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Numerical Methods and Models

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

 Numerical methods:
— Grid-characteristic
— 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

p0=V-T Motion equation
T=AV DI+uVRi+3®V) Hooke'slaw
p — density
A, u — Lame elastic parameters
U — velocity

T — stress tensor




Grid-characteristic method
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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

Features:

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

Elastic / acoustic media, explicit separation of
contacts and heterogeneities

BcTpoeHHas cuctema
KOH(PUIrypaLUOHHbIX
hannos

OTkpbITbie CAD
rnakeThbl,
RSF, segy

[MocTnpoueccnHr

Ha ocHoBe
VTK, segy




Research Software Features

* Linux console intensive usage

 MPI and OpenMP technologies utilization, remote access to
hardware

 No external dependencies, pure C++

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




MopnenupoBaHue reoJiorudeckux
HeoOOHOPOAHOCTEeM

* TpewmHoBaTble HEOOHOPOAHOCTN

* BbigeneHune Tonorpadun
MOBEPXHOCTW

* {IBHOe BblaesieHne pa3gesa
KOHTAKTHbIX MOBEPXHOCTEN




Mopnenb 6eCKOHEeYHO TOHKOWN TpeLUUHbI
(BTT)
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MNoaxonbl K MOOEJIMPOBAHUIO

e CTPYKTYPHbIE CETKWU

— 3aJaHune TPpeLwWwnHbl Mexay y3namMm ceTkun (B
q4yenke)

— DybnnpoBaHue y3510B B 06/1aCTN TPELLUNHBI
— NIckpuBieHne ceTkn B 006/1aCTU TpeLinHbl
— Hano)xeHHble (XnMepHble) CeTKN

* HECTpPYKTYpPHbIe CeTKN
— lybnnposaHue y3510B B 061aCTu TpeLinHbI




3adaHune TpeLwunHbl MexXxay y3namum
CeTKW (B a4enke)

* MpeuMmyLlecTBa

— MPOCTOTa aropnuTMma, He B AHLS L R
3aTparmeaeT

— HeT HeobxoaANMMOoCTH y3/bl

MEHATb CeTKY
— CKOPOCTb pacyeTa

- HepocTtaTKkm

— uKCnpoBaHHaA ownbka
O(h) (knHeMmaTn4eckas)

— HEBO3MOXXHO 3a4aTb
TPYAOHblE KOHUrypaumm
TpeLnH
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OybnnposaHue y3n0B B o0bs1acTu
TPELLNHbI

* NMpenmyLwiecTBa

— ANA TPELWnH, COHanpPaB/EHHbIX C
Aa4YemKaMm HeT oOLLnNOKN

— OTHOCUTENbHAA NPOCTOTa
anropmTtMa

— [Mpon3BoOJIbHbIE KOH(UTrypaLumnmn [
TPeLVH o

— CKOPOCTb pacyeTa %’.
* HepocTtaTKm %
— dnukcmpoBaHHaga owmnbka O(h)

(KMHeMaTnyeckas) B ciiyvae /%.5/ *—o

HaKJIOHHbIX TPEeLLUH
®
— TpebyeTca nopaboTka %

aNropuTMOB pacrnapannenmBaHuns P

— AHM3oTponusa owmnbKM OT yrna
nageHns BOJIHbI




NckpuBneHne ceTkn B 0bJ1acTu
TPELLNHbI

* NMNpeunMmyLlecTBa

— B0O3MOXXHOCTb NCMNOJZ1Ib30BaHNA Nobdboro m3
aJIrOPUTMOB N4 obcyeTa TpeLUHb

— 3aJaHne HaKJIOHHbIN TPpeLnH

* HepocCctaTku
— CNO>XXHOCTb NOCTPOEHNSA CeTokK
— YMeHblleHne Yncna KypaHTa
—YBesinieHne BpeMeHUn cyeTa

— HeBO3MOXXHOCTb 3a4aHNA CJIOXKHbIX
KOH(Urypauns




HeCTpYyKTYpPHblIe CeTKU
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Hano>XeHHble (XMepHbIe) CeTKu

* MpeuMmyLwlecTBa
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BbloeneHne Tonorpacdun noBepxHoCTy

e

Horizontal displacement Ux
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Receivers
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Moaxonbl K MOAEJIMPOBAHMUIO
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Hano>XeHHble CeTKWN Ha rpaHunue

e Hano)XeHHad ceTKa:
NMHTEepnonauna B
NPUrpaHnNYHbIE Y3Jbl

e OCHOBHa4 ceTKa:
NMHTepnonaunsa n3
OCHOBHbIX Y3J10B
HAJ1I0XKEHHOW CeTKWN

* IrHopunpoBaHue
BCero 4to BbIXoOUT
3a rpaHuuy




Bepugukauyna

Wave reflection from flat free
surface.

Green square — source

Yellow square — receiver
Displacement first derivatives at
receiver during simulation are
compared.

C.= 2500 m/s 1200 m
C,= 1558 m/s

p = 1500 kg / m3
At =200 ms
AX=3m
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Bepuc

onkauma: Garvin problem

Receiver value comparison

===~ Fortran (Garvin2D)
— Proposed method
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Bepuc

onkauma: Lamb problem

Receiver value comparison

le-10 Vy
: 1.0/
------ ex2ddir ﬂ
____ Proposed
method 0.5
N 0.0
_05
00 02 04 06 08 10
le-10 Vy
1.0/
------ specfem2d
____ Proposed
method 05
. 0.0
_05
00 02 04 06 08 1.0

le-9 Vy
n ----- ex2ddir
____ Proposed
method
00 02 04 06 08 10
le-9 Vy
ﬁ ----- specfem2d
____ Proposed
method
00 02 04 06 08 10




Bepudonkauunsa: curved surface

[llustration of the "wavy surface" problem
statement and wave field

Green square — source

Yellow square — receiver.
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Comparison of the horizontal and vertical
displacement derivatives (as in problems before)

Receiver value comparison

Vy
------ specfem2d
—— Proposed method
0.0 0.2 0.4 0.6 0.8 1.0 i)
v,
------ specfem2d
—— Proposed method
0.0 0.2 0.4
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PacnapennenmBaHue

CPU, Hn3KoypoBHeBad onTuMm3laumng
« GPU

OpenMP

MPI




GPU parallelization

= CRU
— Compilers: icc
— Compiler Options :
* -MavX

 -fopenmp (auto vectorization)
e -02

s GEU

— Compilers: nvcc, gcc

— Compiler Options:
« -02
* -use_fast math




CPU properties: Intel Xeon E5-2697 2.7

GHz

GPU properties:

GeForce GT 640

GeForce GTX 480

GeForce GTX 680

GeForce GTX 760

GeForce GTX 780

GeForce GTX 780 Ti

GeForce GTX 980

Radeon HD 7950

Radeon R9 290

CUDA cores
(streaming
processors)

Clock rate,
MHz
900

1401
1006

GFLOPS -

single
precision

1345
3090
2258
3977
5046
4612

24

8
24
24
24

GFLOPS -
double
precision

168

129
94
166




Test program

e 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

Radeon R9 290

Radeon HD 7950

Tesla K80

Tesla K40m

Tesla M2070

GeForce GTX 980

GeForce GTX780Ti

GeForce GTX 780

GeForce GTX 760

GeForce GTX 680

GeForce GTX 480

GeForce GT 640

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

m opencl

M cuda

10

20

30 40 50 60
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 m opencl

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

GeForce GT 640

20 25 30 35 40 45 50
Speedup




GPU parallelization

* Multiple GPUs

* Divide grid along axis Y

 Data exchanges between GPUs by
adjacent grid nodes

 GPUDirect (only in CUDA) - exchange data
by PCIl Express bypassing CPU




Speedup (humber of GPUs)

Speedup, float
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GPUDirect
(except Radeon R9 290)

GPUDirect, float

o] mil
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Radeon R9 290 GeForce GTX 980 Tesla K80 GeForce GTX 680 Tesla M2070 GeForce GTX780Ti Tesla K40m




Speedup (humber of GPUs)

Speedup, double
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GPUDirect
(except Radeon R9 290)

GPUDirect, double
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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
* 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

Measurement only of the general operating time of the program
Acceleration - 100 and 90 times

Efficiency - 78 and 70%

BAEfRiBY e




MPI: strong scalability
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Weak scalability

* The number of grid nodes per core -
16 million

e Maximum grid size - 62 billion nodes
 Good performance

 Difference in calculations for 16 and
32 threads per node

e Acceleration - 0.8 and 0.55
respectively




Weak scalability

Test8/9
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Speedup

Utime, 32 tasks per node —e—

Utime, 16 tasks per node —e— |
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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

Speedup




Task size

=
o
o
o
o

Layered geology
Seismocubes
2d complex geometry

Task size (million nodes)
Y
)
o
o

1 10 100 1000 10000 100000




Seismic modeling




Fracture model

PACKPbLITUE 1:1000

HOMEP NPUEMHWKA
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Example problem

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




BynkaH

Two dimensional model of Ricker explosion reflection from hillsides free surfaces
- C,=2850m/s
- (C,=1650m/s
- p=2500 kg /m?3
- Region 6 x 36 km
- At=0.02 second
- Main grid — 680 x 120 nodes, 50 x 50 m
- Curved grid — 873 x 5 nodes, typical cell size 50 m




BynkaH




Ny | i, wd
i1 5 | ,,%%Wmﬁmw, :
,MN,,N_,r %

SISAI909Y
2

BynkaH

=3

10

4




Explicit Curvilinear Borders Benefits

3000

Based on the real data




3D Wave Field
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Explicit Borders Setting

Number of receiver: 0 ... 300

Seismograms

Implicit Borders Setiing

Number of receiver: 0 ... 300
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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 %




Geoloical model «<Marmousi2»
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DIFFERENT TYPES OF SOURCES

* MNOCKASR BONHA (CBEPXY)
“*TOYEYHbIV UCTOUYHUK (CHU3Y)
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MOBenVIEOBaHVIe TPEeWnHOBaTbLIX cpea

Bbinin NoCcTpoeHb! chnegywume 3D moaenw:

l.o0aHOpOoAHOE NONYNPOCTPaHCTBO,
2.TPEXCNOWHAA FOPUIOHTA/ILHO-CNONCTaA cpeaa,

3.BK/1I0UYEHME C BePTUKANIbHLIMW OAVNHAKOBO
OPUEHTUPOBAHHLIMY TPELUHAMM,

4.BrNiOYEeHNE C HaKNoOHHbIMU (30°) oagVHaKoBO
OPVEHTUPOBAHHLIMU TPRELWNHaAMWN,

5.BKNOUYeHve C BEPTUKaJIbHBIMW X20TUYHO
OpPUEeHTUpoOoBaHHbLIMM TpeWWHaMwW:
A. asumyt ot -30 po +30 rpagycos,
B. asumyT ot -180 po +180 rpaaycos.




MoBenuEOBaHue TPEeWnHOBaTbLIX cpea

Mpymepke)

CTPYKTYpbI
TpewuHoBaToOW

cpeab!

" | 50-150 m.

XapaxTepucTukn mogenein:
“ napannenenunes 10 x 10 x 3,9 kwm;
“* MNOTHOCTbL cpeabl 2500 Krims;

“*TonwmHa 1 cnoa 550 m, C, = 4500 mic, Cs
- 2250 mic;

“* TonuwmHa 2 cnon 200 m, C, — 6000 mic, C
- 3000 mic;

“*Tonwuna 3 cnoa 3150 m, C; — 4500 mic, Cs
- 2250 wmic;

* rny6uHa 3aneraHua TpewmH 600 m;

| *ropusontTanbhan NPOTAKEHHOCTL

Khacrepa 2,4 Km;
* ANVHA TPewmHbl 100 m;
“* paccToAHue Mexay TpewmHamu



MeToavka v aHanus padHbIx (V,)

WpenTtudpuympyrorca:
“*MoOBEPXHOCTHBLIE BOMHbI
* OTRIMIKV OT rPaHuL, CNoEs

* CeicMnuecknii curHan ot Knacrepa
TPeWmH

3D TPEWWMNHOBATAHA
FEONOMM4YECKARA
MOAENbL
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Pesxn bTaTbl aHaNIU3a

BEPTUKANBLHbIE TPEWMHbI BAONb OY

" YAANEHVE 1 KM YAANEHUE 0.5 KM

OTHOCUTE/NIbHASA
AMOIUTYAA
=3
w

°
o

YAANEHVE 3 KM
0.7
06, 50 100 150 200 250 300 350
A3SAMYT, ©
1. AHU3OTPOMMUA CUTHANA 00 40 %
1.4 ; : . . ; ; ; ;
PA3BPOC A3VIMYTA 60 ° e PA3BPOC A3VIMYTA 360 °
. 1.37 . 1.3
T2 $ I
H H
E s YAANEHVE 1 KM ES"| VYAAMEHMELKM
c F = L
8 5 1 YAANEHVE 0.5 KM § 3 1 YAANEHUE 0.5 KM
E 0.9 |6 09rf \ i
ol YOANEHVE 3 KM 08( YAANEHVE 3 KM '
arr 0.7 W
06, 50 100 150 200 250 300 350 0.6 : ' ' ' ' ' '
0 50 100 150 200 250 300 350
ASAMYT, ° A3VIMYT, ©
2. BHAUMMOE YMEHbLWEHUE AHA3OTPOMUN CUTHANA 3. NOYTW NMONHOE YCTPAHEHUWE AHN3OTPONMA

CUTHANA




Pesxn bTaTbl aHaNIU3a
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Earthquake modeling

Earthquake resistance
*Earthquake focus modeling

*Wave propagation through geological media

*Evaluation 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
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Results: Hypocenter Modeling

Analytical VS numerical solution

Mechanical model «Fault slip»

= strike angle (measured clackawise from 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:.//wwwl1.gly.bris.ac.uk/~george/focmec.html




Global seismic
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Results: dome construction
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Results: dome construction
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Results: dome construction
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Results: Ground Facility
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Absolute velocity (left) and destruction zones (right) in red based on
«sand» model
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Results: Dam

water dam

ground Mises criteria, destruction

Scheme of numerical experiment and places of destruction




Result: eartquake modelling using
lerarchical grids




Result: eartquake modelling using
lerarchical grids




Result: eartquake modelling using
lerarchical grids




Result: eartquake modelling using
lerarchical grids




Result: eartquake modelling using
lerarchical grids




Seismic resistance of multi-storey
! bui‘ldinns
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3D dome construct
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Conclusions

e possibility to calculate large spatial
problems

e various models of destruction

« complex three-dimensional objects
from block curvilinear grids




Thanks a lot!
Questions?




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

m opencl
GeForce GTX780Ti

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
m opencl

GeForce GTX780Ti 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 m opencl

GeForce GTX 780 M cuda
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 m opencl

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

GeForce GT 640

60 80 100 120 140 160
GFLOPS
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