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SEISCOPE project
http://seiscope.oca.eu

* Main scientific interests: numerical wave modeling in 2D and 3D elastic/acoustic isotropic/anisotropic
media; seismic imaging by full waveform inversion; applications at different scales (near surface, oil
exploration, crustal and lithospheric scales from artifical sources and natural sources (i.e., earthquakes).

*3 permanent people:
S. Operto (Geoazur), A. Ribodetti (Geoazur), J. Virieux (LGIT)

* Former and current PhD students:

H. Ben Hadj Ali (now at Total), R. Brossier (now post-doc at LGIT), V. Etienne (PhD, Geoazur), Y.
Gholami (PhD, Geoazur)), G. Hu (PhD, LGIT), Y. Jia (PhD, LGIT), D. Pageot (PhD, Geoazur), V. Prieux
(PhD, Geoazur), F. Sourbier (IR, now at CEA)

+ Collaborations on numerical analysis and computing: MUMPS team, L. Giraud (INRIA Bordeaux), A.
Haidar (CERFACS), S. Gratton (CERFACS).

* Industrial and academic fundings: SEISCOPE petroleum consortium ( ) and ANR
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Frequency-domain seismic modeling with MUMPS

 Introduction: seismic exploration, seismic modeling and inversion
» The 3D time-harmonic acoustic wave equation

* Finite-difference discretization

* Resolution with the MUMPS direct solver

* Resolution with a hybrid direct/iterative solver

* Conclusion
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Civil engineering Seismic imaging at different scales
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: Academic applications
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Principle of seismic exploration

Navire boute-feu

flate sismique

— ------7/--'----------' Stations sismiques sous-matrines (OBS)
b A A A A

——

&Chies

Onde réfractée

Ocean Bottom Seismometer
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Y (km)
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49 954 shots — 12 ocean bottom cables — 2304 receivers

With the courtesy of L. Sirgue (BP, now at Total)
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Example of common receiver gather
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= Seismic imaging by full waveform inversion

Traveltime tomography Waveform tomography

a) DistanceY (km) b) DistanceY (km)
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
3
4
5
1900 1900
E 6 B
=2 <
B3 B3
180018 7 180018
=4 =
g g
(%2} (%2}
o 8 a
1700 1700
9
10 10
& 150 m depth & 750 m depth
DistanceY (km) DistanceY(km)
C) 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 d) 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
2400 2400
2200] |E 22001 | &
B3 B3
@ Q
o o
= =4
@ [o]
2000 1l & 2000 1l &
a a
1800 1800

1500 m depth i 7500 m dep

From Sirgue et al., First Break, 2010
MUMPS users group meeting 14/06/2010 -



D

AZUr Forward problem

TERRE - OCEAN - ESPACE

Time versus frequency-domain seismic modeling

Time-domain time-marching explicit schemes

t.
1st-order PDEs M(x) dw(x,t) _ Ayl d) e amd
(velocity-stress) d
2
2nd-order PDEs M(x)d ‘;(;at) = As(x)v(x, 1) + §'(x, 1)

(velocity)

Frequency-domain implicit schemes

B(x,w)v(x,w) = s(x,w),

MUMPS users group meeting

14/06/2010 -

9



D

AZUr Forward problem

TERRE - OCEAN - ESPACE

Frequency-domain seismic modeling

2
W

1
p(x)

p(x,w)+V ( Vp (X-w‘)) = —5(x,w)

K (X)

w? 1. 0b(z,y2) 8 1. 0blzyzd 1 8bzy:2) g] i
s G@a G % G0 &) W E@8 &) 6| hHU T TS

Why frequency-domain modeling?

Straightforward implementation

Efficiency of multi-rhs resolution .
of attenuation effects

B(x,w)v(x,w) = s(x,w),
c(w) = cp(w) + tcr(w)

B [V1V2...VN] = [8182...SN]

Q = —cp(w)/2¢cr(w)

L.U[viva...vN] = [s1S2...SN]
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Possible approaches for frequency-domain solutions

Direct solver

Hybrid solver

Iterative solver

Time-domain

approach
(DSM) (DDM) (TDM)
Memory complexity - - +<4 +
Multi-r.h.s time complexity ++ - - -
Scalability — + + ++
Robustness + = == ++
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Complexities of DSM modeling

Dimension Memory complexity Time complexity

2D O(N?)Logs(N) O(N?)

3D O(NY) O(N®)

Complexities of TDM modeling

2D O(N?) O(N, N2 N,.) ~ ON*)
3D O(N3) 0(N3 ths Nt) = 0(N6)
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Data misfit vector Ad =dyps — degs(m)  with d=2vand 2is a
restriction operator
Local search in the vicinity of m, m = mp + Am.
: 1
Cost function Clim) = §Ad Ad,
52C(mo) | 9C(my)
A [ om?2 om

New LU facto. New solve Forward problem

B(x,w)v(x,w) = s(x,w)
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Multiscale imaging in the frequency domain

Loop over frequency groups [Nfreqgroup]

I
| Loop over iterations [nitermax] |
[
—}[ Read starting model \

‘ Initialize diagonal Hessian, gradient and cost function
\

I Loop over group frequencies [nfreq(Nfreqgroup)] I
Ii

Build impedance matrix A
LU factorization with MUMPS
T
Diagonal Hessian computation
Build Nshot+Nrec sparse RHSs on Po
Multi-RHS resolution with MUMPS % Source and receiver wavefields
Compute distributed partial diagonal Hessian
[
Gather partial diagonal Hessian on Po
—| Upgrade diagonal Hessian on Po

Gradient computation

| Multi-RHS resolution with MUMPS | Incident wavefields

Read monochromatic data set

Compute data residuals and partial RMS

Estimate source

Build Nshot RHSs on Po (composite residual sources)
| Multi-RHS resolution with MUMPS I ﬁ Backpropagated residual wavefields

Compute distributed partial gradient

[
Gather partial gradient on Po
Upgrade gradient on Po

i

| End of loop over group frequencies

Reduce cost function on Po
Scale the gradient by the diagonal Hessian on Po

4

2 additionals LU and multi-rhs solve

v

Estimate step length “ ‘

| Update model on Po |«
\
End of loop over iterations
End of loop over frequency groups
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Efficient multiscale FWI
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Application to a dip section of the Overthrust model
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Bunks multiscale FWI
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FD discretization

w? 1. 9 b(z,y2) 0 L

b(z,y,z) 0 1. b(z,y,z) 0
.|.
K(z,y, 2)

0 d
E@ 0 &) 05 GW &) W 6@ &) &]f’(’j’y’z"“)z's(m’y’z’“?

Linear combination of low-order accurate staggered-grid stencils

AR l/l R +- r ;w\ / . I ] ;;;;/‘\( U/ o
t /l T ! I//,. ¢ l’“ /T N? l /¢;N
L U N /u/L = {f

2
y Z b

+ anti-lumped mass

Operto et al., Geophysics, 2007
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Phase velocity dispersion analysis
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Simulation in an infinite homogeneous medium; the grid interval satisfies 4 grid point per wavelength

ispersion to the wei

Sensitivity of the d
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(a) Dispersion minimized for G = 10, 8, 6, 4; (b) Dispersion minimized for G
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* Single precision complex arithmetic
» Sparse right-hand side storage and multiple-rhs solve

» Distributed solutions (although a new domain decomposition is performed
for gradient computation)

* Sequential analysis
* METIS ordering
Possible bottlenecks: memory requirement of the sequential (parallel?)

analysis; 64-bit integers.

MUMPS users group meeting 14/06/2010 - 21
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LR Numerical examples (MUMPS v4.9.2)

Computational platform: SGI Altix ICE 8200 (Jade CINES)
Bi-processor nodes with 30Gb of RAM — Processor Intel Quad-core E5472

Running mode: mpiprocs = 2 (2 MPI process per node)

Nomenclature:

N: number of MPI processes Mem, ,: working space for factorization

M: dimension of a M3 finite-difference grid T, elapsed time for factorization

N y: number of LU factors Ts: elapsed time for one solve
T,y elapsed time for factorization Npy 2 Number of grid points in PML layers
N,: number of unknowns Mpy = M + 2 X Ny

MUMPS users group meeting 14/06/2010 - 22
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Memory
Modeling in a FD M3 grid —. 507
8 45
= 40
M | N,(.10%) S 354
3l | 0.10 5 301
71 0.66 =)k
111 | 2.0 S f(s):
191 | 8.87 2 51
0
0
Number of unknowns as a function of M. Nppr = 8.
o))
g . . . .
] S (UCH ettt S
Observed memory complexity I : : :
3.9 %
~ . I
O (Log, (M) . M39) =
1O S R R Rk e L L e L L L L L L L L LTS EEELEELECEEEEELLEEELE LT
S
S OS T
2 oal; !
50 100 150 200

MUMPS users group meeting 14/06/2010 - 23



D

AZUr Complexity analysis
Time (LU)
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Scalability analysis

Elapsed time for factorization

FD Grid dimensions: N, x N, x N, Speedup Efficiency
Ny [ N2 | N3 | Npar | N (109) | =(T . /T E =
: = =SX(N_/N
46 | 91 | 161 8 1.174 §= (T [ T) SX (N )
N: number of MPI processes
600 10 1.2
g
5004 3- 1.0
. 74 0.8
£ e 2
= b = 06
[ & s- &
= 4- 0.4-
200 31 -
2
100 T T T 1 T T T T T T T T 0 T T T T T T T T
2 4 & ] 10 12 14 16 18 1 2 3 4 5 & 7 B 9 10 1 2 3 4 5 & 7 B 9 10
M: number of MPI| process M N_ref with N_ref=2 M/ M_ref with N_ref =2
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FD Grid dimensions: N; x N, X N,

Scalability analysis

Elapsed time for solve

Speedup Efficiency

Ny [ N2 | N3 | Npar | N (109) | =(T /T = oex(N_./N
46 | 91 | 161 8 1.174 S ( ref ) E=S ( ref )
N: number of MPI processes

] 10 1.2
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M: number of MPI process

N/ N_ref with N_ref=2 N / N_ref with N_ref=2
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Scalability analysis

Memory overhead

FD Grid dimensions: N; x N, X N,

Ny

Ny

N3

Nparr | Ni(109) |

46
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161

8 1.174

Mem

Average space per working proc. during facto.

—_
s

Mem: Average space per working proc. during facto. (Gb)

-
%]
1

fry
o
|
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Memory overhead: (N / N_ref) x (Mem / M_ref)

=

—
w

—y
B
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Memory overhead:
(N / N_ref) x (Mem / Mem_ref)

2 3 4 5 6 7 8 9 10
N/ N_ref with N_ref =2
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16km

s .

Y(km)
3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
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Memory per MPI process: 15 Gb

f(Hz) | h(m) | n1xnaxng | npm | nu(10°) | mempu(Gb) | tru(s) | ts(s) | #nd | #pr | #th | #hs
3.5 100 | 46 x 91 x 161 8 1.174 30.2 224 0.32 4 8 2 30
4.7 75 | 60x120x213 | 8 2.37 78.0 327.93 | 053 | 12 | 24 2 30
7.5 o0 |90 x 180 x 320 8 6.98 352 2322.66 | 1.69 | 18 36 2 30
3.5 100 | 46 x 91 x 161 8 1.174 30.2 122 0.45 4 3 4 30
4.7 75 | 60 x 120 x 213 8 2.37 78.0 191.80 | 0.65 | 12 24 4 30
7.9 o0 | 90 x 180 x 320 8 6.98 352 1362.27 | 2.32 18 36 4 30

Table 1: f(Hz): Frequency; n1 X ne X n3: grid dimension. 7i,,,: number of grid points in PML layers.
ny: Number of unknowns. mempy(Gb): memory for LU factorization. trp(s): elapsed time for LU
factorizarion. t¢(s): elapsed time for one-rhs solve. #nd: number of node. #pr: number of MPI process.
#th: number of threads per node. #rhs: number of rhs simultaneously processed during solve phase.

Elapsed time for 2300 rhs: (LU + multi-rhs solve): 960 s (3.5 Hz), 1547 s (6 Hz), 6209 s (7.5 Hz)
Elapsed time 1 FWI iteration (3 x LU + 4 x multi-rhs solve): 1 h (3.5 Hz), 1.6 h (6 Hz), 6.3 h (7.5 Hz)
Elapsed time 1 frequency FWI (10 FWI iterations): 10 h (3.5 Hz), 16 h (5 Hz), 63 h (7.5 Hz)

MUMPS users group meeting 14/06/2010 -
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f=3.5Hz-#rhs = 2300
O(At2,Ax*) FDTDM - Trace length: 10 s
Sequential elapsed time for 1 source: 27 s.
#proc = 8 Elapsed time for 2300-source modeling
Preproc. (s) multi-rhs solve (s) Total (s)
TDM 0 7762 7762
DSM 224 (LU) 736 960
#proc = 2300 Elapsed time for 2300-source modeling
Preproc. (s) | multi-rhs solve (s) Total (s)
TDM 0 27 27
DSM 122 (LU) 3.6 125.6

TDM: Finite-Difference Time-Domain modeling; DSM: Direct-solver frequency-domain modeling

MUMPS users group meeting 14/06/2010 - 30
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f=75Hz-#rhs = 2300
O(At2,Ax*) FDTDM - Trace length: 10 s
Sequential elapsed time for 1 source: 326 s.
#proc = 36 Elapsed time for 2300-source modeling
Preproc. (s) multi-rhs solve (s) Total (s)
TDM 0 20830 20830
DSM 2322 (LU) 3887 6209
#proc = 2300 Elapsed time for 2300-source modeling
Preproc. (s) | multi-rhs solve (s) Total (s)
TDM 0 326 326
DSM 1362 (LU) 83 1445

TDM: Finite-Difference Time-Domain modeling; DSM: Direct-solver frequency-domain modeling

MUMPS users group meeting
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3D visco-acoustic wave modeling
based on a hybrid direct/iterative solver
Collaboration with L. Giraud and A. Haidar (Cerfacs)
Reference: PhD thesis A. Haidar, CERFACS, 2008
Implementation: F. Sourbier, H. Ben Hadj Ali

A

@®: interior points, p,

i nons=overlapping subdomalns (or substructures)

14/06/2010 -
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3D visco-acoustic wave modeling

based on a hybrid direct/iterative solver

A.p=s

ST
sr

Schur complement system for interface unknowns

FII AIF] {!E] _
Arz Arr| |pr

(Hrf — AFIAE%AIF) Pr = ST — AI‘IAE% ST,

Interior unknowns

P = __.'1:5% Arrpr + :15?11 ST.

14/06/2010 -
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Block-diagonal structure of the A, matrix

/ Az, 1, \

Az,

Arr =

\ AIJ"*’PINP ' /
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Parallel resolution of the Schur complement system
with GMRES

The Schur complement as the sum of the local Schur complements
N
RT SR
Z ULSR

Right preconditioning

ST

with an additive Schwarz preconditioner

Np

=Y RES 'Ry,
=1

given by the sum of the local assembled Schur complements (restriction
of the Schur complement to the interface i).

MUMPS users group meeting 14/06/2010 -
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Memory complexity of HSM

O (K (N/k)*) = O (N*/ k)

k: number of subdomains in 1 direction.

N: dimension of a 3D cubic grid N3

MUMPS users group meeting 14/06/2010 - 36
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Stopping criterion of GMRES iterations

e = Ap — s|//|s|

a} -
I‘I =
J

1
1
1
I
|
L
1
1
1
1
1
1
1

Offset (km)
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Time (s)
wo o~ o e W = O

Time (s)

Offset (km)
5 10 15

Time (s)
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e SEG/EAGE overthrust and salt models
Comparison between Hybrid Solver and Time Domain Modelings (HSM vs TDM)

Overthrust model salt m?)_dkel
0 slp( m 10
g ’1@-@10 ot 30 25 20 15
(>0
5
0
0
E1
£2 :
&3 —~—
4
Dip (km)
0 5 0
b) =——

T\ ) "“ o | ?N ) \\\n’:‘\
w@@ o, %%BFWM HSM C;ﬁﬁ» o
) o
= j&wwmﬁ” : Aﬁmﬁ.w%@

2 :~Q X S ) ;"
0 \: = \: ) \\\H}
\“NN‘Wmll TDM

iéfiﬁéxzijw

) i \\:r\\{‘L
H‘ \\k\ \:\\
//// )D IIﬁi?/// )7

b;mmwm; % »w
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Dimensions of the numerical problem

Model | Ly x Ly x L, (km) | Ny x Ny x N, | h(m) | ng x ny x ng N, (10%) | f(Hz)
Over. 20320 4.0 400 x 400 x 94 50 9x9x8 25.7 10.8
Salt 13.5 x 13.5 x 13.5 | 450 x 450 x 140 30 6x6x5 32 12.5
Numerical results on IBM Blue Gene (IDRIS)
Mod. .-"\-"gSﬂ'f B by b, | W 500, X, 1’}_‘3}531 (s) T;;{,?g" (s) NgDﬂ'f ngg.; (s)
Over. 1024 16 x16 x4 | 26 x 26 x 28 425 175 64 1700
Salt 980 14x14x5 | 33x33x30 797 109 64 2115

MUMPS users group meeting
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IBM Blue Gene (IDRIS)

Scalability analysis of HSM — weak scaling

IBM BlueGene - Overthrust-h =75m IBM BlueGene - Salt-h=50m
a) ., d .,
L L AR AEEEE R (v E Boncannnaonanacnonoannnamnasaananas
1 B R R ERRRS =
T (s) £ a00]- N g O Trus (8)
RHS P ELH |aanc\Baaaaanoaodaaaaacanahaaaaaaaas '§ e S -
106 m% 200 -t m% 200 e e -
100 4B - -5 v v o g 18
13 X ¥ .
"5 1000 1500 2000 50
o b) Number of processors e) 58
- $ .E E 30
85 g g 400: .
g 5 303
: - - - g 100} : :
°© 500 1000 1500 2000 S % 1000 1500 2000
Number of processors Number of processors
C) 20 f) 20
E\ 1.5 - i R e i a\ LT R R R T R
B 10 E T R T §
£ £
(X} |a0aoaHaaananss daaaoaaasafaaacenaae i
0 : : : 0 : : :
500 1000 1500 2000 500 1000 1500 2000
Number of processors Number of processors
Platform | Model | L, x Ly x Ly(km) | Ny x Ny x N, | h(m) | f(Hz) | N,(10)
Bab. Salt 13.5x13.5x4.15 | 270 x 270 x 84 50 7.5 8.18
Bab. Over. 20 x 20 x 4.7 266 x 266 x 62 75 7.5 6.20
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Scalability analysis of HSM — weak scaling
IBM Power 6 (IDRIS)

IBM Power6 - Overthrust -h =100 m d)

IBM Power6 - Salt-h=75m

a) : : : : : 250
: E E : E "
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; : S
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3. 0 T T T 1 T
1o b) S0 150 250  3%0 | 4%0 e
1.2 Number of processors
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C) Number of processors f) Number of processors
15 I
> 104 o
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e 0 AR S S—
50 1§0 250 350 450 0 100 200 300 400 500
Number of processors Number of processors
Platform | Model | L, x Ly x L,(km) | Ny x Ny x N, | h(m) | f(Hz) | N,(10°)
Var. Salt 13.5 x13.5 x4.15 | 180 x 180 x 56 75 5 2.77
Var. Over. 20 x 20 x 4.7 200 x 200 x 46 | 100 5.4 2.89
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* Realistic applications of 3D acoustic FWI at low frequencies is possible today with
parallel direct solver as MUMPS.

Application to the 3D OBC Valhall experiment scheduled in the coming year for
comparison with FWI results based on time-domain modeling and iterative —ssolver
modeling.

 Hybrid solvers allows us to tackle larger problems but the cost of the iterative solver
remains prohibitive for a large number of rhs. We use source assembling and phase
encoding technics to mitigate the number of rhs in the modeling.

« Combination of the direct-solver approache at low frequencies with the time-domain
modeling approach at higher frequencies might be the approach of choice.

 Extension of the direct-solver approach to the elastic wave equation is currently too
demanding.
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