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Abstract

Full waveform inversion (FWI) is a highly nonlinear and ill-posed mathematical physics inverse
problem. Total variation (TV) regularization method has the property of preserving the disconti-
nuity of the solution. However, it leads to the stair-casing artifacts for regions with certain skew
angles (e.g., piecewise linearity). The second-order TV (TV2) regularization method can attenuate
the staircase phenomenon while preserving the edge information of the inversion resolution well.
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However, compared with the conventional TV regularization method, the TV2 regularization me-
thod requires large computation costs. Therefore, we combine the advantages of TV and TV2 re-
gularization and propose a hybrid regularization (HTV) method. Numerical experiments based on
the Marmousi2 model and the Sigsbee model are conducted, and the numerical results show that
the HTV regularization method has better computational performance in terms of inversion accu-
racy compared with the TV and TV2 regularization methods.
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2 IEMEANH R, CG-DESCENT JvE il i 4 — AN 2% 8] bR — AR AK 10 /O 1% 1R 28 PEadEAT 1k
52, Bk, HEAEmEASOEE AT AR H, Wb EE ) CG-DESCENT Jiikil =/ M 11k

DOI: 10.12677/mp.2022.125012 118 AR £


https://doi.org/10.12677/mp.2022.125012

Rk, Gk

A —AEbnitk CG BN, HILYTRE B, v:

B n "y "2
dk k gk+1 . 16
‘ ( yk ‘ llr yk J |;r yk ( )

H, Y = G- Oy m>%, RS L, cLRBEEE: B MRTEMBR, MRk L,

HiEid L-BFGS J5ikrfE 145 18) SRR — Tk 1n] R 2 IE A 1 DA S O SRR SE = AN 2T
RO, 2428 ) AR 45 oR 0] 31 25 TR N, 725 1A) 75 31 A Hessian 20 B AF g T Ak 38480 B2 ke sk B3 i Wie 8
T (W25 SCHR[16])

32. BEH
HIF CG-DESCENT 3K FWI Sisi [ il ) — S B R 3R I F AR s BOBB BE (T 55 B o 8 i ik 2
TBEEETHARE, ()20 f (m) B S 5C T AR RN ZH0 m BEAT R0y, A Ao i O U 45

v (m) =£%§n)j(m(m)—dom)
{Mj R (Ru(m)-dy ).

om

(17)

fE B, « FORBEH T HIHERE, ou(m)/om J2 Jacobian AR o 45 % (17) 2R FI A IR 2 432 B 11 5 Jacobian
FERE, RGBT R S EECRE AR R e A, T IO T R FWI S8 Il R AN i), FLBE B v 5
TR 38 I R SRR AF 1% K R Jacobian 4. 4 1 8% it5 Jacobian 4ERE, A SCRA—MrEpE 7
HH AR ZE DU B FE[17] [18]

o= .
Hoh, uTERE R RS, R
oF (u(m),m) ’ b o
[Tm)] u"=—R"(Ru(m)—dy, ). (19)

M(L8)AN(L19) 3 HT LA HY 5 TS5 B 7 22 T (A B P58 A SR R > IR i, — SR TSR v,
F AR AR U o DIk, R AR B S B R AR G U ARSI R A FWI e R
BEIAEAR A HUHOE 5 22 0006 5 ) S
T SRAE TV R, MRAEX(T)RIE), TV RTEHSH m, | IBERRN
aJtv (m) My —Myy

My () +(my ) + B

+ My (20)

\/(mxz )2 +(m,) + B

m><3

Jm P (o + 52

+

Hrp,

DOI: 10.12677/mp.2022.125012 119 AR £


https://doi.org/10.12677/mp.2022.125012

Rk, TEE

m mi+1,j _mi,j mi,j+1_mi,j
L= =
X AX Az
m.—m._, . m_.,..,—m_. .
mxz _ i,] i-1] ;mzz — i-1,j+1 i-1,] ’ (21)
AX Az
mi+1,j—l _m',' m; j _mi,j—l
m><3 = 'mz3 =
AX Az

H130(10), (11)(12), TV2 KTHRSHm, | MIBEERZR N

0y, (M) _ -2m,,

-2m,,

.
My M 48 (M) + 52,

m

+

m

+

xx3 (22)

\/( xx2) + Pz \/( xx3) + s

m

m

223

/\EF"
M,y —2M 5 +mM
mxxl = 2
(Ax)
m;—2m_,;+m.
mxe =
(ax)’
. m;—2m ;,+m o,

722

(A2)’
2.(23)3 ) T A 669 P4 24

My, ; =0, My, 1 =0, m; N, -1 =0,

4. B{ESLIE

Biwt 2<i<N, -2 2<j<N,-2,

Jm + 56 a5

LM —2my
1 1 =
2z (AZ)Z
1,y =) _Zm”zl‘j LN (23)
(Ax)
M —2m; ., +m;
’mzz3 - (AX)Z

% [ SR £ 134 m, =0

N T EUERBFB AN TTFE3), E ARG WA R ZE BT B, Tt i R4 [19]. 7ERSHK
EREF, GINTEAULEDZ (PML) RS2 5 2% A1 AR ok B 3 5 R 0 ik 3 (2 ma [20] . 55T MPL A
OpenMP [FVR & FFATHEZL R R 12 K R AR 26 M 7 FE 4 [21]

TE Mk 2 H ) A oR 200 B LA ORI AT (A1 ~P AT o BRI, O DAk 2 0 ) L A A 1)
RRPE — AN EE R, NIEHEEIOX S ENLSEGE, R E I & B AR R S R,
TEA R A FERD AR, iR ZER AR, R, ENAASE A, p BONIE
SEAR, T TV M TV2 IEMME 7, BUA =1.0x107, 1 =1.0x107 , %} F HTV IEN4L 7325, Bt 4 =1.0x107*,
1=1.0x10"°, ZIEMMLSEOET S-S, BIRIE TV Ml Tv2 s RikiuZ 25, 2T Marmousi2
RN Sigsbee A HEAT HUE S50 DASGAE HTV IENAE 06 380, FE0 5315 TV R TV2 IE A 5 ik

AT3FECCABAIE HTV (Rt . N T 5E

BV TIERTE AR, SN 15 M L RE U (PSNR) F 45 [22]

MAX (m')
PSNR(m',m") = 20.0xlog10| ————|, (24)
MSE(mt,mr)
e,
DOI: 10.12677/mp.2022.125012 120 A


https://doi.org/10.12677/mp.2022.125012

ki, TG

MSE(m‘,m’)_

MAX (m ):m?qmjy (25)

=4
=
<
=

L

2 (mf.mi5), (26)

Ly
0

o

j

Horfr,  mUA m" 4 FOR S S REALUAN S AR

4.1. Marmousi2 &8¢

TEHE A% ] /B, Marmousi2 #5278 52 F SRR = B A% 77 vk ) S a2 —
5 17 km, Al 199 MHLUGEE FI—AN 450 m IR K 2R S . T 958 EWI

RIFIRER B HON: K 3.5 km, %
I 0 Pl e M X B A, A A S SE 6 R R RE R R K E S BORE H

z(km)

JE4A Marmousi2 fi

0.8

0.4

J(mg)/ f (mo)

0.2

|
J.\ \ 1
I
1 N
o
L \ \ i
) i
L ~ T
~.. T e—
I Bl st SR -—.a—.—--__:_-n
0 20 40 60 80 100 120
Iterations
(b)

Figure 1. (a) The initial guess of the Marmousi2 model; (b) The convergence
curve for three regularization methods
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Figure 2. (a) The true velocity of the Marmousi2 model; (b) The reconstructed
results of TV method; (c) The reconstructed results of TV2 method; and (d) The
reconstructed results of HTV method
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Figure 3. Vertical profiles for Marmousi2 model, TRUE-true model, INITIAL-background model, TV-TV regularization
method, TV2-TV2 regularization method, HTV-hybridize TV and TV2: (a) at horizontal position of 3.84 km; (b) at hori-

zontal position of 5.84 km; (c) at horizontal position of 7.0 km
3. Marmousi2 R EEZIEE: TRUE-ESUAERL, INITIAL-#A4EEL, TV-TV EM{L. TV2-TV2 EN{L,

HTV-RBA TV #1 TV2. (a) 7E 3.84 km BI/KERLE, (b) 7E 5.84 km BYKEALE, (c) 7 7.0 km BIKFERE
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Table 1. Comparison between TV, TV2 and HTV regularization methods in the terms of the number of function estimations
(NF), the number of gradient estimations (NG), and the peak signal-to-noise ratio (PSNR)

£ 1TV, TV2 I MTV ENE S EEBRREBETRENF), #HEMITHXBNG)ARIEESEEL (PSNR)HIXTEE

IEMAE 5 NF NG PSNR
TV 1833 616 21.01
TV2 4590 1811 21.21
HTV 2105 750 21.52
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Figure 4. (a) The initial guess of the Sigsbee model; (b) The convergence curve for three regularization methods
[& 4. (a) Sigsbee FIRREREY; (b) =FIENKTTERIUSRL
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Figure 5. (a) The true velocity of the Sigsbee model; (b) The reconstructed results of
TV method; (c) The reconstructed results of TV2 method; and (d) The reconstructed
results of HTV method
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Figure 6. Vertical profiles for Sigsbee model: TRUE-true model, INITIAL-background model, TV-TV regularization me-
thod, TV2-TV2 regularization method, HTV-hybridize TV and TV2: (a) at horizontal position of 3.84 km; (b) at horizontal
position of 5.84 km; (c) at horizontal position of 7.0 km
[# 6. Sigshee #HAIMBEFIE: TRUE-EZHER, INITIAL-#EEEL, TV-TV EEML. TV2-TV2 EME. HTV-REE&
TV# TV2. (a) 7 3.84 km BI/KFAIE; (b) 7E5.84 km FOKFLIE; (c) 7 7.0 km BIKFALE
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Table 2. Comparison between TV, TV2 and HTV regularization methods in the terms of the number of function estimations

(NF), the number of gradient estimations (NG), and the peak signal-to-noise ratio (PSNR)
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NRE vipes NF NG PSNR
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