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Introduction to IT4Innovations computing infrastructure
Total FETI and Hybrid Total FETI method

— Intel Parallel Computing center at IT4lnnovations (ESPRESO solver)
— Hybrid FETI method

— Acceleration of FETI method on Intel MIC
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IT4Innovations infrastructure history

1. Anselm
94 TFLOPs system
June 2013

2. IT4I building
July 2014

3. Salomon
2 PFLOPs system
July 2015
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Anselm in numbers

« 209 compute nodes

« 3344 Intel Sandy bridge cores

« 15136 GB RAM (64, 96, 512)

« 24 nVidia Tesla K20

* 4 Intel Xeon Phi 5110P (240 cores)

« Rpeak 94TFlop/s (94*10"12 flops per sec)
« Rmax 73TFlop/s (LINPACK)
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Salomon in numbers

« 1008 compute nodes

« 24192 Intel Haswell cores
« 129024 GB RAM (128)

« 864 Intel Xeon Phi 7120P (52704 cores)

« Rpeak 2PFlop/s (2*10715 flops per sec)
« Rmax 1.5Flop/s (LINPACK)

« #55 in top500.org (July 2015)
« #20 in Europe (June 2015)
 (#1 Intel Xeon Phi in Europe)
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Intel Xeon Phi coprocessors in Salomon

SRR

s | - Linux
Intel® Xeon Phi™ Coprocessor

Virtual Network
Connection

Intel® Xeon® Processor

Xeon Phi 7120P I Virtual Netwc!rk
x86 architecture, 1.2TF Connection

864x Intel Xeon Phi 7120P

| 61(244) cores, 512 bit FMA
national 16 GB RAM

supercomputing
center



Intel KNC Architecture

Up to 61 Cores, 244 Threads
512-bit SIMD instructions
>1TFLOPS DP-F.P. peak

Up to 16GB GDDR5 Memory

— 352 GB/s peak, but ~170 GB/s measured

PCIe 2.0 x16 - 5.0 GT/s, 16-bit

Data Cache
— L1 32KB/core

8 memory controllers
16 Channel GDDR5 MC
PCle GEN2

— L2 512KB/core, 30.5 MB/chip
Up to 300W TDP (card)

High- speecl bi-directional
ring interconnect

Fully Coherent L2 Cache

Cores: 61 cores, at 1.1 GHz
in-order, support 4 threads
I | 512 bit Vector Processing Unit

32 native !QISIEI’S

Reliability Features
Parity on L1 Cache, ECC on memory
CRC on memory 10, CAP on memory |0

Linux* operating system
— |P addressable - coprocessor becomes a network node
— Common x86/IA
— Programming Models and SW-Tools
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584 users in 234 projects
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Users of IT4Innovations infrastructure

Allocated IT4l resources since 6/2013

7% 4%
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Intel® Parallel Computing Center
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Intel® Parallel Computing Center

« WP1: Development of highly parallel algorithms
and libraries
. Algorithm development & implementation - ESPRESO
. Algorithm optimization
«  WP2: Development and support of HPC community codes
. Development of the API
. Plug-ins for selected community codes - OpenFOAM, ELMER

[ ] ®
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center



-SPES0O) Parallel solver

Various inputformat including API

Mesh processingand Matrix Assemblers

Multi-level domain decomposition method

Support for modern multi and many-core accelerators

_ (=oPResO Gt library )
Preprocessing

Postprocessing

Mesh Processing

ANSYS/ELMER

. Visualization
Matrix Assembler

ESPRESO FEM/BEM (BEM4I) E'_
Generator

TFETI/Hybrid TFETI Paraview
ESPRESO AP SOIVErs Catalyst
IT4Innovations

e Foxg-S-cale P-a-R-allel f-E-ti SO-lver
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Total FETI method

Total FETI
« Non-overlapping domain decomposition method

« Mutual continuity of primal variables between neighboring subdomains is enforced by
dual variables, i.e., Lagrange multipliers obtained iteratively by the Krylov subspace
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A METHOD OF FINITE-EL EMENT TEARING AND INTERCONNECTING AND ITS PARALLEL SOLUTION ALGORITHM
By: FARHAT, C; ROUX, FX; INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN ENGINEERING, Volume: 32, Issue: 6, 1991
Highly scalable parallel domain decomposition methods with an application to biomechanics
IT4Innovations By: Klawonn, Axel; Rheinbach, Oliver; ZAMM-ZEITSCHRIFT FUR ANGEWANDTE MATHEMATIK UND MECHANIK, Volume: 90, Issue: 1, 2010
national Total FETI domain decomposition method and its massively parallel implementation

supercomputing By: Kozubek, T.; Vondrak, V.; Mensik, M.; et al.; ADVANCES IN ENGINEERING SOF TWARE Volume: 60-61, 2013
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Total FETI method

L N E @1 HEH )i NN (@i HEE 4 1
> E:Jr @l NN ¢ q II:;“I > min-u"’Ku—u"f s.t. Bu=—c
> <L ST S > < I 2
O K, 0 O 1
K=\ o 02 K, 0> minilTFA —AMd s.t. GA=o0
O O O K
......... . 4
1 '1 L"2 | 3B 4 F= T'GTz_BR'
o HE FH  BETRL.. d= BK*f-c
N7 h_;‘,—vt::::::_'_' | g
(4 R, 0 0 0 Projected Conjugate Gradle.nt method
ropo XK=\ o 0 Ry 0 Flen T8 -
sup:r‘computing 0 0 0 R4 P — I_ GG



Total FETI: Weak scalability

90.00
80.00
70.00
60.00
50.00 282(:.1

40.00 s 26 45
30.00 11 14 16 Bagu 25 03
20.00
20.00 12.48 2
0.00
3,885,087 31,080,696 104,897,349 248,645,568 485635875 839,178,792 1,332,584,841

I K regularization and factorization [s] ™ Setup FETI solver - preprocessing [s] FETI solver - runtime [s]

243 -domain size

ﬂﬁg::;ations 43 subdomains per node —processed in parallel on 24 cores using Cilk++
supercomputing Testranon:1,8,27,64, 125,216 and 343 nodes (13 ... 73)—each 24 cores

center



Reaching Total FETI limits

90.00
80.00

22
60.00 Qg\@\f\f\\
50.00 @©@@§@@ N

a@@@
40.00 - gact ©ﬁ a0ty

30.00 13.05 ?g@ﬁ
20.00 7 57
10.00

0.00
3,885,087 31,080,696 104,897,349 248,645,568 485,635,875 839,178,792 1,332,584,841

W K regularization and factorization [s] ™ Setup FETI solver - preprocessing [s] FETI solver - runtime [s]

123 -domain size

[Talnnovations 93 subdomains per node —processed in parallel on 24 cores using Cilk++
natliona
supercomputing Testranon: 1, 8, 27 nodes — each 24 cores

center



Total FETI and Hybrid Total FETI Methods

Hybrid Total FETI
« Non-overlapping domain decomposition method
« Subdomains grouped into non-overlapping clusters

« Mutual continuity of primal variables between neighboring subdomains is enforced by
dual variables, i.e., Lagrange multipliers obtained iteratively by the Krylov subspace

methods
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Hybrid Total FETI solver — Why is it scalable?

3 IRE

System has
12 independent rigid motions.

B
T~ | s
: oo fr=—arrrio:

Total FETI (2D case)
Problem decomposed into 4 subdomains
generates coarse problem matrix (GGT)

with dimension:

3 *(number of SUBDOMAINS) =12

IT4Innovations
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B3

[ REE)

1 C

] 1
Modified system has 'only’
6 independent rigid motions.

Hybrid Total FETI (2D case)

Beam decomposed into 2 clusters

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

3 *(number of CLUSTERS) =6

Number of clusters = number of nodes




HTFETI: Weak scalability

90.00
80.00
70.00
60.00
50.00

40.00 10 31 36 39 50 51 53

30.00 6.25 17.45 20.88 23.27 30.88 32.13 33.22

20.00
10.00
0.00

3,885,087 31,080,696 104,897,349 248,645,568 485,635,875 839,178,792 1,332,584,841

W K regularization and factorization [s] @ Setup Hybrid FETI solver - preprocessing [s]

W Setup FETI solver - preprocessing [s] FETI solver - runtime [s]

123 -domain size

IT4Innovations 3 . .
Cational 93 subdomains per cluster - HFETI cornersin corners— no corners on edges
supercomputing Testranon:1,8,27,64, 125,216 and 343 nodes (13 ... 73)—each 24 cores

center



Main blocks of the Hybrid Total FETI solver

M K regularization and factorization time [s]
B FETI Preprocessing time [s]
HFETI preprocessing time [s]
CG Solver runtime [s]
238,6 245,1 245,2 247,6 2473

iters: iters: iters: iters: iters:
168 169 169 172 169
iter. iter. iter iter iter

time: time: time: time: time:

1.393s 1.422s 1.423s 1.437s 1.435s

Iterative solver step (CG solver runtim
the most time consuming part
* Runtime depends on number of iterations = how
well the problem is conditioned
* Essential kernels will be discussed later

265,5
o Preprocessing_step - all operations
0 executed one time
Coarse problem matrix assembling and
iter calculation of its inverse (FETI
f'g;js preprocessing)
: * Assembling —nearest neighbor MPI communication
required

* Inverse matrix calculation—1 MPI broadcast —local
factorization and solve (PARDISO)

Number of compute nodes [-]; .

Additional preprocessing inside clusters
Problem size [billions of DOFs/ .
10,2 .

0,2 10,0 10,1

s i i i i i ——

1331; 1728; 2197; 2744; 3375;

IT4Tnnovations 9.8 12.8 16.2 20.3 24.9

national
supercomputing
center

(HTFETI preprocessing)
Several local factorizations and solves using PARDISO
Stiffness matrix factorization (K

factorization)

A096; * Local factorizations and solve using PARDISO

30.3



Computing kernels of FETI method

90 - 95% of runtime spentinAp;
Pre-processing- K factorization

Projected Conjugate Gradient in FETI

1 rg:=b— Axo; up := M~ 1ry; po = ug

2. fori=0,....m—1do 1.)x=BlT'/1 -SpMV
33 s:= Api >
— -1, _
& o= {r.u)/(s.p}) 2)y=K " -x solve on CPU
5 Xig1 =X+ op 3)A= By -y -SpMV
6: fiy1 = — Qs
7 Ujs1 = M7lry 4.) stencildata exchangein A
8 = (i1, uipr) / (i uj) - MPI —Send and Recv
9:  piy1 = Uit1 + Bpi
10: end for - OpenMP -shared mem. vec
Sparse Matrix-Vector Dot-product
product » Global communication
» Only communication ~ » Scales as log(P)
with neighbors Scalar vector multiplication,
» Good scaling vector-vector addition
IT4Innovations » No communication

. SpMV  local dot  reduction b-cast ~ aXpy DO reduction b-castscale
national o

supercomputing
center



How to Accelerate FETI methods with Xeon Phi
Approach 1 — Using Sparse Matrices

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

Projected Conjugate Gradient in FETI
1 rg:=b— Axo; up := M~ 1ry; po := up

2: fori=0,....m—1do 1)x =B -2 - SpMV on CPU
3 si=Apj > PARESY(@ - PCle transfer from CPU
4 a:=(ru)/ (s, pi)
5: Xiy1 = Xj + ap;j
6: rii1="r—as 4.) - PCle transfer to CPU
. = N1,
7 iy = M7 5) : -SpMV on CPU
8  [:={(rig1.u; ri, Uj
| _< 1, i) / {rio i) 6.) stencil data exchangein A
9 piy1 = Uir1+ Opi
10: end for - MPI -Send and Recv
- OpenMP -shared mem. vec
Sparse Matrix-Vector Dot-product
product » Global communication
» Only communication ~ » Scales as log(P)
with neighbors Scalar vector multiplication,
» Good scaling vector-vector addition
IT4¥nnova‘tions > No communication SpMV  local dot  reduction b-cast ~ aXpy DO reduction b-castscale
national -

supercomputing
center



How to Accelerate FETI methods with Xeon Phi
Approach 1 — Using Sparse Matrices

Haswell MIC
1x E5-2680v3 CPU 1x Intel Xeon Phi 7120p accelerator

i Fact. [s] Solve Fact. [s] Solve Fact. [s] Solve Fact. [s] Solve

[s] [s] [s] [s]

6591 x 6591-700 domains 7.2 18.7 24.5 41.4 22.9 26.2 27.5 17.1
12288 x 12288-300 domains 7.8 18.5 22.2 40.0 19.8 26.1 27.3 20.5

Factorization (preprocessing) - 7120p Xeon Phi is approximately 3-4x slower than CPU
Solver (iterative solver) - 7120p Xeon Phi is as fast as CPU

With this approach preprocessing time remains the same, but iterative solver
processing time is reduced by 50% by Intel Xeon Phi.

IT4Innovations
national
supercomputing
center



How to Accelerate FETI methods with Xeon Phi
Approach 2 — Using Dense Matrices (Schur Complement)

Projected Conjugate Gradientin FETI 90 - 95% of runtime spent in Ap;

Pre-processing-S. = B; K~1BT - MIC

1 rg:=b— Axp; ug := M~ 1ry; po := ug
2. fori=0,....m—1do 1.) A > MIC - PCle transferfrom CPU

2)A=S,-1-DGEMV,DSYMVon MIC
3.)4 <« MIC -PCle transferto CPU
4.)

)
n
|
>
AS]
\ 4

4 a:={(ru)/(s,pi)
51 Xip1 1= X +ap;

6: fiy1 :=ri —as
7
8

-1 .) stencildata exchangein A
Uiyr == M rigq

: £i= <I’,’+1. Ui+1> / (r,-. U,'> - MPI —Send and Recv
13 enzizr:: i1+ Ppi - OpenMP-shared mem. vec

Requires algorithmic changes in the FETI solver in both preprocessing
and iterative solver steps

Key features this approach:

« Increases preprocessing time — Schur Complement (SC) computation for
IT4Innovations each subdomain

national

supercomputing « Reduce iterative solver time - single iteration time is reduced

center



Schur Complement Computation on CPU and Xeon Phi

Comparison of SC computation using PARDISO SC and MKL
Haswell MIC
1x E5-2680v3 CPU 1x Intel Xeon Phi 7120p accelerator
12 cores | 60x3 threads | 60x4 threads
Domain size x number of domains SC [s] SC [s] SC [s]

6591x6591-250subdomains | 285 | 805 | 784 |

2 300 @100
£ 7'y Number of subdomains: 1331 £ o Number of subdomains: 512
o 250 | Stiffness matrix sizes: 2187 x 2187 - Stiffness matrix sizes: 2187 x 2187
£ Symmetric: 16.2 GB £ % Non-symmetric: 12.8 GB
g 200 Number of iterations: 500 g 70 Symmetric: 7.6 GB
& 260 Number of iterations: 500
150 - 50
\ 4 40
100 - U
30
50 20
10
0 T 0
CPU (24 th.) 2x60 2x120 2x240 CPU (24 th.) 2x60 2x120 2x240

Number of cores []

_ Key features of this approach:
[Talnnovations * Increases preprocessing time — Schur Complement (SC) computation for each subdomain

i:g:;‘ﬁmp“ti”g * Reduce iterative solver time — single iteration time is reduced



@ SPRESO

_ 2,016
IT4Innova tions
national
supercomputing 864

Intel Xeon E5-2680v3, 2.5GHz, 12cores
Intel Xeon Phi 7120P, 61cores, 16GB RAM



Massively parallel Benchmark Generator
- designed to perform large scale tests — tested up to 120 billion unknowns
- problem with all matrix objects generated in seconds

Model problems
- Cube
- Sphere

Physics
- Laplace equation
- Linear Elasticity

IT4Innovations
national
supercomputing
center



@ CPU vs MIC solver

7.5 -2912 million DOF Hybrid FETI CG Solver Runtime SpeedUp
Laplace - Single Iteration Time

. ¢
IT4Innovations Salomon Supercomputer
e >3
=<&--CPU - PARDISO - Lumped prec =—O-CPU -SC- NOprec =O-—MIC-SC-NO prec
- 3
() SN § WP Y N S YT T L £
£25 £)-=="T 4
x stopping criteria: 1e-4
ﬁ 2 subdomain size: 4096 DOF
9 cluster size: 2197subdomains
& 15 cluster size: 7.5 million DOF
1
0,5 O O O O
(ND—O——C O O oO—O0
IT4Innovations 0
national
supercomputing 0 50 100 150 200 250 300 350 400 450

center

Number of compute nodes [-]



@ CPU vs MIC solver

7.5 -2912 million DOF Hybrid FETI CG Solver Runtime SpeedUp
Laplace - Single Iteration Time

. ® 738
IT4Innovations Salomon Supercomputer ® 19
=0O-CPU - PARDISO - Lumped prec =0-CPU - SC - Lumped prec MIC - SC - Lumped prec
% 3
£ o——0— —O- 9
= 2,5
%D stopping criteria: 1le-4
ﬁ 2 subdomain size: 4096 DOF
4 cluster size: 2197subdomains
g 15 cluster size: 7.5 million DOF
1
O N O O
0,5 brd

IT4Innovations 0
national

supercomputing 0 50 100 150 200 250 300 350 400 450
center Number of compute nodes [-]




@ CPU vs MIC solver

7.5 -2912 million DOF Hybrid FETI CG Solver Runtime
Laplace - Single Iteration Time

IT4Innovations Salomon Supercomputer

=0-CPU - PARDISO - Lumped prec =0-CPU -SC - Lumped prec ~0-CPU -SC-NO prec
— 3 MIC - SC- Lumped prec =O-MIC- SC- NO prec
(%]
= 2,5
ab stopping criteria: 1le-4
a2 subdomain size: 4096 DOF
Y cluster size: 2197subdomains
° 15 cluster size: 7.5 million DOF
o 4
1
Y, 0N -~
0,5 6 o O O
b4 b4
IT4Innovations 0

national

supercomputing 0 50 100 150 200 250 300 350 400 450
center Number of compute nodes [-]



@ CPU vs MIC solver

7.5-2912 millionDOF Hybrid FETI CG Solver Runtime SpeedUp
Laplace — CG Solver Runtime w/o Precon.

: ¢
IT4Innovations Salomon Supercomputer
e 3
=S~-CPU - PARDISO - Lumped prec =—O-CPU -SC - NO prec =O—MIC- SC - NO prec
- 250 7
g Myt £)---=-===""""" J
= £y~~~
0o 200 J stopping criteria: 1e-4
g subdomain size: 4096 DOF
o 150 cluster size: 2197subdomains
3 cluster size: 7.5 million DOF
a . O -0
>0 <§yo—o—<> —i o0—oO
IT4Innovations 0 - - - -
national
supercomputing 0 100 200 300 400 500

center

Number of compute nodes [-]



@ CPU vs MIC solver

7.5-2912 millionDOF Hybrid FETI CG Solver Runtime SpeedUp
Laplace — CG Solver Runtime w. LumpedPrecon.

: ® 738
IT4Innovations Salomon Supercomputer ® 19
-=O-CPU - PARDISO - Lumped prec =O-CPU - SC - Lumped prec
MIC - SC - Lumped prec
- 250
t O/“f o -
£
:’o 200 stopping criteria: 1e-4
g subdomain size: 4096 DOF
o 150 cluster size: 2197subdomains
3 cluster size: 7.5 million DOF
a
100
50 o——0- —0 O
IT4Innovations 0 -
national
supercomputing 0 100 200 300 400 500

center

Number of compute nodes [-]



@ CPU vs MIC solver

7.5 -2912 million DOF Hybrid FETI CG Solver Runtime
Laplace - CG Solver Runtime w/o Preprocessing

IT4Innovations Salomon Supercomputer

=0-CPU - PARDISO - Lumped prec =@-CPU - SC- Lumped prec =0-CPU-SC- NO prec
MIC - SC- Lumped prec =0—MIC -SC - NO prec
- 250
(%]
" 0O —0
£
= 200 . o
0o stoppingcriteria: 1e-4
g subdomain size: 4096 DOF
o 150 cluster size: 2197subdomains
3 cluster size: 7.5 million DOF
S
[a __A
100 o——0— - 9
~ I
>0 o= —0
IT4Innovations 0
national
supercomputing 0 100 200 300 400 500
center

Number of compute nodes [-]



FoPRESO

¥rwee TITAN

National Laboratory

18,688 AMD Opteron 6274 16-core CPUs
18,688 Nvidia Tesla K20X GPUs

2.7 million core hoursdedicated to:

_ * scalability optimization of ESPRESO
IT4Innovations L. . .
national * optimization of GPU acceleratedversionfor large scale problems
supercomputing
center



@ Strong Scalability Test

20 billionDOF onup to 17576 Compute Nodes (281 216 cores)
Heat transfer (Laplace equation)

ORNL Titan 2" in TOP500 LIST <O-| inear “O=Real

256,00

ézs,oo
€

264,00

v
>

832,00

22

16,00
2400 4 800 9 600 19 200

IT4Innovations
national

supercomputing Number of compute nodes

center



@ Weak Scalability Test

Upto 124 billionDOF on 17576 Compute Nodes (281 216 cores)
ORNL Titan 2"d in TOP500 LIST

Heat transfer (Laplace equation)

150
®WEETI Preprocessing  ®Hybrid FETI Preprocessing ™ CG Solver Runtime
125
— 100
)
E 75
|_
o
= 50
o
wn
25
0
153 362 707 122 194 289 412 565 752 976 124
IT4Tnnovation. 216 512 1000 1728 2744 4096 5832 8000 10648 13824 17576
national Problem size [billion DOF]

supercomputin;
center Number of compute nodes [-]



@ Strong Scalability Test

300 millionunknown - ANSYS Workbench real world problem
Linear elasticity

IT4lInnovations - SALOMON Supercomputer

IT4Innovations
national
supercomputing
center




@ Strong Scalability Test

300 million unknown - ANSYS Workbench
Linear elasticity

IT4lInnovations - SALOMON Supercomputer -O-Linear -O-Real

512

256

128

64

32
1000 2000 4000 8000

Totalsolver runtime[s]

IT4Innovations
national

supercomputing MPI processes/CPU cores

center



Boundary element library: BEV4L

* Developedat IT4Innovations NSC

* Reduces problem tothe boundary of a
computational domain

* Suitable mainlyfor problemson unbounded
domains or shape optimization

* Heat transfer, wave scattering, linear elasticity

IT4Innovations
national
supercomputing
center



Boundary element library: BEV4L

* Templated C++ library

* SIMD vectorization (using Intel's pragmas or Vc library)
*  OpenMP and MPI parallelization

* Intel Xeon Phi acceleration

(Bevar )

Matrix Assembler
Laplace, Lamé,
Helmholtz, Wave Export

Dense or sparsified .

Iterative solvers

BETI
(interf. ESPRESO)

IT4Innovations
national
supercomputing
center



Discretization

IT4Innovations
national
supercomputing
center

Galerkinmethod for discretization of the boundary integral equation
Matrix formulation

Find t; € RN such that
Vitn = (3Mn + Kn)gn

System matrices (single layerand double layer matrix)

1 1 rT—y,n
Vili, j] i= — —— _ds,ds K[k, 1] v) 15, dsg
wli, 7] i /T el Sy dsg Kl = /Tk/p IIa:—yIIZ o1(y) dsy ds

System matrix assembly - quadratic complexity
* Computationally most demanding part of BEM
* Parallelizedby OpenMP, MPI
* AcceleratedbyIntel Xeon Phi coprocessor
* Possible utilization of Fast BEM methods (sparsification)



Acceleration of the system matrix assembly

*  Matrix splitinto parts for host CPUs and coprocessors
* Load balanced according to theoretical performance of host CPUs and MICs
* Coprocessor parts further splitintosmaller submatrices
* Tofitinto coprocessor memory
* Tooverlap communication by computation (double buffering)
* Computation accelerated using offload mode of the coprocessor
* Onthe coprocessorthe codeis parallelized using ordinary OpenMP pragmas
* Vectorization of the code (e.g.using #pragma simd) and scalability up to hundreds of threads necessary to obtain

good performance on the coprocessor

V4, 7] ::/ / v(x,y)ds, dss
Ty Tj

MIC 1

MIC 2 N

CPU

IT4Innovations

national

supercomputing

center

matrix distribution among CPU and MICs

MIC 1: computation
block 1 in buffer 1
block 2 in buffer 2
block 3 in buffer 1
block 4 in buffer 2

block 5 in buffer 1

data transfer

buff&
bugf&
burr&
W
%

CPU: data receive

block 1 in buffer 1
block 2 in buffer 2
block 3 in buffer 1
block 4 in buffer 2

block 5 in buffer 1

double buffering to overlap communication with computation



Acceleration of the system matrix assembly

Laplace equation * 81920surface elements
* Maximum speedup using two cards approx.2.5

System matrix assembly - double precision
160 T T T T T T

T
Il sinale layer

140 Il Oouble layer |
120

f 100

tir

80

60

>mbly

< 40

20

24 24+60  24+120 24+240 24+2x60 24+2x120 24+2x240
CPU CPU + 1 MIC CPU + 2 MICs

IT4Innovations
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Acceleration of the system matrix assembly

Laplace equation * 81920surface elements
*  Maximum speedup using two cardsapprox. 2.5

System matrix assembly - single precision
160 T T T T T T

T
s ngle layer
140 Il Couble layer |
120 .

2100

ly tir

80

40

20

24 24+60  24+120 24+240 24+2x60 24+2x120 24+2x240
CPU CPU + 1 MIC CPU + 2 MICs

IT4Innovations

national single precision
supercomputing

center



BETI for linear elasticity

* Accelerating BETI (Boundary Element
Tearing and Interconnecting) domain
decomposition method for the linear
elasticity problems

* Interface to the ESPRESO domain
decomposition library

» BEMA4I generates the local Dirichlet-to-
Neumann map for each subdomain
(Steklov-Poincaré operator)

Sy, = (1/2Mh + Kz)Vh_l(l/Zl\/lh + Kh)

IT4Innovations
national
supercomputing
center
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BETI for linear elasticity

System matrix assembly - double precision

60 . :
[N
50
o 40
* 20480 surface elements £
¢ Maximum speedup using two 2 30
cards & .
* V,Vlap,Klap(inred): 2.5 <
* Total: 1.8 10
0
24 244240 24+2x240
# threads

Single node acceleration

IT4Innovations
national
supercomputing
center



BETI for linear elasticity

Nonaccelerated BETI solver
600 T T T T

[l Steklov-Poincaré assembly
500+ [lLinear solver preprocessing .
|:|Linear solver runtime

Non-accelerated BETI up to = 400
64 nodes/57 mil. surface s

S 300
unknowns c

>

S 200

1/512/0.8M 8/4096/7 M 27/13824/22M 64/32768/57 M
# nodes / domains / unknowns

o y * Currently working on reducing the time for Steklov-Poincaré assembly
nnovations
national using accelerators

supercomputing
center



Conclusions

 Hybrid FETI implementation shows very high
scalability

. Numerical and parallel
. Strong and weak

« Many core architectures bring higher performance
e Butthisis notforfree
*  Onlycertain parts of the code may be accelerated

« Codes with full matrices like BEM41 benefit from
MIC architecture

IT4Innovations
national
supercomputing
center



