MprMeHeHne ceTOYHO-XapaKTepuUCTUYEeCKOro
MeToda ANA pelleHns 3aa4ay pacnpocTpaHeHus
AVNHAMUYECKNX BONTHOBbIX BO3MYLUEHUN Ha

BbICOKONPOU3BOAUTENbHbLIX BbIYUCNUTENbHbLIX

cncrtemMax

Metpos Uropb bopucosuny, uneH-kopp. PAH, a.¢.-m.H, MOTHU
Xoxnos Hnkonau NUropesud, K.¢.-m.H, MOTU

OTKpbITaa KoHpepeHuuna NCI PAH nm. B.T. UBaHHWKOBA
MocKBa, 5-6 aekabpsa 2019 .




Numerical Methods and Models

e Media models:
— Linear elasticity, viscoelastic
— Linear acoustic

* Numerical methods:
— Grid-characteristic
— Galerkin
— FDTD
— TVD, WENO finite-volumes

* Features:
— Explicit cracks setting
— Explicit layers borders setting

— High-order numerical schemes, monotonicity
— HPCs oriented




Mathematical model

Relation between velocity and deformation

f

pU=V-T Motion equation
{ ’
T=AV-DI+u(VQRQ v+ QR V) Hooke’s law
p — density
A, 1 — Lame elastic parameters
v — velocity

T — stress tensor




Grid-characteristic method

Split directions u=(v,,v,0,0,,0,)
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Research Software

. Structural mesh

Grid-characteristic, finite-volume, FDTD
methods 1-4 order of accuracy

Block structural meshes, curved meshes
Large mesh sizes (over 1 billion nodes)

Parallelized to MPI / OpenMP / CUDA /
OpenCL

* Non-structural grids

The discontinuous Galerkin method of 1-8 order
of accuracy

Adaptive Triangular and Tetrahedral Mesh
Settlement grids more than 100 million nodes
Parallelized to MPI / OpenMP

. Features:

VTK-based visualization (ParaView, Vislt,
Mayavi)
Seismogram format - segy

Elastic / acoustic media, explicit separation of
contacts and heterogeneities

BcTpoeHHada cuctema
KOH(UIypPaLMOHHbIX
thannos

OTkpbITble CAD
nakeTbl,
RSF, segy

[MocTnpoueccuHr

Ha ocHoBe
VTK, segy




Research Software Features

* Linux console intensive usage
* MPIl and OpenMP technologies utilization, remote access to hardware

* No external dependencies, pure C++

e Oriented on C++ 98 (currently porting to C++11) to eliminate compile
problems on old hardware




GPU parallelization

* CPU

— Compilers: icc

— Compiler Options :
® -MmavX

« -fopenmp (auto vectorization)
« -02

* GPU

— Compilers: nvcc, gec

— Compiler Options:
-02
* -use_fast_math




CPU properties: Intel Xeon E5-2697 2.7 GHz
GPU properties:

CUDA cores .
precision precision
processors)
384 900 691 24 29

GeForce GT 640
GeForce GTX 480 480 1401 1345 8 168
GeForce GTX 680 1536 1006 3090 24 129
GeForce GTX 760 1152 980 2258 24 94
GeForce GTX 780 2304 863 3977 24 166

GeForce GTX 780 Ti 2880 876 5046 24 210
GeForce GTX 980 2048 1126 4612 32 144

Radeon HD 7950 1792 800 2867 4 717
Radeon R9 290 2560 947 4849 8 606




Test program

Grid size: 4096x4096

Time steps: 6500

Data type: float, double
Grid node: 5 float (double)

Occupied memory:
— 320 MB (float)
— 640 MB (double)




CPU version

Single-precision and double-precision
190 FLOPS to recalculate one node in grid
Program consumes 18.8 TFLOPS
Single-thread, single CPU core

AVX instructions — vectorization




Speedup of GPU implementation compared to
CPU

compare with cpu Intel Xeon E5-2697 - float + fast math

Radeon R9 290
Radeon HD 7950
Tesla K80

Tesla K40m

Tesla M2070

GeForce GTX 980

GeForce GTX 780 Ti H opencl

GeForce GTX 780 B cuda
GeForce GTX 760
GeForce GTX 680

GeForce GTX 480

GeForce GT 640
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Speedup




Speedup of GPU implementation compared to
CPU

compare with cpu Intel Xeon E5-2697 - double

Radeon R9 290

Radeon HD 7950

Tesla K80
Tesla K40m
Tesla M2070
GeForce GTX 980
GeForce GTX 780 Ti H opencl
M cuda

GeForce GTX 780

GeForce GTX 760

GeForce GTX 680

GeForce GTX 480

GeForce GT 640

20 25 30 35 40 45 50
Speedup




Percentage of peak performance

Percentage of peak performance - float + fast math

Radeon R9 290
Radeon HD 7950
Tesla K80

Tesla K40m
Tesla M2070
GeForce GTX 980

H opencl
GeForce GTX 780 Ti

M cuda
GeForce GTX 780
GeForce GTX 760
GeForce GTX 680
GeForce GTX 480

GeForce GT 640




Percentage of peak performance

Percentage of peak performance - double

Radeon R9 290
Radeon HD 7950
Tesla K80

Tesla K40m

Tesla M2070

GeForce GTX 980
H opencl

GeForce GTX 780 Ti M cuda
GeForce GTX 780
GeForce GTX 760
GeForce GTX 680
GeForce GTX 480

GeForce GT 640

25 30 35




Performance

Performance - float + fast math

Radeon R9 290

Radeon HD 7950

Tesla K80
Tesla K40m
Tesla M2070
GeForce GTX 980
GeForce GTX 780 Ti H opencl
M cuda

GeForce GTX 780

GeForce GTX 760

GeForce GTX 680

GeForce GTX 480

GeForce GT 640

0 50 100 150 200 250 300 350 400 450 500
GFLOPS




Performance

Performance - double

Radeon R9 290

Radeon HD 7950

Tesla K80
Tesla K40m
Tesla M2070
GeForce GTX 980
GeForce GTX 780 Ti H opencl
M cuda

GeForce GTX 780

GeForce GTX 760

GeForce GTX 680

GeForce GTX 480

GeForce GT 640

60 80 100 120 140 160
GFLOPS




GPU parallelization

 Multiple GPUs
* Divide grid along axis Y

e Data exchanges between GPUs by adjacent grid
nodes

 GPUDirect (only in CUDA) — exchange data by PCI
Express bypassing CPU




Speedup (humber of GPUs)

Speedup, float
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GPUDirect
(except Radeon R9 290)

GPUDirect, float

21 | | ‘ ﬁ

Radeon R9 290 GeForce GTX 980 Tesla K80 GeForce GTX 680 Tesla M2070 GeForce GTX 780 Ti Tesla K40m
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Speedup (humber of GPUs)

Speedup, double
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GPUDirect
(except Radeon R9 290)

GPUDirect, double

7
6
m1l
5 m2
m3
4 m4
m5
3 m6
w7
2 w3
0 n T T T T

Radeon R9 290 GeForce GTX 980 Tesla K80 GeForce GTX 680 Tesla M2070 GeForce GTX 780 Ti Tesla K40m




Conclusion

Speedup (single GPU compared with CPU):
— Single-precision — up to 55 times (GeForce GTX 780 Ti)
— Double-precision — up to 44 times (Tesla K80)

Performance (single GPU):
— Single-precision — up to 460 GFLOPS (GeForce GTX 780 Ti)
— Double-precision - up to 138 GFLOPS (Tesla K80)
Speedup (multiple GPU compared with single GPU):

— Single-precision — up to 6.1 times (Tesla K40m)
— Double-precision —up to 7.1 times (GeForce GTX 780 Ti)

Increase in speedup with GPUDirect
— Single-precision - 10% on 8 GeForce GTX 780 Ti
— Double-precision —2.4% on 8 GeForce GTX 780 Ti




MPI: cluster HECToR

* ~90 000 cores
* 1 GB memory per core
e 32 cores per node

Test on a grid 1000x1000x1000 - 1 billion nodes
The number of cores from 128 to 16 thousand
The number of threads per node - 16 and 32

o
o
o
[0 Measurement only of the general operating time of the
program

O

O

Acceleration - 100 and 90 times
Efficiency - 78 and 70%




MPI: strong scalability
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MPI: efficiency
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Weak scalability

The number of grid nodes per core - 16 million
Maximum grid size - 62 billion nodes
Good performance

Difference in calculations for 16 and 32
threads per node

Acceleration - 0.8 and 0.55 respectively



Speedup

Weak scalability

Test8/9

0.1

Utime, 32 tasks per node —e—
Utime, 16 tasks per node —e—

—.\._.\'.\0—.




OpenMP parallelization

The highest performance of the serial version is 22% of the
peak for float and 17% for double with optimization and using
avx instructions

Acceleration on AMD Opteron 6272 - 37 times on 64 cores
Acceleration on AMD Opteron 8431 - 25 times on 48 cores

Acceleration on Intel Xeon E5-2697 - 17 times on 24 cores




Implementation complexity

Implementation complexity




Task size

o -

Layered geology
Seismocubes
2d complex geometry

=
-
-
-
-

Task size (million nodes)
|_\
o
o
o

1 10 100 1000 10000 100000




Examples of Meshes

1000 2000 3000




Seismic modeling




Geological Cracks Simulation

* Explicit setting of
. . AMcbparupoBaHHble NPOAoSbHbIE
medlum Internal 1 06MEHHbIEe BOJHbI _

structure NEIOAOTEHAR
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* Crack-crack interaction \/ :

is taken into account
explicilty
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Fracture model

PACKPbITUE 1: 1000

HOMEP NPUEMHUKA
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Example problem

Geological model of The calculation result is
anticlinal trap the wave field at time




Curvilinear Borders




Subsurface Explosion

P-waves S-waves Raylelgh

fa,




Explicit Curvilinear Borders Benefits

3000 2000

-
L

Based on the real data




3D Wave Field




Seismograms

Explicit Borders Setting Implicit Borders Setiing

Number of receiver: 0 ... 300 Number of receiver: 0 ... 300

0 0
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03 . 03 .
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ER=TT
ER=TT

Implicit Explicit
Time (2 000 cores), s 815 7415
RAM, Gb 21,7 47,5
Amplitude 1 22 %

Amplitude 2 26 % Difference up to 30 %!

Amplitude 3 30 %




Geological model «Marmousi2»

d

DIFFERENT TYPES OF SOURCES
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«SEG C3 NA»
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MoaenupoBaHue TpelwmHOBaTbLIX cpea

Bbinu nocTpoeHbl cneayowue 3D mopenu:

1. ogHopoAHOE NONYNPOCTPAaHCTBO,
2. TpeéxcnouHaa ropM3oHTanbHO-CroucTan cpeaa,

3. BKNOYeHUEe C BepTUKaribHbIMU O4UHAKOBO
OPUEHTUPOBAHHLIMU TPELUHAMMU,

4. BKNn4YeHue ¢ HaknoHHbIMU (30°) oauHakoBO
OPUEHTUPOBaAHHLIMU TPELUHAMM,

S. BKNKOYeHUEe C BepPTUKanNbHbLIMU XaOTUYHO
OPUEHTUPOBAHHbLIMU TPELWMUHAMM:
A. asumyrt ot -30 go +30 rpaaycos,
B. asumyrT ot -180 no +180 rpagycos.




MoaenupoBaHue TpelwmHOBaTbLIX cpea

NMpumepol
CTPYKTYpbI
TpewnMHOBaTOMU
cpeabl

XapakTepucTuku Mmoaeneu:

»

A XS

L)

»

X

L)

4

A XS

L)

4

A XS

L)

A XS

0

(4

A XS

L)

(4

A XS

L)

(4

A XS

L)

4

A XS

L)

napannenenunen 10 x 10 x 3,9 km;
NNOTHOCTbL cpeabl 2500 Kr/m3;

TonwumHa 1 cnosa 550 m, C, — 4500 m/c, Cq
- 2250 m/c;

TonwumHa 2 cnoa 200 m, C, — 6000 m/c, Cq
- 3000 m/c;

TonwumHa 3 cnosa 3150 m, Cp — 4500 m/c,
Cs — 2250 mlc;

rnyouHa 3aneraHuna TpewmH 600 m;

ropu3oHTanbHaa NPOTAXKEHHOCTb
Knacrepa 2,4 Km;

AnuHa TpewuHb! 100 m;

paccTosiHMe Mexay TpewuHaMmu
50-150 m.



MeToauka u aHanU3 AaHHbIX gvzz

UpeHTuduuupyroTcsa.
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Pe3¥anaTbl aHanu3la
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Pe3synkraTthl aHanuisa
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Earthquake modeling

Earthquake resistance
eEarthquake focus modeling

eWave propagation through geological media

eEvaluation of earthquake resistance




Problem’s Significance

1. Consequences of earthquakes - thousands of deaths, billions $
of damage to property
2. Available software instruments and technologies are insufficient

Russia




Innovative Software

4 Identification of

/c'jestruction zones
/ in facilities

| o

o

® Numerical solution /
§ using grid-characteristic
S method

* -

8 Mathematical

E model of

o hypocenter,

material properties,
structure of rock
massive /

v

Time




Results: Hypocenter Modeling

Mechanical model «Fault slip» Analytical VS numerical solution

® =strike angle {(measured clockwise fr om north)
A =rakeangle (angle between strike direction and slip direction; -n <A < m)
& = dip angle (measured from the horizontal; 0 < & < w2)

u = slin direction and maonitude

Analytical solution is available at

http://www1.gly.bris.ac.uk/~george/focmec.html




Global seismic




Global seismic




Global seismic




SEeISMIC

Global




SEeISMIC

Global




Results: dome construction




Results: dome construction




Results: dome construction




Results: Ground Facility

velocity (magnitude) m/s damage
09 2.13e+14

—0.8
B zle+]2

06

1e+08
04

Absolute velocity (left) and destruction zones (right) in red based on
«sand» model




Results: Dam

water dam

Mises criteria, destruction

Scheme of numerical experiment and places of destruction




Result: eartquake modelling using
ierarchical grids




Result: eartquake modelling using
ierarchical grids




Result: eartquake modelling using
ierarchical grids




Result: eartquake modelling using
ierarchical grids




Result: eartquake modelling using
ierarchical grids




Seismic resistance of multi-storey buildings

Different depth of the hypocenter of the earthquake
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3D dome construct
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Conclusions

* possibility to calculate large spatial problems
* various models of destruction

 complex three-dimensional objects from
block curvilinear grids




Thanks a lot!
Questions?




