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3. Innovations realized 4. Performance measurement 

• Although the difference in accuracy and characteristics of the physics-based simulation methods and data-driven learning methods made it seem difficult to integrate these methods, we 

managed to facilitate the connection between these methods by designing a suitable interface

• Not only improves solver convergence but also enables more efficient computation, as it replaces random access-based SpMV with sequential access-based data driven learning

• Combination with SIMD and multi-core tuning of matrix-free matrix-vector product kernel led to significant speedup from standard solver PCGE and state of the art solver GAMERA

• Similar approach expected to be useful for utilizing the highly efficient cores of recent architectures for physics-based problems with large heterogeneity and random data access

• Expect constructing more accurate data-rich data-driven methods by utilizing wide levels of storage with varying capacity and bandwidth by the developed approach

• Detailed digital twin of a city, updated in real time by assimilation with 

measurement data, is expected to contribute towards safety and robustness 

of cities against threats; however, entails huge analysis cost

• We attempt to reduce the analysis cost by focusing on earthquake disasters

• Requires solving nonlinear wave propagation in coupled ground-city models 

of large areas (103×103×101~2) with complex structures in high resolutions 

(10-2~-1) with low-order unstructured implicit finite element method:

• 𝐴𝑛𝛿𝑢𝑛 = 𝑓𝑛 …(1)
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• Same equation solved in manufacturing industry; however, its size is 

limited to 106~7 degrees-of-freedom (DOF) while that of the target urban 

earthquake problem becomes 1010; thus, new development required

• Develop a new approach by extending the merging of HPC-enhanced 

physics-based simulations with data-driven learning

• Propose an implicit solver that uses data generated during physics-

based simulation for data-driven learning to accelerate the solver

• Combine with Arm scalable vector extension (SVE) aware SIMD & multi-

core tuning of core sparse matrix-vector multiplication kernel on Fugaku

Overview of 

city model

Hard ground layer
Medium ground layer

Soft ground layer

9,323 buildings

Displacement response
Underground 

structure
645 Tenants

Complex response on 

ground surface due to 

underground structure

t = 2.0 s

t = 3.5 s

t = 4.0 s 

Underground

Above 

ground

Finite-element model with

11,002,859,706 DOF,

2,593,545,132 second-order tetrahedral elements

Subway 

station

• Matrix of Eq. (1) is huge and sparse; thus, iterative solvers with low memory 

footprint are used to solve the system of equations

• Comparison with standard solver

• PCGE: conjugate gradient (CG) solver with block Jacobi preconditioning 

& matrix-free matrix-vector multiplication

• Proposed solver IRIS attained 15.2-fold speedup over PCGE on 

measurement problem on Fugaku (details shown in Perf. measurement)

• Comparison with state of the art

• Proposed solver IRIS attained 10.3-fold speedup over GAMERA (SC14 

Gordon Bell Prize Finalist solver based on multi-grid & mixed precision 

preconditioning) in a fully coupled super-high resolution ground-city 

earthquake simulation on 98,304 cores of Fugaku

• Significant speedup attained by running developed method on large-scale 

supercomputers expected to advance digital twin of cities and improve 

resilience to earthquake disasters

2. Comparison with state of the art

1. Overview of problem

5. Summary and implications

1. Data-driven algorithm for improvement of solver 

convergence

• Construct a surrogate model of the physics simulation by 

applying data driven learning to the analysis results 

obtained in the previous time steps and use this surrogate 

model as a preconditioner in an iterative solver

• Use a three step multi-grid in the adaptive preconditioner 

of CG method (Algorithm 1)

• Global nonlinear behavior can be solved by the coarse 

grids (𝐴𝑐1
𝑛 : matrix derived from geometric coarsening of 

𝐴𝑛, 𝐴𝑐2
𝑛 : matrix derived by algebraic-coarsening of 𝐴𝑐1

𝑛 ); 

however, not effective in solving high-frequency modes, 

leading to large computational cost in fine grids

• On the other hand, as a physical time history problem is 

solved, the projection 𝐷𝑐
𝑛,𝑖

from 𝑟𝑛,𝑖 − 𝐴𝑛𝑅𝑐𝑧𝑐
𝑛,𝑖

to 𝑧𝑛,𝑖 −

𝑅𝑐𝑧𝑐
𝑛,𝑖

is expected to be similar in short period of time

• Learn the relationship between 𝑟𝑛,𝑖 − 𝐴𝑛𝑅𝑐𝑧𝑐
𝑛,𝑖

and 𝑧𝑛,𝑖 −

𝑅𝑐𝑧𝑐
𝑛,𝑖

using past solver solutions, and use this projection 

for correcting the coarse solution (Algorithm 2)

• Domain is partitioned using graph partitioning methods, 

and the projection is defined in each subdomain to 

increase number of effective modes with limited data

• Leads to improvement of high-frequency modes in the 

coarse grid solution, leading to reduction in the number 

of fine grid iterations and total computational cost

• Scalable on parallel systems as generation and 

application of projection is conducted independently in 

each subdomain without communication

2. Arm SVE aware SIMD & multi-core tuning of core 

kernel 

• Although cost is transferred to the surrogate model, kernel 

of multiplying a vector to 𝐴𝑛 remains

• Matrix-free matrix-vector multiplication involves much 

random access with data recurrence; not straightforward 

to attain performance on wide-SIMD and many-core CPUs

• Develop novel thread partitioning and SIMD buffering 

methods to utilize all cores and full SIMD width in matrix-

free matrix-vector multiplication

• Combine with Fugaku’s A64FX CPU specific tuning based 

on the register allocation and latency analysis

Measurement settings

• Measure performance on Fugaku (48-core Arm SVE CPU-based 

massively parallel supercomputer; 4 MPI procs.×12 OpenMP threads 

per node) and Oakbridge-CX (dual 28-core Cascade Lake Xeon-

based system; 4 MPI procs.×14 OpenMP threads per node)

• Measure elapsed time for solving 101~200-th time steps of a 

nonlinear wave propagation problem in a finite-element model of an 

actual city

• Use previous 32 steps for constructing and updating projection 𝐷𝑐
𝑛,𝑖

with about 300 DOF per subdomain

Data-driven algorithm performance

• Number of iterations of fine solver reduced by 2.18-fold from PCGE, 

which shifts load to coarse solvers with low computational cost

Core matrix-free matrix-vector multiplication kernel performance

• By development of data-driven algorithm, core kernel changed from 

FP64 SpMV of PCGE to FP32 SpMV

• Combined with the SIMD & multi-core aware tuning led to 12.8- and 

7.73-fold improvement on  Fugaku and Oakbridge-CX, respectively

Total application performance

• On 48 nodes of Fugaku: Attained 15.2-fold speedup from PCGE 

with 12.7% FP64 peak performance

• On 48 nodes of Oakbridge-CX: Attained 14.3-fold speedup from 

PCGE with 12.8% FP64 peak performance

• Excellent weak scalability of 96.4% attained from 2,304 cores to 

1,179,648 cores, leading to 11.8% of FP64 peak on 1,179,648 cores 

(8.87 PFLOPS) 

• Peak performance of 11.8% is very high for a low-order unstructured 

finite-element solver (e.g., performance of HPCG benchmark, which 

has similar characteristics as the target problem, is 2.6% on Fugaku)

• High speedup efficiency was attained from 2304 cores to 18,432 

cores, leading to significant speedup from PCGE even on high core 

counts

High-resolution 
movie:

http://www.eri.u-tokyo.ac.jp/cshpc/share/sc20.html
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