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Abstract

In this study, we propose an efficient parallel 3D elastic wave modeling algorithm that is suitable for
simulating large-scale 3D ocean-bottom seismic data. The proposed parallel 3D seismic modeling
algorithm, which is based on domain decomposition using high-performance computing techniques
in multi-node and multi-core cluster environments, can provide numerical solutions efficiently. By
integrating flux-corrected transport in parallel 3D elastic wave modeling, our algorithm provides
kinematically reliable S-wave motions with less numerical dispersions using larger grid sampling,
which enables simulating large-scale 3D elastic wave propagations. We first demonstrate the
mechanism of the flux-corrected transport in 2D elastic wave propagation and then extend the
proposed methods to large-scale 3D elastic problems on a two-layered model. Finally, we verify the
applicability of the proposed algorithm to a more realistic 3D elastic Earth model constructed from the
Volve oilfield in the North Sea.
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Elastic wave equation

v
Flux-corrected Transport (FCT)
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Fig. 1. Grid layout of a standard staggered-grid formulation
(modified from Graves, 1996). A unit cell consists of particle
displacements and normal and shear stresses. The variables of
flux-corrected transport are also defined on the staggered-grid.
The green, blue, and red colors denote the variables required
for the flux-corrected transport of particle displacements
along x, y, and z directions, respectively.
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Fig. 2. The mechanism of domain decomposition at (a) z =k
and (b) z=k+1/2 with 4 processing elements (PE). The wavefields
at the boundaries of each subdomain are interchanged using
an MPI along red arrows and are stored in the gray padding
areas (modified from Bohlen, 2002 and Oh, 2020). The green,
blue, and red colors denote the additional variables required
for the flux-corrected transport of particle displacements
along x, y, and z directions, respectively.
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Fig. 3. Snapshots of horizontal particle displacement at 2 s on
the homogeneous elastic media: (a) high S-wave velocity (1
km/s) to avoid numerical dispersion of S-wave. (b) slower
S-wave velocity (0.3 km/s) with large grid sampling (0.02
km) and (c) slower S-wave velocity (0.3 km/s) with small grid
sampling (0.005 km) to avoid numerical dispersion. Red star
indicates the location of the vertical body force.
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Fig. 5. Snapshots at 1.6 s using the two-layered model for the
horizontal particle displacements (a and b) and horizontal
particle accelerations of P-wave (c and d) and S-wave (e and
f): conventional method (a, ¢, and e) and FCT (b, d, and f).
Yellow lines indicate the seabed.
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Table 1. Comparison of computing time for solving wave equation, data communication with MPI and applying FCT.

Conventional FCT
(25 m grid) (Diffusion flux)

(Diffusion + Anti-diffusion flux)

FCT Conventional
(10 m grid)

Number of grids
(including PML)

480 x 280 x 200 x 2501

1205 x 700 x 500 x 6251

Time (sec)

(FDM) 453 414 442 17307
Time (sec)

(MPI) 59 79 57 812
Time (sec)

(FCT) 0 584 1121 0

A5 A=



52 LEXIP
g =

-

2 Ao A= it 3ak e uks g A
ollAl 22 EARS AT Qlal E2 2 BT
B3t Y 32 g malE] g e ARk
A 3A ek E A 4] mEls] ol MPLY|HE B st &

o ANk, EY A BA7H | o] 21 He]E 22k
AlEFOlA TS 7|9ho 2 Astglet. thyo s
2 HA71% 8ol agt s AZ} Aol FLAl7]
HA MPT 7|9E33bd W e/ ut malg] obare) 5ol 28
Stk 321 25 o) ot Al Ed o] At H| W E F
atof, ZYA BA7|Hol A&7} Halso] £ st
A4, FHAAR = STho] 58RI AW 5 T 4=
U= A gl Hoh @A AR A FRER] S5l &
B34 A o] gt AlElo|d A}, FEA R
7Moo R o & AR E 254 flo] " it A vt
ALl PSuO] A ut A Fo] FE El= A BRIE 4= Q) %l
ol A Aqte] FHAH A E Bl HE 54
A oA Z 57495 SATH TAA LR E E8-5te] 14
718k 2P A4k B3 STt e 27 A, HA9ARA o
AZF AR BAE FRPS RAH 324 A5 3T =
£ 7Fe & AlXlshz Aot kARt o] & flsiM= &
22 w7 o] umhgrlrg A 0] 424k £ (adjoint state)E
FAAZ 4= QlE=Rol thg Mg Fo)7E D asie) At
Z7)0l e FA BA7Hol ahs ol BestansE 5
Rl "olmaly] wfiol, FrEAgo uhg ikt
2 /g3t I oAl =R HARS TE 4= Q= AT

I Wk 20t & 2ot S E mETHE ¢
17F Al 71 = Ak SEAIE 7] WS =) B4 ofa]] a1
T} AJE0] A B 7t R ANE EY A BATEE A8
T ATt 20 Al ol A i =] EAR] Fao] Fol=
A& ERI8HAL, of= A E aEut JES o]-8-5fo,
SIS o] &3S W e} Gl Bele2 =Y
JAJgEEE. o]of] tgh S +L7} s A X113
o), FE oA H5E 32 A gAA | A
ST = oalshekas A FA A FAE 7k '
Afol|A] Su &= AR E S-83k 42 Q1S A o' 7| Hr

*

o ot
i)

12

o -
=)

M x0

AL Mg

[n]

2 %y

N

AP AL

B ATE2021 ARPEARFI3-0] A 910 G
2|71 B 7FAKETEP) 9] A& ot =333t A 4A| ¢
L tHNo. 20212010200020). E-H &4 x| & 0] 32}9] 41
w98 A F 854 Equinorel] ZHARS uet.

At

A 4]

References

Alford, R.M., Kelly, K.R., and Boore, D.M., 1974. Accuracy
of finite-difference modeling of the acoustic wave equation,
Geophysics, 39(6), p.834-842.

Bohlen, T., 2002. Parallel 3-D viscoelastic finite difference
seismic modelling, Computers & Geosciences, 28(8), p.887-899.

Book, D.L., Boris, J.P., and Hain, K., 1975. Flux-corrected
transport II: Generalizations of the method, Journal of
Computational Physics, 18(3), p.248-283.

Boris, J.P. and Book, D.L., 1973. Flux-corrected transport. 1.
SHASTA, a fluid transport algorithm that works, Journal of
computational physics, 11(1), p.38-69.

Brossier, R., Operto, S., and Virieux, J., 2009. Seismic imaging
of complex onshore structures by 2D elastic frequency-domain
full-waveform inversion, Geophysics, 74(6), p. WCC105-WCC118.

Cho, C.S. and Son, M.K., 2012. Application of ADE-PML
boundary condition to SEM using variational formulation of
velocity-stress 3D wave equation, Geophysics and Geophysical
Exploration, 15(2), p.57-65.

Fei, T. and Larner, K., 1995. Elimination of numerical dispersion
in finite-difference modeling and migration by flux-corrected
transport, Geophysics, 60(6), p.1830-1842.

Fletcher, R.P., Du, X., and Fowler, P.J., 2009. Reverse time
migration in tilted transversely isotropic (TTI) media,
Geophysics, 74(6), p.WCA179-WCA187.

Fornberg, B., 1987. The pseudospectral method: Comparisons
with finite differences for the elastic wave equation, Geophysics,
52(4), p.483-501.

Graves, R.W., 1996. Simulating seismic wave propagation in
3D elastic media using staggered-grid finite differences,
Bulletin of the seismological society of America, 86(4),
p.1091-1106.

Kalita, M. and Alkhalifah, T., 2019. Flux-corrected transport
for full-waveform inversion, Geophysical Journal International,
217(3), p.2147-2164.

Kelly, K.R., Ward, R.W., Treitel, S., and Alford, R.M., 1976.
Synthetic seismograms: A finite-difference approach, Geophysics,
41(1), p.2-27.

Kim, W.K. and Min, D.J., 2014. A new parameterization for
frequency-domain elastic full waveform inversion for VTI
media, Journal of Applied Geophysics, 109, p.88-110.

Kosloff, D.D., and Baysal, E., 1982. Forward modeling by a
Fourier method, Geophysics, 47(10), p.1402-1412.

Marfurt, K.J., 1984. Accuracy of finite-difference and finite-
element modeling of the scalar and elastic wave equations,
Geophysics, 49(5), p.533-549.

Min, D.J., Kim, H.S., Yoo, H.S., and Kim, K.H., 2006.
Three-dimensional time-domain elastic wave modeling



1

il

i

= BV

o

0]-8-3]

using finite-difference method, Journal of the Korean
Society for Geosystem Engineering, 43(1), p.65-75.

Min, D.J., Shin, C., and Yoo, H.S., 2004. Free-surface boundary
condition in finite-difference elastic wave modeling,
Bulletin of the Seismological Society of America, 94(1),
p.237-250.

Oh, J.W., 2020. Parallel elastic wave modeling considering the
effects of orthorhombic anisotropy, Journal of the Korean
Society of Mineral and Energy Resources Engineers, 57(1),
p-86-96 (in Korean with English abstract).

Oh, J.W. and Alkhalifah, T., 2019. Study on the full-waveform
inversion strategy for 3D elastic orthorhombic anisotropic
media: application to ocean bottom cable data, Geophysical
Prospecting, 67(5), p.1219-1242.

Oh, J.W., Kalita, M., and Alkhalifah, T., 2018. 3D elastic
full-waveform inversion using P-wave excitation amplitude:
Application to ocean bottom cable field data, Geophysics,
83(2), p.R129-R140.

Operto, S., Virieux, J., Dessa, J.X., and Pascal, G., 2006. Crustal
seismic imaging from multifold ocean bottom seismometer
data by frequency domain full waveform tomography:
Application to the eastern Nankai trough, Journal of
Geophysical Research: Solid Earth, p.111(B9).

Stekl, L. and Pratt, R.G., 1998. Accurate viscoelastic modeling
by frequency-domain finite differences using rotated operators,
Geophysics, 63(5), p.1779-1794.

Szydlik, T.J., Way, S., Smith, P., Aamodt, L., and Friedrich,
C., 2007. June, 3D PP/PS prestack depth migration on the

B4 37

(e

Sy wuy oy 53

Volve field. In 68th EAGE Conference and Exhibition
incorporating SPE EUROPEC 2006 (pp. cp-2), European
Association of Geoscientists & Engineers.

Wang, J., Li, Z., and Steve, T., 2014. October. 3D elastic
simulation with flux correction transport (FCT) for general
anisotropic media, 84th SEG Technical Program Expanded
Abstracts 2014, Society of Exploration Geophysicists,
p-3498-3502.

Xia, J., Miller, R. D., Xu, Y., Luo, Y., Chen, C., Liu, J., and
Zeng, C., 2009. High-frequency Rayleigh-wave method,
Journal of Earth Science, 20(3), p.563-579.

Zhang, Y., Sun, J., and Gray, S., 2007. Reverse-time migration:
amplitude and implementation issues, 77th SEG Technical
Program Expanded Abstracts 2007, Society of Exploration
Geophysicists, p.2145-2149.

Zhao, D., Hasegawa, A., and Horiuchi, S., 1992. Tomographic
imaging of P and S wave velocity structure beneath
northeastern Japan, Journal of Geophysical Research: Solid
Earth, 97(B13), p.19909-19928.

Zhao, H., Gao, J., and Zhao, J., 2014. Modeling the propagation
of diffusive-viscous waves using flux-corrected transport-
finite-difference method, /EEE Journal of Selected Topics
in Applied Earth Observations and Remote Sensing, 7(3),
p-838-844.

Zhou, W., Brossier, R., Operto, S., Virieux, J., and Yang, P.,
2018. Velocity model building by waveform inversion of
early arrivals and reflections: A 2D case study with gas-cloud
effects, Geophysics, 83(2), p.R141-R157.

A5 A=



25 A: YHIEF Hol gt A B 7Y [etxiEA
5 A A= YRR oA digt EbE =L A 4 e=skoith &4

2 537]Ho] 9
<1t ol 2)-5)7] witol, 1212} ol HBaA elstol sk Ao] B

ke g
sl Y s ol Higt 2hikE Ae vaat 2ol ANk = Sk

5

ox i

filo

pl, (i+h j+h k) =& D (i+h, j+h k)= D'~ (i+h, j+h k)]
L, g k) =& DY, (i, k) = DY A (G, k)

Pl (it hk+h) =& D!, (ij+hk+h)— D2 (i,j+h.k+h))
o] uj,

D, Githj+hk) =u)(i+2h,j+hk) —u, (i+hj+hk)

D, (ig,k) =} (i, 5+ h.k) =l (i, j— b, k)

D (ij+hk+h) =) (i,j+hk+2h) —u! (i,j+ h,k)

i)

SR oR

A

U2 g+ hok) =ul ™ 2+ hok) + [P, (i j+h k) +PL (i j+hok)+ P (i,j+h.k)

UI( vy yz (e }
P!, (j+hk)=p, G+h,j+hk)—pl, (i—hj+hk)
t . R R
Py, G j+hk)=p!, (i.j+2h.k)—p}, (i, j k)
P! (i,j+h,k)=p! (i,j+h,k+h)—p. (i,j+hk—h)

ShbgAEe 2 BATAL X3 Agieh b2,

a5 it j+h k) =& [ DT A it hy j+h k)= D' (i by j+h, k)|

a0 g k) =& [Dlr A G g k) = DY G i k)
QM g+ hk+h) =& DA g+ hk+h) = D' (i, j+h,k+h)]

514}

=

il

YA B A7} A 88 35 U) o theh FAREE A th3at Zro] AT
QLI A (it hy j+h k)= [BLS A (i+h, j+h k)= D' (i+h, j+h, k)]

QA (i, g k) = [BLE A g k) — DY G g )

= A58 A

ul
4ﬂq1wﬂmg = PN

ety = A (Aol Q3| BhkER L B T e o ok

71

9]

(A-1)

(A-2)

(A-3)

(A-4)

(A-5)

(A-6)

(A7)

(A-8)

(A-9)

(A-10)

(A-11)

(A-12)

(A-13)

(A-14)

(A-15)



il
1
[>
f
o
N
i
filo
o
oo
<
ok
i)
W
B
e
)
o
=)
32!
i)
o
re
-

QLI A (ij+hk+h) =[B! (i j+hk+h) = D! (i j+hk+h)]
o] uf,

Bl A (it hy j+h k) = b;*At(i+2h,j+h, k)— b;*A‘(i,j+h,k)

B A (igik) = UL A (i g+ hok) = UL (= hok)

By 4 bkt h) = UL A (i j+hk+1) = UL 2 i, j+ o)

£
ol
N
i
W
[>
i
>

83 9

o=

che Aol 18 g1 4= ek

rlo
o

Q' A (i+hyj+h,k) = s, -max{0, min[s

Q452130 =, a0 minls Q3 A1 2. o 60504 200

vy

Q72 ot ok h) = s -max{0, min[s Q{7 " (ot hok—h), | )7 " (g + hokt )|, 5.0Q 47 A1 g+ ho b+ 30) [}

yz
o] uf,
s, = sign(g,; 2 (i+h,j+h,k))
s, = sign(g),; ** (i.5,k))

s, =sign(q, T 2" (i,j+h.k+h))

opA|ere 2, bR S A B WA= SR A7) HAE v U)ol tisf v do] A-8-Hckh

Gy g hk) = T2 g k) =[R2 6o hk) + Ry )+ Ry Gt o)

o] wj,
RS2 i+ hok) = @ZIAt(i-Fh,j-Fh,k)_@Z:At(i_h7j+h7k)
RUSA Gt hok) = Q' A (iyj+2h, k) — QL r A (i, k)

Yy

RS gt hk) = QU N gt bkt h) = Q4 ijt hk—h)

S QU A Rt hak), |ghs N bt k)|, 5, QL7 A (i8R, j+ R B)]

55

(A-16)

(A-17)

(A-18)

(A-19)

(A-20)

(A-21)

(A-22)

(A-23)

(A-24)

(A-25)

(A-26)

(A-27)

(A-28)

(A-29)

A594d A1z



i
N
to
N
0
oy
=
>
oy
0
N

P, Gth g k+h) =& D!, (i+h . k+h)— D', (i+h, j, k+h)]
pt, i+ hk+h) =& DL (ij+hk+h)— D'~ (i,j+hk+h)]
LG g k) =& [ DL G g k) = DA Gy g k)|

o] o,
D! (i+h,j.k+h)=u (i+2h,5,k+h)—u (i+h,j,k+h)

Diy(z’,j-&-é,k-&-é) =u! (3,54 2h,k+h)—u’ (i,j.k+h)

D! (i,5.k) =u! (G5, k+h) = (i,5,k—h)

)

SREHAAL0 2 FARZH A9l ofdfel o] SHEEH 2 BAE 5o

UL A (i jk+h) =ul™ 2 (g k+h) + [P, (ij,k+h)+ P (i jk+h)+ P'_(i,5,k+h)]

o] uf,
Pl (i k+h)=pt, (i+h . k+h)=pt, (i—hjk+h)
P (i,g.k+h) =p., (i,j+hk+h)—pt (ij+hk—h)
P Gogkth) =pt. (i, k+2h) —pl. G j, k)
AR EE A B2 X3 Y
d A bkt h) =& [ DU A (it hyjk+h) = D (i+h,jk+h)]
gty M g+ hk+h) =& (DA Gj+hk+h) = DY (i j+h,k+h)]

¢ MM G k) = [ DA g k)~ DY G g k)|

ShAHE| 27k B 209 SHE ol that SRR A ofefet o] Ak,

QLA (it hojikth) = [BL A i+ hjk+h) =D, (i+h.jk+h)]

3 W19} w7 2, ool o] 4pEict,

(B-1)

(B-2)

(B-3)

(B-4)

(B-5)

(B-6)

(B-7)

(B-8)

(B-9)

(B-10)

(B-11)

(B-12)

(B-13)

(B-14)
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QLI A Gij+hk+h) = B A (i,j+hk+h)— D' Gij+hk+h)] (B-15)
QLI g k)= [BL A0, g k) =D (i, j, k)] (B-16)

o] uf,

B A (i hyjk+h) = UL A (i4+2h, jk+h) — UL (g k+h) (B-17)
B A i+ hok+h) = U2 (6 j+2h k+h) — U2 (i, k+h) (B-18)
BLEAijik) = UL A Gkt h) = UL 2 (i k= h) (B-19)

QLI A (i+h,jk+h) =s, max{0, min[s, Q"7 ** (i—h.j.k+h),

aLF A i+ ho g k+h) ] s, QL A (i+3h, j.k+h)] ) (B-20)

QL A (i j+hk+h) = s, -max{0, min[s, Q') 2 (i, j—h.k+h), |qty 2 Gj+hk+h)|,s,Q1 * (i.j+3hk+h)]}  (B-21)

QU2 (i jik) = s, max{0, min[s.- Q'S A (i.j.k—2h), [¢tF 21 (1.5 k) |, 5. Q1 A1 (injk+2h) | } (B-22)
o] uj,

s, =sign(g'} 2 (i+h,j,k+h)) (B-23)

s, =signq'} " (. j+hk+ 1) (B-24)

s, = sign(q> ' (i,,k)) (B-25)

upA|aro 2, SHRA| B2 B B SRS 27k HAE SHEU)O] oisl kgt ol A g,

wl A Gk h) = U A (g k) — [RU A gk h) + R A Gk +h) + RS2 (i k+h) (B-26)
o] uf,

RA (i k+h) = QL A (i+hojk+h)— QLF A (i—hyjik+h) (B-27)

R A (i gk+h) = QL A i+ hok+h)— Q) A (ij—h.k+h) (B-28)

RUEA (i gkt h) = QLT A (i, k+2h) — QLF 1 (44, k) (B-29)

A5 A=
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