Fast scalable implicit solver with convergence of physics-based simulation & data-driven learning:
toward high-fidelity simulation with digital twin city
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1. Overview of problem 3. Innovations realized

4. Performance measurement

» Detailed digital twin of a city, updated in real time by assimilation with 1. Data-driven algorithm for improvement of solver Algorithm 1 The algorithm is based on the adaptive conjugate ~ Measurement settings
measurement data, is expected to contribute towards safety and robustness convergence | | | T:ld?:e::lt i‘::i:ll:;im hze.:"zlrﬁniagl.ﬁalr} d}l;rrilmjc{;ﬂ_P;mr:ecimilgili; it o |\/|eas_ure performance on Fugaku (48-core Arm SVE CPU-based
of cities against threats: however, entails huge analysis cost . Consrruct a surregate moc_jel of the physrcs_ simulation by ﬁ-rrﬁ*'—1+% ‘_,ﬂﬂ} < the rig'?“ hg;m Cector of Eq. (1), %(’_QFH_JHL massively parallel supercomputer; 4 MPI procs.x12 OpenMP threads
. We attempt to reduce the analysis cost by focusing on earthquake disasters applyrng (_:Iata drrven_ Iearrrrng to the analysis results 37v"—3 — 50v*—2 + 55v™~1) is the initial solution estimated using per node) and Oakbridge-CX (dual 28-core Cascade Lake Xeon-
. Requires solving nonlinear wave propagation in coupled ground-city models obtained in the previous time steps arrd use this surrogate the Adams-Bashforth method. The algorithm (o solve A"ou” = {” based system; 4 I\/I_PI procs.x1_4 OpenMP threa_lds per node)
model as a precondltroner iN an iterative solver 15 shown 1n lines 4-22. € 1s the tolerance for convergence judgment. « Measure elapsed time for solvmg 101~200-th time steps of a

of large areas (10°x103x101~2) with complex structures in high resolutions

Double-precision computation is used, except for the computation of

» Use a three step multi-grid in the adaptive preconditioner nonlinear wave propagation problem in a finite-element model of an

(10-2-1) with low-order unstructured implicit finite element method: _ line 9. _
e A"Su™ = f"...(1) of CG method _(Algonthm_l) I: read boundary condition of n-th time step ) actual city _
where A" — (iM L2 ny Kn) fro— Fn _Qn-1 4 cnpn-l g * Global nonlinear behavior can be solved by the coarse  2: " < B — Q! + C‘-’T’”‘lj M(a"™" + m‘r’”‘fﬁl  Use previous 32 steps for constructing and updating projection D/
_4 dt? dt A grids (Az4: matrix d_errved from geometric coarsening of 1 ?“i? 2_—41;%':: + 37v3 — 59v"2 4 55yl with about 300 DOF per subdomain
M (a"‘1 + Ev"‘l) A", Ag,: matrix derived by algebraic-coarsening of Acy); o 5T Data-driven algorithm performance
with Q™ = Q1 4 Ky u" =y 1 4 sy, p = —pn=1 4 2 gy however, not effective In solving high-frequency modes, 4. ; = | « Number of iterations of fine solver reduced by 2.18-fold from PCGE,
. P ’ at” "’ leading to large computational cost in fine grids 7: while |[rf[2/][f]] = € do which shifts load to coarse solvers with low computational cost
a = —g"1 — avn—l + F(Sun_ * On the other hand, as a physical tirne history problem IS g ;:Dl'i_:;izn_f _ ™ by CG method with ¢ Core matrix-free matrix-vector multiplication kernel performance
« Same equation solved in manufacturing industry; however, its size is solved, the projection Dt from r™ — A"R .z to 2™ — ), = gni g - By development of data-driven algorithm, core kernel changed from
limited to 10°-7 degrees-of-freedom (DOF) while that of the target urban R.z." is expected to be similar in short period of time . ifi>1 1th~s-ntI FP64 SpMV of PCGE to FP32 SpMV
earthquake problem becomes 1019; thus, new development required » Learn the relationship between r™ — A”Rcz?'i and z™' — :1 E_"j fl? (2, q)/p  Combined with the SIMD & multi-core aware tuning led to 12.8- and
. Deve_Iop anew approaeh by extending t_he mergin_g of HPC-enhanced R.z™'using past solver solutions, and use this projection 14 p<z+Bp 7.73-fo|r:l im_provement on Fugaku and Oakbridge-CX, respectively
physics-based simulations with data-driven learning for correcting the coarse solution (Algorithm 2) 15 q< A"p Total application performance
» Propose an implicit solver that uses data generated during physics- . Domain is partitioned using graph partitioning methods :? p <= {E-{l‘} 1 * On 48 nodes of Fugaku: Attained 15.2-fold speedup from PCGE
i i i i SN S . ' 11 a<=p/(p,q i
based simulation for data-driven learning to accelerate the solver | and the projection is defined in each subdomain to 8 Qe —aq with 12.7% FP64 peak perforrrrance
 Combine with Arm scalable vector extension (SVE) aware SIMD & multi- increase number of effective modes with limited data 19: r<r4q  0On 48 nodes of Oakbridge-CX: Attained 14.3-fold speedup from
core tuning of core sparse matrix-vector multiplication kernel on Fugaku . Leads to improvement of high-frequency modes inthe 2" fu” < du” +ap PCGE with 12.8% FP64 peak performance
coarse grid solution, leading to reduction in the number 21: ?]*"-:]:,IJF l « Excellent weak scalability of 96.4% attained from 2,304 cores to
. . ! 22 end whlle .
| | o | + Scalable on parallel systems as generation and 24wt w4 dut (8.87 PFLOPS) | |
« Matrix of Eqg. (1) is huge and sparse; thus, iterative solvers with low memory application of projection is conducted independently in 25: v = —V”‘l + E{ﬁﬂuﬁl .  Peak performance of 11.8% is very high for a low-order unstructured
footprint are used to solve the system of equations each subdomain without communication e ;‘Z[; :;11_[5 ;f%‘;;_“mt g;"““ finite-element solver (e.g., performance of HPCG benchmark, which
) Coggzrgon W_Ith s:andarjc_l Sc’zl\(/Ce:ES) | h block Jacobi ditioni 2. Arm SVE aware SIMD & multi-core tuning of core 28: set A™"! considering nonlinearity rljleshamllarjchar;eterrstrcs as the _targe: proglgeg:{ IS 2.6% (ig Zggaku)
. . conjugate gradien solver wi ock Jacobi preconditioning | arnel « High speedup efficiency was attained from cores to 18,
X - X - inlicati : Algorithm 2 A solver algorithm combining equation-based model- i ianifi D i
& matrix-free matrix vecto_r multiplication +  Although cost is transferred to the surrogate model, KerMel in, und datadriven learnine s used o solve A"z — " in lind cores, leading to significant speedup from PCGE even on high core
* Proposed solver IRIS attained 15.2-fold speedup over PCGE on of multiplying a vector to A™ remains 9 of Algorithm 1. diag[A™] is the 3 x 3 block diagonal matrix of counts L 1032 8

PCGE it 3230.4

wa. The 3 x 3 block diagonal matrix is used as the preconditioning

measurement problem on Fugaku (details shown in Perf. measurement)
matrix in each CG method, whose tolerance of convergence judgment

Matrix-free matrix-vector multiplication involves much

» Comparison with state of the_art random access with data recurrence; not straightforward IS €.2. €1 and €., respectively. D7;" and D" are the projections 134.6
« Proposed solver IRIS attained 10.3-fold speedup over GAMERA (SC14 to attain performance on wide-SIMD and many-core CPUs fined in cach small domain for the estimation of high-frequency IRIS F212'7
rdon Bell Prize Finali lver n multi-ari Mmix recision L _ modes obtained from analyzing data of previous steps. By using
Gordo d.t.e : e fa”St >0 ? (I;ased Oh. hUt J Idt.& ed %eis 0 * DeVe|0p novel thread partitioning and SIMD bUffermg these projections for the estimation of the high-frequency modes, 0 2000 4000
preconai |On|r_]g) In a ully coupied super-nign resoluton ground-city methods to utilize all cores and full SIMD width in matrix- the number of iterations in the fine equation is transferred to the Elapsed time of application (s)
earthquake simulation on 98,304 cores of Fugaku free matrix-vector multiolication iterations on less costly coarser CG methods, even for the high- 128x128 P PP
. Signif d ined b ina d | d hod | | P frequency mode-dominated problems. All computation is conducted . ) OBCX (48 nodes)
'gniticant speedup attained by running ceveloped method on large-scale . combine with Fugaku's A64FX CPU specific tuning based  in singleprecision. 0.25m sized eleme = Fugaku (48 nodes)
supercomputers expected_to advance digital twin of cities and improve on the register allocation and latency analysis I e Pt Measurement problem setting Time-to-solution of solvers
resilience to earthquake disasters Decompose using graph . r%; = P
N - i S 220.8 | 3227 = 3230 1630
partitioning method 3z < (diag[AL]) "'l 589824 =-219.2 | 3553 O 52048
Undergmlfpd ' - 4 solve A"z 5" =rl;" by CG method with €. e I 355 S = G
Displacement response e24c2 c2 n 147456 2148 E c 409
S — Overview of NUEEEN Complex response on 6 solve A%z i" =T1¢f by CG method with € © 2121 | 19 88 — 645 .54
< D city model DAY ground surface due to ~ 7: construct/update D" using (z" — Rezy') and ; 9216 %]1_421(8) I %%%g i‘}% 39 '
BN underground structure | | | - AlL(zy —Rezy) | 2304 e/ | 3230 U
mesh All threads compute mesh ;Thread 1, (Thr.eadsé g z™! — Hclzfl't + D:li {l‘n'f — A”H.frz':l'l} 0 2000 4000 2048 4096 81921638432768
75 ~each color 5 2,3 1dle) 9. solve Ang™i — pnt by CG method with € : o # of cores
e 0.0 1 ottt T ’ - S pTE . Elapsed time of application (s)
 Thread 3 - . _—_— n+1.1 i ok - RIS ~IRIS
lnread s~~~ - 10: construct/update D, using (z™" — R.z_.; ) and
A a) Standard coloring method - A" (z™ — R,z ’ : ~ mIRISEPCGE _
e b) Developed thread partitioning method | e el Weak scaling up to 1,179,648 Fugaku cores Strong scaling on Fugaku
};,

5. Summary and implications

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