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@ Hybrid Total FETI Method - Multilevel FETI

FEM discretization FETI method
> 2 R 1|>‘|2|><‘|3r><|4|'su
bl s 2 i NN ¢ >
E 8 ek S A
Hybrid FETI method
cluster 1 cluster 2
:; 1 I)—) (-(I 2 |> E_I 3 - (_iI 4 - e
> > > > z
> 2, ST, 2 £l o
. % 150
Why Hybrid FETI scales? S
FETI processing C%) 100
._,—i Hybrid FETI processing
50

# - number of nodes

1 2 3 4 1 2 3
P R IERERE
p R R RS

System has
12 independent rigid motions. P

TN
Lle:

1 O
| |
] 1
Modified system has ‘only'
6 independent rigid motions.

Total FETI (2D case)

Problem decomposed into 4 subdomains
generates coarse problem matrix (GGT)
with dimension:

Hybrid Total FETI (2D case)

Beam decomposed into 2 clusters

(each consists of N subdomains) generates
coarse problem matrix (GGT) with dimension

3 *(number of CLUSTERS) =

Number of clusters = number of nodes

3 *(number of SUBDOMAINS) =12
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‘ FETI Iterative Solver for Many-core Accelerators

FETI methods relies on sparse direct solvers (mainly on forward and
backward substitutions) and sparse matrix vector multiplications
Operation on sparse matrices have low arithmetic density and “bad”
memory access patterns

Using Local Schur complements in form of dense matrices is still
memory bounded, but can fully utilize fast accelerator memory

This is the main factor that brings the speedup when compared to CPU
lower main memory bandwidth

Projected Conjugate Gradient in FETI

Pre-processing — K factorization
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90 — 95% of runtime spentin Ap;

‘ Local Schur Complement Method for FETI

Local Schur Complement Calculation using PARDISO

o SC - many RHS o SC - PARDISO SC o K factorization o slowdown vs factorization o speedup vs SC — many RHS
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Schur complement calculation is the main bottleneck of the method

PARDISO solvers contain efficient algorithms for SC calculation
(PARDISO SC and PARDISO MKL exhibit almost identical performance)

CG Solver Acceleration using Shur Complement method on Intel Xeon Phi
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Number of subdomains: 512
Stiffness matrix sizes: 2187 x 2187
Non-symmetric: 12.8 GB
Symmetric: 7.6 GB

Number of iterations: 500

Number of subdomains: 1331
Stiffness matrix sizes: 2187 x 2187
Symmetric: 16.2 GB

Number of iterations: 500
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@ :5==S0 Library

(ESPRECO Gt library )

Preprocessing Postprocessing

Mesh Processing

ANSYS /ELMER Visualization
Matrix Assembler ; . .
ESPRESO FEM/BEM (BEM4I) EnSight / Visit
Generator :
_ Paraview
TFETI/Hybrid TFETI |
ESPRESO API i Catalyst

Key Features of the ESPRESO Library

support FEM and BEM (uses BEM4lI library) discretization for: Advection-
diffusion, Stokes flow and Structural mechanics

* Support for Ansys and OpenFOAM database file format
* Multiblock benchmark generator for large scalability tests

« CAPIlallows ESPRESO to be used as solver library - tested with CSC
ELMER

* Postprocessing and Vizualization is based on VTK library and Paraview
(support for realtime vizualization using Paraview Catalyst)

Massively Parallel Solver

* based on highly scalable Hybrid Total FETI Method - scales to ~18 000
compute nodes

* Support for symmetric (CG with full orthogonalization) and
nonsymmetrical systems (BiCGStab, GMRES)

* supports modern many core architectures - GPGPU and Intel Xeon Phi
e contains pipelined Conjugated Gradient Solver — communication hiding
* supports hybrid parallelization in form of MPI and Cilk++

Key Research Funding Projects
* Intel Xeon Phi acceleration developed under Intel PCC at IT4Innovations
« Hybrid FETlI implementation developed under EXA2CT FP7 project

 Scalability tests on Titan machine and GPU acceleration developed
under the ORNL Director Discretion project for 2.7 million core hours
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IT4Innovations Salomon
2,016 Intel Xeon E5-2680v3, 2.5GHz, 12cores
864 Intel Xeon Phi 7120P, 61cores, 16GB RAM

@ Experience with Knights Landing (KNL)

Intel MKL PARDISO for FETI Solvers
Cholesky decomposition and solve using Parallel Studio 2017 beta
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Schur complement and DSYMV using Parallel Studio 2017 beta
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Schur Complement Processing on KNL

Hardware: early access to Intel Xeon Phi 7210 (64 cores at 1.3 GHz) at Intel’s
Endeavor cluster under umbrella of Intel PCC at [T4Innovations

Schur complement calculation using MKL PARDISO

* Inthe best case decomposition scales up to 128 threads (MCDRAM)

* 2.3x better performance for MCDRAM when compared to DDR (19.15/43s)
« 2x Haswell CPUs of IT4l Salomon is 1.4 times faster than KNL (19.1s/13.4s)

Apply - Symmetric Matrix Vector Multiplication (MKL)

* in DDR very bad scalability — from 8 to 32 threads 1.2x speedup

* in MCDRAM scales up to 256 threads up to 4x speed compared to DDR
* 1x KNL is 2.5x times faster than 2x Haswell of IT4l Salomon (3.1s/7.7s)

* 1xKNL is 2.0x times faster than 1x Xeon Phi 7120p

Notes:
- Decomposition on KNL is two times faster than on KNC

MCDRAM significantly boosts the performance of the Schur complement
method in ESPRESO solver.

One KNL compute node can deliver similar performance to two Intel Xeon Phi
7120P accelerators for the critical part of the FETI based solvers if essential data
is stored in the MCDRAM.
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‘ Strong Scalability Evaluation of the HTFETI Method

Test performed on ORNL Titan (18,688 compute nodes)

Structural mechanics - 11 billion DOF on up to 17 576 nodes (281 216 cores)
and Heat transfer (Laplace equation) - 20 billion DOF on up to 17 576 nodes
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‘ Intel Xeon Phi Acceleration of the Iterative Solver
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@ Weak Scalability Evaluation of the HTFETI Method

Heat transfer (Laplace equation) - up to 124 billion DOF on 17576 nodes
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© K Regularization and Factorization
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Tests performed on IT4lnnovations Salomon Supercomputer

Heat Transfer - CG Solver Runtime w. Lumped Preconditioner
solving 7.5 to 2912 million DOF
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‘ GPGPU Acceleration of the Iterative Solver

Structural Mechanics - CG Solver Runtime with Lumped
Preconditioner solving 0.3 - 300 million DOF
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cluster size: 27 subdomains
cluster size: 0.35 million DOF

Note: AMD Opteron 6274 16-core CPU with Tesla K20X GPU w. 6 GB RAM +
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general storage of SC -> 0.35 mil DOF per GPU ~10x smaller problem than 2x
Intel Xeon Phi 7120 w 2x16GB RAM and sym. SC

‘ Real World Problems

Tests performed on IT4lnnovations Salomon Supercomputer

Structural Mechanics - 300 million DOF problem generated from ANSYS
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Hybrid Total FETI with Dirichlet preconditioner

Number of compute nodes [-] 47
Number of clusters [-] 1024
Number of subdomains per cluster [-] 128

Total number of subdomains [-]
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Two Intel Xeon Phi 7120P are 2.5 times faster than two 12 core Xeon E5- This reflects the 2.5x speedup over two 12core Intel Xeon E5-2680v3@2.5GHz ﬁ"er":)ge Si?dom:‘“” Sieel B O ﬁii 1812434 2522829 1316454

2680v3 (Symmetric format for SC further improves performance). CPUs e 'ter:‘]t'ons,['] ,

Total solution time with preprocessing [s] 652 224 87 34
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