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Application of Displacement-Vector Objective Function for
Frequency-domain Elastic Full Waveform Inversion
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Abstract: In the elastic wave equations, both horizontal and vertical displacements are defined. Since we can measure
both the horizontal and vertical displacements in field acquisition, these displacements compose a displacement vector.
In this study, we propose a frequency-domain elastic waveform inversion technique taking advantage of the magnitudes
of displacement vectors to define objective function. When we apply this displacement-vector objective function to the
frequency-domain waveform inversion, the inversion process naturally incorporates the back-propagation algorithm.
Through the inversion examples with the Marmousi model and the SEG/EAGE salt model, we could note that the RMS
error of the solution obtained by our algorithm decreased more stably than that of the conventional method. Particularly,
the density of the Marmousi model and the low-velocity sub-salt zone of the SEG/EAGE salt model were successfully
recovered. Since the gradient direction obtained from the proposed objective function is numerically unstable, we need
additional study to stabilize the gradient direction. In order to perform the waveform inversion using the displacement-
vector objective function, it is necessary to acquire multi-component data. Hence, more rigorous study should be continued
for the multi-component land acquisition or OBC (Ocean Bottom Cable) multi-component survey.
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Fig. 1. (a) P-wave velocity, (b) S-wave velocity and (c) density of
the Marmousi model.

Distance (km)

@
£

<

=

Q

°

[

>

@

>

g

2

a

@
Distance (km)

g

£

= <
< 2
< L
8 2
o 4
o

=

%]

Distance {km)
] 1 2 :? 4 5 8 "/ 9

€ E
< S
T e
2 &
© 9
= ]
0o

©

Fig. 2. Inversion results obtained by using the conventional /-norm
objective function for the Marmousi model: (a) P-wave velocity, (b)

S-wave velocity and (c) density of the inverted model at the 500th
iteration.

3 WeuE BATe) 44 3

km/s, S¥ €52 P £5¢) 057748, HEE 2.0 gem’
APzt md g AHSET) it RS Fpse e
Aste AAA BAE A ASE] $18ke] Clayton and
Engquist (1977)8] &4 ZAAZAEL AHS-3I%Th. Fig. 29} Fig.
3& 7z} 71&e] GAt Hhgal HeE Y] 278 BAYrR
AFgFRs o2t HhHo) 98] 5008 BHEste] A& A4t Aol
o} 7129 o2t Wi o2 78 Aike WAeHEe 7123 o
AF Agle] vjg] Zo] Weke &% 9 Wert F YA Wt
= el Ve THFig 2). BHE AL Ed 7128 94
Afe 7180 QAo R A Avputt EAHZe] Zold

2 9% ¥y} o) yehld, 53] 2 FYshi-o| vl
ARz FE7F AA mde] Bt 7HA YERstHFig. 3c).
Fig. 4= 94F dhE3l5eo) wlE wEo] gk RMS 24ke] W
g8 BoFy ). 7€ g4t W e 7%
oJak whdel] th3k RMS QX7 Hlsedt Ao R ZhAasA|
A2k WhE 3157} oF 3008 014 Wl W WE] 712
o2k Whwe] RMS QA7) B} ePg A o2 ZAasigith

2

pol pH o

2 B
;{2
1

1e] 2SS o]gah= A W] Tk =
o] Ulst A4 7FsAS Bolsty] $18) SEG/EAGE ¢4 =
dllo] &

o =
M e dArS st 33 o 2de] S
Nezlel 2219 BdS whERlen, 2de] A7|= 15.6
42 kme|th. Az 7H4& 30 m, £ 7l 24970,

Distance (km)
4 5 9

@

a5 £

£ 30 &

o

£L -

g 25 ¢

e 2

|20 2

15

(@
Distance (k)

a

£

=

€ 2

£ g

Q

= k]

3 g

Q g

«©

S

%]

Distance (ken)

3 $

K3 =]
£

E Pl

& B

0 &

0

©

Fig. 3. Inversion resulis obtained by using the displacement-vector
L-norm objective function for the Marmousi model: (a) P-wave
velocity, (b) S-wave velocity and (¢} density of the inverted model
at the 500th iteration.



RMS Error History : Vector
3.0 T T T T T T T T T
Conventional
Vector-L2 norm -—-----
2.5

RMS errors
=
o

50 100 150 200 250 300

Iteration number

350 400 450

Fig. 4. The RMS error curves of the conventional 5-norm and the
displacement-vector ;-norm for the Marmousi model.

Distance (km)
0 2 4 8 8 10 12 14
7
£
£
>
D
S
[
>
Lol
>
<
3
i o
@
Distance {(km)
0 2 4 6 8 10 12 14
@
£
=3
=
k)
°
[
>
o
>
©
3
Distance {km)
0 2 4 6 8 10 12 14
24
£ 23 §
= 2
% 22 >
%]
e 21 &
]
2.0

©

Fig. 5. (a) P-wave velocity, (b) S-wave velocity and (c) density of
the SEG/EAGE salt model.

o) o
dd 2de

FR7] e 200 AMEsls FAEE
2] pyf 1.7 ~ 4.5 km/s, B 20 ~ 24 glem™| 3L,
Marmousi =9l thgh 53] eAo|x1 9} o] md Ao o
sto] FolSH|E 0252 IAAFTh(Fig. 5). FHAHL 98
7% 7] RYZ Py £5 & 1.5 ~ 4.0 ks, ST
P3i} £129] 057748, W=
43519t} Fig. 63 Fig. 72

A .
S

P 1.
aE=

2.0 glem’! A¥Z7F =S A}
ELERE e EEED

R
Distance (km)
10 14

0 2 4 6

P-wave velocity (km/s)

@
Distance (km)
8

0 2 4 6 10 12 14

Q
£
. X
< z
= ke
& g
s 2
o
4
[}
Distance {km)
0 2 4 8 8 10 12 14
g §
3 =2
£
5 z
fa) 2
@
[s}

©

Fig. 6. Inversion results obtained by using the conventional /,-norm
objective function for the SEG/EAGE salt model: (a) P-wave
velocity, (b) S-wave velocity and (c) density of the inverted model
at the 500th iteration.

72 BAEE ARl 50038 whEsle] de Qi A
o}, 7]&e] G4t W o2 7ot Azs HAHE| Y 7|23
ok AdpEct 4G Y 2 FHRA 2A SxErdd 7t
A Aatd £ERUS HAFHFg. 6). B59 75 A
mdle] otE Ax7} 22 glem’ O F WA WA te) Zlolr) =
A k& whH 9E i oM el dEvt F 24 of
cm’E LEREOn 53] He W EXFFE o8 94 4
FHoMe gF AR 2ert Badsia vig viEe] das
Zlo] Wgko 2 AFdhe el vepgch v petet Sut
&zo] A4 ARl M e HAYEe) 7|25 FAF A3t 7S
of wiol| o5t Aol Hj3| G ol WA ZX3 ASE
Fol AA 2ol Bt 7IA YebTHFig. Ta, b). Fig. 8&
dd 2de oA wHESlgel] e el gk RMS 2219
W3l BT qlr}. 71E9) it s A 7%
A2k ol tigk RMS AP} HIs:gh o2 AstH, 7]
£ G4 uelo] 49 RMS 237F 94k w314 oF 4003] 9}
4503) Aol FEshs vha WHEd 7| 2% A4t W
Hel ZAole At dHE 3l 4003] oo 2 FrtEE SR
A= AT

>
£
\ul



Distance {km)
0 2 4 [ 8 10 12

Q)

< z
£ 3 3
,5% 2
@

3

2 2

a

@
Distance {km)

0 2 4 6 8 10 12 14

@
E
= =
E z
£ o
a g
o 2
©
=
0
Distance (km)
— mE
£ S
T i)
£ Z
[ 7]
o &
[a]

Fig. 7. Inversion results obtained by using the displacement-vector
L-norm objective function for the SEG/EAGE salt model: (a) P-
wave velocity, (b) S-wave velocity and (c) density of the inverted
model at the 500th iteration.

RMS Error History : Vector
4.0 T T T T . - i , :
Conventional
3.5 F Vector-L2 norm - |

RMS errcors
N

50 100 150 200 250 300 350 400 450

Iteration number

Fig. 8. The RMS error curves of the conventional ,-norm and the
displacement-vector A-norm for the SEG/EAGE salt model.

2 E

e
re,
-
S
X
rir
N/
B‘E
2
2
o of

A% WY SAYSY A% 25
she Sl Z1Re) R 4S9 HE A7} 2
a2 o 44 S P FHITE AL o 4
Asich e, A3e] o] BEAE A% AAWE ur
S BART F UL T £ ANk 5, 9 me
A T HAF S5 Aolr}h 27] o] WgE =
o] B3P e ek 9Es 2ol E7t e
Fo] EAshz A2 A% W4} AFANoE A 5
ol ALEFS DAL hS ofdrhe He 2ok o
F5 UHATE Y] WYY THYFE olgshe B
Yoe F o WA 99w 5o dhsiiE T4
HEl SERUE 9L 9 AoR . AeluEES
o8¢ BAYLE WY AR Pl 4837 AeA
£ R AL asb) BRe] SHBAINY T &
B WAL S TR Bl e S gl o

Fo} ola)7} dsyEolor & Aol

2 A7 20109 AR AdeR dEuz] 7]
% 7HUKETEP)S] A g wol $3g A7 AR P}
(No. 2010T100200133).

x £
e

ro

Bae, H., Shin, C., Cha, Y. H., Choi, Y., and Min, D.-J., 2010,
2D acoustic-elastic coupled waveform inversion in the
Laplace domain, Geophys. Prospect., 58, 997-1010.

Brossier, R., Operto, S., and Virieux, J., 2009, Seismic imaging
of complex onshore structures by 2D elastic frequency-
domain full-waveform inversion, Geophysics, 74, WCC63-
WCCT76.

Bunks, C., Saleck, F. M., Zaleski, S., and Chavent, G., 1995,
Multiscale seismic waveform inversion, Geophysics, 60,
1457-1473.

Choi, Y., Shin, C., Min, D.-J., and Ha, T., 2005, Efficient
calculation of the steepest descent direction for source-
independent seismic waveform inversion: An amplitude
approach, J. Comput. Phys., 208, 455-468.

Choi, Y., Min, D.-J., and Shin, C., 2008, Frequency-domain
elastic full waveform inversion using the new pseudo-Hessian
matrix: Experience of elastic Marmousi-2 synthetic data, Bu/l.
Seismol. Soc. Am., 98, 2402-2415.

Chung, W., Shin, C., and Pyun, S., 2010, 2D elastic waveform
inversion in the Laplace domain, Bull. Seismol. Soc. Am.,
100, 3239-3249.

Clayton, R., and Engquist, B., 1977, Absorbing boundary
conditions for acoustic and elastic wave equations, Bull.
Seismol. Soc. Am., 67, 1529-1540.

Gauthier, O., Virieux, J., and Tarantola, A., 1986, Two-
dimensional nonlinear inversion of scismic waveforms:



226 Ay

Numetical results, Geophysics, 51, 1387-1403.

Guitton, A., and Symes, W. W., 2003, Robust inversion of
seismic data using the Huber norm, Geophysics, 68, 1310-
1319.

Ha, T., Chung, W., and Shin, C., 2009, Waveform inversion
using a back-propagation algorithm and a Huber function
norm, Geophysics, 74, R15-R24.

Ha, W.,, Pyun, S., Yoo, J., and Shin, C., 2010, Acoustic full
waveform inversion of synthetic land and marine data in the
Laplace domain, Geophys. Prospect., 58, 1033-1047.

Kim, M., Choi, Y., Cha, Y. H., and Shin, C., 2009, 2-D
frequency-domain waveform inversion of coupled acoustic-
elastic media with an irregular interface, Pure Appl.
Geophys., 166, 1967-1985.

Kolb, P., Collino, F., and Lailly, P., 1986, Pre-stack inversion of
a 1-D medium, Proc. IEEE, 74, 498-508.

Lailly, P., 1983, The seismic inverse problem as a sequence of
before stack migrations, Conference on Inverse Scattering:
Theory and Application, STAM, 206-220.

Min, D.-J., and Shin, C., 2006, Refraction tomography using a
waveform-inversion back-propagation technique, Geophysics,
71, R21-R30.

Mora, P., 1987, Nonlinear two-dimensional elastic inversion of
multioffset seismic data, Geophysics, 52, 1211-1228.

Pratt, R. G, Shin, C., and Hicks, G. J., 1998, Gauss-Newton and
full Newton methods in frequency-space seismic waveform
inversion, Geophys. J. Int., 133, 341-362.

Pyun, S., Shin, C., and Bednar, J. B., 2007, Comparison of
waveform inversion, part3: amplitude approach, Geophys.
Prospect., 55, 477-485.

Pyun, S., Son, W.,, and Shin, C., 2009, Frequency-domain
waveform inversion using an L1l-norm objective function,
Expl. Geophys., 40, 227-232.

Pyun, S., Son, W., and Shin, C., 2011, 3D acoustic waveform
inversion in the Laplace domain using an iterative solver,
Geophys. Prospect., 59, 386-399.

Sears, T. J., Barton, P. J., and Singh, S. C., 2010, Elastic full
waveform inversion of multicomponent ocean-bottom cable
seismic data: Application to Alba field, UK. North Sea,
Geophysics, 75, R109-R119.

Shin, C., and Cha, Y. H., 2008, Waveform inversion in the
Laplace domain, Geophys. J. Int., 173, 922-931.

Shin, C., and Cha, Y. H., 2009, Waveform inversion in the
Laplace-Fourier domain, Geophys. J. Int., 177, 1067-1079.
Shin, C., and Min, D.-J., 2006, Waveform inversion using a

logarithmic wavefield, Geophysics, 71, R31-R42.

Tarantola, A., 1984, Inversion of seismic reflection data in the
acoustic approximation, Geophysics, 49, 1259-1266.



