on a heterogeneous 3D structure. hecomes: teration computation * The developed solver attainsa
Huge cost in computing the large spatial- and temporal-scale problem ' high scalability of 90.5% from %12'8 e 70 68 71 69 7.2 70 7.3
hindered the realization of earthquake forecasting Aie) = Kiie)Prie) = [20=1(@iqie)Ai + Biie)Bi) |Pie) eight to 4544 nodes. Egog | —m————————————
o . _ _ . . B — 1 . . — 3 . ° . ) [l
I\_/Ian_y case anal_yses for large spatial anq temporal-scale problems In high + ey and Bie: Scalar values corresponding A l Led to 416 PFLOPS and 1.10 S 40
fidelity are required (103 km x 103 km region; 102 year duration; km-scale (6 the material broperties of the ie-th element |::> ExaFLOPS for the whole solver ¢ , ,
resolution; 1023 iterations for assimilating data and considering uncertainty). PTop and the_matrlx-vector kernel, T 0.0 | | | | | | |
» The visco-elastic-plastic computation cost is equivalent to solving 1010-12 * A; and B;: 24 X 24 matrices with constant i = =7 respectively, on the nearly full 8 32 128 256 512 102420484544
degrees-of-freedom (DOF) elastic analysis for 1046 times for 1023 cases. values system (4544 nodes). Number of Summit nodes
« At least a 50-fold speedup is required to conduct this analysis even when « Use Tensor Cores for matrix-matrix multiplication
using the state-of-the-art solver on full Piz Daint. A;(P1), P2 --) and B;(pPc1), P2y -)
« State-of-the-art solver: a directive-based SC16 WACCPD solver [1]

designed for P100 GPU based systems, which was developed based on
the SC14 Gordon Bell Prize finalist solver [2].

* An equation-based earthqguake modeling algorithm is transformed to an
algorithm suitable for high-performance hardware originally designed for Al.

Efficient Implementation of Tensor Core

Developed solver attains a 75-fold speedup from the state-of-the-art solver Special o £ T c f 1 matrices i i on-based model » High performance and scalability on full Summit are achieved.
* Accelerated an unstructured low-order implicit finite-element method using pERIE =e1® re.quwe. ot BSIg ensor. ores. o srr.1a. m.a I‘IC.ES 1 e IO.nf ased MOTEHY  Our approach using local and uniform expansions is applicable to other
Ioca_l and un_lfor_m expansions suitable for computation on Summit. « Tensor Core Is designed for large matrix-matrix multiplication with lower precision data types. oroblems according to the target computer architecture characteristics.
* Attained a significant speedup compared to the state-oi-the-art solver. » The reduction of data access cost and prevention of loss of accuracy are required. . We plan to use the developed method to enable long-term earthquake
* Developed solver on full Summit corresponded to a 75-fold speedup from . L . L
the state-of-the-art solver on full Piz Daint. 1. Ensuring convergence of the solver forecasting, which Is expected to advance earthquake disaster mitigation.

« This speedup was very high considering the 215/25 = 8.6-fold difference in « Although a low precision is allowed, a very low precision leads to preconditioner failure.
the FP64 system peak performance between Summit and Piz Daint. - The values of vectors p(;,) and q;,, are normalized per element to improve accuracy. Acknowledgments
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