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strongly seismic scattering problems, resulting in slow convergence or divergence. A simple and effective
way is to improve the iterative algorithm using numerical analysis. One such method is the generalized
successive over-relaxation (GSOR) iterative method, which can be applied to solve the Lippmann-
Schwinger (L. — S) equation and obtain the desired convergent Born scattering series. However, in
strongly heterogeneous media, the GSOR iterative method may also face the challenge of slow
convergence speed while calculating the high-frequency Green’s function. In this paper, the complex
wavenumber Green’s function is utilized with the GSOR iterative method to numerically solve the L. —S
equation of the Green’ s function. The complex wavenumber has imaginary components that enable
localizing the energy of the background Green’s function and exponential decay, reducing the singularity
of the background Green’s function. To reduce the condition number of the coefficient matrix, we
further introduce the preconditioning operator and provide a preconditioned generalized successive over-
relaxation (Pre-GSOR) iteration format. The convergent iteration series is obtained by selecting an
appropriate damping factor and preconditioning operator. Then it is used to calculate the numerical
Green’s function in the seismic strongly scattering media. Numerical results indicate that the Pre-GSOR
iteration method for the complex wavenumber L. — S equations can produce simulation results consistent
with those obtained by direct methods for real wavenumber L. =S equations. The condition number of the
coefficient matrix in the Pre-GSOR iterative method for the complex wavenumber L. — S equation is only
10% of the original condition number at high frequencies. Under the same number of iterations, the
normalized convergence residual obtained by this method can be reduced by more than three orders of
magnitude. The new method exhibits lower convergence error, better convergence, and strong
adaptability to high frequencies, effectively mitigating the convergence stagnation problem encountered
by the generalized over-relaxation iterative method for the real wavenumber L =S equation in strongly
scattering media.
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BT 2=10m WAL, S ERERF do =dz =
10 m ISR AL B R 4 ms,

Xf LR L - S J7 BB UG BT B R
B SRE LG =G AR 1505 1 1 Z0CAE A% AR ek 2K
fiff o AT ORAIEBRR R 00K P SR B2 AR RO B
TEAH CE A% F 50 52 W0 8 /N 1 25 548 43 % (singular
value decomposition, SVD)EFR R, B L-S
U7 R R R AR AT B LR Pre-GSOR 25 UK fi#

C'=y=1+i (b =1.0), 3D

,YLG :,YG(O) .
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Fig.5 Single salt dome model
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1070 B T 5 3 1 0 1 v B (358 s ik e 32k 1% 9 B
1 000),

F1 BEBZEEBZERAR a.b 3 EAIERXE
Table 1  Number of iterations for various a and b of the
single salt dome model
f/Hz
a b
20 30 40 50 60
1.0 207 =1 000 =>1 000 =>1000 >1000
0.2 2.0 =1 000 =1 000 =1 000 =>1000 >1000
3.0 >1 000 >1 000 >1 000 >1000 >>1 000
1.0 176 267 344 366 437
0.3 2.0 163 =1 000 =>1 000 =1 000 343
3.0 181 443 >1000 >1 000 590
1.0 176 226 264 >1000 >>1 000
0.5 2.0 149 224 273 245 201
3.0 171 308 443 361 235

A a=03,0=1.0,0e= 0.3k |O]m.y= 1+
i[O/ O] wu] » MM F Ky 30,50 Hz B, KUE
VA R B ) SRR R S AN P 6 1K 7 iR . AAIAL 6
Bl 7 vl DLE O 50 R R 43 i 0T R
Pre-GSOR LR SK Mk L - S e . 15 8l iy
M bk oR BB 45 5 R L — S O R A i B
(SVD) B A B hf i — Bk .

22 1) B PR oR BB A T — ke 22 5 3% AR B0
KA X Pre-GSOR 3% AL TE i 451 5 11 Wi Sk
T 8. B’ 8 MM E N 30,50 Hz B, ¥ ] Pre-
GSOR #EA VL F GSOR #7415 2] 1y 10— fb 5k 22

5% R, Bk, Pre-GSOR &R
B ) G 2% A 1% 22 e /0N L BRIV 7 o A0 IRt 2R B T 4R

SIS
" BH S/ km #H 25/ km
02 0.4 06 fl bo 2 04

2/ km o
02 04 0.6 I

do
0

a. SEA(SVD) ;b SE#E (Pre-GSOR) ;¢ ME#B (SVD) 5 d. i # (Pre-
GSOR) ,
B 6 ik mHER F=30 Hz BfHOMR M B BB (E R

Fig. 6 Numerical solution of Green’ s function with a

frequency of 30 Hz for the single salt dome model
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Fig.7 Numerical solution of Green’ s function with a

frequency of 50 Hz for the single salt dome model
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Fig.8 Curve of normalized residual error with number of
iterations for the signal salt dome model 9 3 /km
L 04 06
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< 0.01f
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0259620 30 40 50 60 70
.
0.02 T T . . . .
2 0.01f 1
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—SVD KJI_EZ ‘i"\re-GSOR Fig.11 Single shot numerical simulation results for the signal
salt dome model
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Fig.9 Scattered wavefield at a frequency of 30 Hz for the l ‘ l

signal salt dome model

AP v, =5 ()G, (s(w) HE
V8 F 0 T4 A W0 23 1) 5050 I8 3 728 4 1) [ 3, D
AASE] B E . K AR 45 R 5 A BR 25 4> (finite
difference, FD) %5 2 (1) 0 (H 45 F 47 % Lo, 25 1
WE1 Fros, WE 1L haf LA EWEL - S Tr
& Pre-GSOR ¥5 7] LI45 2 5 FD #H 3k (9 £ H 45 2 .
BEMLAHEUES 10 38 A5 30 38 FE 47 B8 X Fb , 45 5 I
12, I 12 "ha] DUE H, 95 R0 B0 Oy i 3k A5 1)
BT A 5 R AL R (2 LA R i — Bk

R it — 2 BRI AE L TR R EUE
M2 RS 8 Ceond (L), = L, L], =
0 max (L) /6 i (L) 30 v 0 i 53 510 RBUEE L 1Y
e KA SR /NET SABD - I 50 BT 22 B30 B 25 41 8 B i

06 03 10 12
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i :
=S
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=
—st . . . . . ]
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i} [8]/s
— Pre-GSOR — FD

a. 55 10 3 sb. 45 30 1,
12 SfEh EHEE FD 55 Pre-GSOR & BB b
Fig.12 Single trace comparison of the records obtained by FD
mettod and Pre-GSOR method for the signal salt dome

model
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Table 2 Condition number of coefficient matrix L and YL at

x2

different frequencies for the signal salt dome model

f/Hz
20 30 40 50 60

REOERE

L 174.52 418.22 725.63 1 145.68 1570.39

55.29 91.72 110.23 115.01 99.55

YL

5.2 SEG/EAGE #f F 8!

X e 2 ) SEG/EAGE £ Ay,
BH AL (SVD) SR SEW L L — S Oy B2 19 B0 (8 fi adE 47
X H L, 4 SEG/EAGE b Fr i J3 A5 B ik 47 51 R A (&
13), W EEE v, =1500 m , IR T I8 T4 15 He
BT, EHEME x" =x, = (900 m,0 m) ,
WARET = =0 m WAL, 3% 07k 23 (8] 2R A A] B
N dr =dz =10 m , B[] RAEE] B A 4 ms,

NTH

BF B5/km
0204 06 08 1.0 1.2

E 13 SEG/EAGE h F#& %)
Fig.13 SEG/EAGE salt dome model

[RIRE S 80 L - S 7 FE B s iy <k vt R
HRH SVD Rt LG=G ST EIWHE L - S At
B 28 7 FR 2 R ] Pre-GSOR 3248 1 R fi YLG =
yc“” R A B A PR pR KR

F 3BT ERECRFE o b, 11—k 20 2
r <1.0 X 107 B T 5 2 Y 22 AR Bk (B2 e K% AR
WHECH 30000, NFE3HATLIEH, MBS a K,
D R R s, R AL 1 A SR R 5 P A D B R A

FEFE L A S 200 G B i S B B R RO B LA
A S G A A0 B AT A K 2 R KU [ L
19 25 PR 00T TR I 2 3 ik AR % 5 K5 1 (i i
Z IR 2Z A K

FHT T e A0 552 5 B R BB B 2R R B R (G 4D
A28 R A R AR O I R A S T A /N Bl 2 5 1 Ak
il AR 223G K O T PRAUE S 1 [R] B A5 1A 20

BAEA#, B e = 0.03k2 O]y =1 + i[Ox)/
(8.0 |O | )]s 245K 30,60 Hz i} ,SEG/EAGE

B Fr R TR ES 1 A PR bR KA 1 S 38 R R S An e 14 A
15 i, M 14 & 15 M IEH . B8 L - S
75 2 Pre-GSOR A% 74 15 21 (14 4 K oA B0 (A i 5 I
L — ST R (RS 80 B (SVD) Z [E I iR 22 88/

% 3 SEG/EAGE # R B EBAE a. b 3T 5 AYIE R K EL

Table 3 Number of iterations for various a and b of the SEG/

EAGE salt dome model

f/Hz
a b
20 30 40 50 60
10.0 1111 2 264 >3 000 >3 000 >3 000
0.02 12.0 1 095 2172 >3 000 >3 000 >3 000
15.0 1079 2093 >3 000 >3 000 >3 000
5.0 1091 2412 >3 000 >3 000 >3 000
0.03 8.0 979 1931 2758 >3 000 2711
10.0 961 1817 2 582 3000 2 705
3.0 1081 2373  >3000 2757 1530
0.05 5.0 841 1565 1 980 1932 1325
8.0 773 1 341 1791 2 298 1513

%4 SEG/EAGE B E#EBIAREIMETREERK L '—ﬁyi 5]
K

Table 4 Condition number of coefficient matrix L and YL at

different frequencies for the SEG/EAGE salt dome

model
. f/Hz
RBGERE
30 40 50 60
L 2 600.08 6 154.57 11 107.64 16 291.68 22 147.03
Yi 1344.33 2 413.56 3 295.69 3 409.97 2 709.56
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Fig.14 Numerical solution of Green’s function with a frequency of 30 Hz for the SEG/EAGE salt model
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Numerical solution of Green’s function with a frequency of 60 Hz for the SEG/EAGE salt model
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SR L - S FREAE A E Mot 2Ll T
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Fig. 16  Curve of the normalized residual error with the
number of iterations for the SEG/EAGE salt dome

model
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Fig.17  Scattered wavefield at a frequency of 30 Hz for the
SEG/EAGE salt dome model
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Fig.18 Scattered wavefield at a frequency of 60 Hz for the
SEG/EAGE salt dome model
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Fig.19 Single shot numerical simulation results for the SEG/

EAGE salt dome model
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