














ExaSMR: Performance on Crusher (vs. A100, V100)

Crusher, nsae=4 M Perlmutter, ngyg= 2.9 M ThetaGPU, nsye= 6.7 M

M. Min, Y. Lan ANL

Summit, ngue= 1.92 M
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ThetaGPU: 0.91 TFLOPs/GPU, aggregate
Crusher: 0.64 TFLOPs
Summit: 0.48 TFLOPs




el Direct numerical simulation of rowovera |
gl full NACA4412 wing at Re, = 4001000

XK

= DNS with Nek5000
* Re =400, Re,=2800
= AoA=5 deg.
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: i Wa ke turbulence
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turbulence + 3.2 billion grid points
[T « 35 million CPU hours needed
T 7 for convergence of turbulence
i W\ T 4 75 TB data, 12 ETT
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Philipp Schiatter ' ETC-16 Stockholm
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Answering a Common Question: How long will my job take?

] Consider this hero calculation
from a few years ago.

J How many A100s?
JHow many A100 hours?

JHow many node hours?

J 1000 A100s
JEach ~300X a CPU
110K GPU hours
1110 wall clock hours
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Conclusions

dOverview of scaling issues for Navier-Stokes

JUsers are most likely to operate around 80% efficiency (give or take...)
dSeveral preconditioners
dImportance of the coarse-grid solve (e.g., modify solution approach)

dThe new machines are in fact delivering about 3X performance at the strong-scale limit:
A New preconditioners (Cheby-RAS/ASM)
JdHighly-tuned OCCA kernels
JOverlapped communication/computation
JMixed-precision preconditioners
dOn-the-fly tuning, everywhere.

Thank you for your attention!
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Schwarz-Based Nonconforming Methods Y. Peet ’12, ‘16, K. Mittal’19, Lindquist & Min ‘21

—

* Independent NS solves on distinct MPI communicators
e prototype GPU port by Neil Lindquist & Misun Min
e production version in NekRS V22.1

* Requires scalable general interpolation, findpts() [Lottes 2010]

* Extremely useful for
 domains with relative twist

* domains where two or more complex mesh topologies
meet

* domains with rapid variation in resolution requirements
* rotating machinery

* etc.

Fischer, Min, Tomboulides -- Argonne National Laboratory



Interesting Chebyshev Smoother James Lottes (Google)

James Lottes, Optimal Polynomial Smoothers for Multigrid V-cycles, ArXiv, 2022.
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0. Introduction (preceding slides)

1. Mathematical Background

1 Discretization - SEM

(1 Navier-Stokes timestepping

(1 Pressure Poisson Problem & Preconditioning

2. Parallel Computing Concerns
d Scalability €= Speed
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For HPC (exascale) systems, both MDOFS and n, ; are important

. . 2
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d On GPUs, can obviously realize high MDOFS (with significant effort)
 Low n, 4 is more challenging — even on one GPU!

O In NekRS (and CEED in general), seek ways to reduce (n, 3/ MDOFS) algorithmically and through vendor
interactions (ECP co-design).

1M. Otten, J. Gong, A. Mametjanov, A. Vose, J. Levesque, P. Fischer, and M. Min. An 2 P. Fischer, M. Min, T. Rathnayake, S. Dutta, T. Kolev, V. Dobrev, J.S. Camier, M. Kron-
MPI/OpenACC implementation of a high order electromagnetics solver with GPUDirect com- bichler, T. Warburton, K. Swirydowicz, and J. Brown. Scalability of high-performance PDE
munication. Int. J. High Perf. Comput. Appl., 2016. solvers. Int. J. of High Perf. Comp. Appl., 34(5):562-586, 2020.
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GPU Developments (NekRS)

Highly-tuned kernels” sustaining 1-2 TFLOPS on V100 (w/o communication) (ke
Overlapped computation/communication

Auto-tuned communication (similar to Nek5000/CEM gslib)

32-bit preconditioners to reduce communication overhead

Extensive suite of multilevel preconditioners for pressure Poisson problem
Extensive (and growing) support for multi-physics problems

Scalable parallel I/0

Ported to multiple GPUs (V100, A100, MI100, ...)

CoOoO0O00 O 0O

Initial OCCA kernel development from libparanumal
library out of Tim Warburton’s group at V.Tech.
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Spacer Grid Performance: n=1.1 B

Misun Min, ANL, Elia Merzari, PSU

Spacer-Grid DNS Performance on Mira vs. Summit, £ = 3235953, N =7,n = 1.10B

System | Code Device | Node Rank | R/N | E/Rank | n/Rank tstep(s) | Eff
Mira Nek5000 CPU 8192 | 262144 32 12 4116 | §6.90e-01§| 100
38 1596 42 2027 | 695446 | 1.68e+01 | 100
Summit | Nek5000 CPU 76 3192 42 1013 | 347723 | 0.50e+01 | 106
152 6384 42 506 | 173861 | 0.23e+01 | 114
304 12768 42 253 86930 | 0.11e+01 | 120
38 228 6 14193 4.8M | 2.75e-01 | 100
Summit | NekRS GPU 60 360 6 8988 3.0M | 1.92e-01 90
76 456 6 7096 24M | 1.64e-01 84
98 588 6 5503 1.8M | |1.39e-01 0

J Code is running fastest at strong-scale limit (large processor count, parallel efficiency~0.8)

J For Navier-Stokes, Summit is faster at the strong-scale limit than Mira (surprisingly).




ExaSMR: 17x17 Rod-Bundle Performance Misun Min, Yu-Hsiang Lan ANL

Strong- and Weak-Scaling on ORNL Summit

NekRS Strong Scale: Rod-Bundle, 200 Steps
Node GPU E n n/P Lstepl S ] Eff
1810 | 10860 | 175M | 60B | 5.5M | 1.85e-01 || 100
2536 15216 175M 60B 3.9M 1.51e-01 87
3620 121720 1 L05M | 608 | 2. 7M | 1.12e;01 | 82

4180 25080 | 175M 60B 2.4M | 1.12e-01 71
4608 27648 | 175M 60B 2.1M | 1.03e-01 70

NekRS Weak Scale: Rod-Bundle, 200 Steps

Node GPU E n n/P Lstepl ] Eff
87 522 3M 1.1B | 2.1M | 8.57e-02 || 100
320 1920 12M 4.1B | 2.1M | 8.67e-02 99
800 4800 30M 10B | 2.1M | 9.11e-02 94
1600 9600 60M 20B | 2.1M | 9.33e-02 92
Performance on Full Summit 3200 19200 121M 41B 2.1IM 9.71e-02 88
4608 | 27648 | 175M | 60B | 2.1M | 1.03e-01 83
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NekRS on Summ

Y.Lan, M.Min, E. Merzari

Figure 8: Turbulent flow in an annular packed bed with N' = 352625 spheres meshed with E = 98, 782,067 spectral
elements of order N = 8 (n = 50 billion gridpoints). This NekRS simulation requires 0.233 seconds per step using

27648 V100s on Summit. The average number of pressure iterations per step is 6.



NekRS Per-Step Timing Breakdown: n=51B

pre-tuning post-tuning
Operation time (s) | % | time (s) | %
computation 5.95-01 | 100 | 2.74-01 | 100
advection 2.91-02 5 2.25-02 8
viscous update 2.69-02 5 2.99-02 1 |
pressure solve 5.40-01 90 2.19-01 80
precond. 4.65-01 78 18.4-01 67
coarse grid | 2.70-01 45 3.02-02 11
projection 3.39-03 1 6.05-03 2
dotp 2.46-02 4 9.60-03 4

Initial Formulation:

- 45% of the time in the coarse-grid solve
- Alleviate coarse-grid pressure by improving fine-level smoother, increasing
dimension of pressure-projection space, adding GMRES, etc.
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Result:

- 9X reduction in coarse-grid solve overhead
- 2.2X reduction in time per step

- Only 6 hours of run-time required for full core simulation.

Major Algorithmic Variations, 352K Pebbles, P=27648

Case Solver Smoother L Ng | At V; Di tstep
(a) FlexCG 1-Cheb-ASM:851 8 13 | 4e4 | 3.6 | 22.8 | .68
(b) FlexCG 2-Cheb-Jac:851 8 13 4e-4 | 3.6 | 17.5 | .557
(c) ” 2-Cheb-ASM:851 8 13 | 4e4 | 3.6 | 12.8 | .468
(d.8) ” 2-Cheb-ASM:8641 8 13 | 4e4 | 3.6 | 9.1 | 426
(d.L) 7 2-Cheb-ASM:8641 | 0-30 | 13 | 4e-4 | 3.6 | 56 | .299
(e) GMRES 7 30 13 | 4e4 | 35 | 46 | .240
(f) 7 ” 30 11 | 84 | 5.7 | 7.2 | .376
(g) 7 ” 30 11 | 8e-4 | 57 | 7.2 | .361 (no l/O)
ENERGY | scicnce Los @ CEED Arseonnc ©




Summary of Current HPC Landscape - Scientific Computing Perspective

(] Pre-exascale systems such as Summit are realizing 3X performance gains over
strong-scale limit on Mira (i.e., 3X reduction in time-per-step).

JSummit enables much larger problems — 175M elements vs. 15M elements
(factor of 11 in problem size)

JSummit is a 200 TFLOPS platform; 5X smaller than exascale.

(Exascale will not reduce time to solution unless your job is too large for
Summit, but it will make large Summit runs look small, which is good for
exploring parameter spaces.
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Summit-Mira Comparison Ramesh Balakrishnan ANL

E=3.14M, N=7, n = 1.08B

Mira:

P=524288 ranks (262144 cores)
n/P =2060

0.496 s/step (CFL ~ 0.45)

24 hour run (of several)

Summit: Summary:

P=528 ranks (528 V100s) At strong-scale limit (80% eff.)

n/P =2.05M - NekRS+Summit 2 3.4X faster than Nek5000+Mira
0.146 s/step (CFL ~ 0.45) - Requires about 10% of Summit resources vs. 7 Mira
24 hour run (of several) (This result not a foregone conclusion...2020 BP Paper.)
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Local Matrix-Free Stiffness Matrix in 3D

* For a deformed spectral element, £2¢, never form local stiffness matrix.

T
D T Grr Grs Grt D T
Au® = Dy Grs Ggs Gy Dy u”

Dt Grt Gst Gtt Dt

2 Or Os
Dr—([®[®D) Grs—JoBo<%%

* Through use of chain rule + GLL quadrature:

— Matrix-free operator evaluation.
— Operation count is only O (N4) not O (N°®) [Orszag 80 ]

— Memory access is 7n (G, , G, , etc., are diagonal )

— Work is dominated by matrix-matrix products involving D,., D, , etc.

or 0s 87“ 0s
6’y 8y 0z 0z

B — diagonal mass matrix
J — Jacobian on GLL nodes
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