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Abstract

Full waveform inversion (FWI) is a large-scale nonlinear ill-posed problem, and its

second-order gradient information plays an important role. However, the implementa-

tion of Newton-type method is expensive. In this paper, an efficient truncated Newton

full waveform inversion method is proposed based on the conjugate residual method.

The full waveform inversion method can make full use of the second-order gradient

information of the target functional and improve the inversion accuracy. Aiming at

the problem that the truncated Newton method depends on the initial value selection,

this paper combines the trust region globalization strategy into the truncated Newton

method. In order to accelerate the convergence rate of the conjugate residual method,

the preprocessing operator is introduced in this paper. Based on the two-dimensional

2004 BP model and the Sigsbee model, the effectiveness of the preconditioned conju-

gate residual truncated Newton inversion method is verified. The numerical results

show that the preconditioned conjugate residual truncated Newton method can make

full use of the second-order gradient information, thus accelerating the convergence

speed of the algorithm and improving the imaging accuracy.

Keywords

Full Waveform Inversion, Conjugate Residual Method, Truncated Newton Method

Copyright c© 2023 by author(s) and Hans Publishers Inc.

This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

1. Úó

�Å/�ü(Full Waveform Inversion§{¡�FWI)ÏL[ÜÅ|�[êâÚ¢S*ÿêâ§

±¼��x/�ÅDÂ�'�Ô5ëê(XÅ�!�Ý!P~Ú��É5�)"T�{U¿©|^


Å|��Ü&ESN§wÍ�Jp/�¤��©EÇ [1–6]"

FWI¯K´���5�Ø·½�r��5�¯K"T�¯K~=z�����5���¦¯
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K§Ïd~~¦^ÄuÛÜÂñ��{?1¦)"��eü�{´��z8I¼ê��«�{ü�

`z�{ [7]§Ùeü���8I¼ê�KFÝ��§ÏdÂñ�Ý  �ú"Úî{´Äu8I

¼ê���FÝ(Hessian Ý
)��«¯�Âñ�ÛÜÂñ.`z�{§��u��FÝ.�{Ù

äk�¯�Âñ�Ý [8]§cÙ´3�`�NC�§Âñ�Ý´�g�",§�éFWI�5��

ü¯K§Úî�{�HessianÝ
ã���;I¦Ú�8��5�O�¤���
Ù3FWI¯K¥

�A^"[Úî�{ÏL�;�cS��ëê�.ÚFÝCz&E5CqHessianÝ
½HessianÝ


�_§3U?
��eü{.�{Âñ�Ý�ú�Ó�~�
HessianÝ
��5�O�JK§

~XL-BFGS�{ [9]",§�Xhít&/�^�JÝ�O\§ÄuHessian&E�Úî.�{

3)ûTaE,FWI�¯K��`³�Åìàw"8I¼ê���FÝ(HessianÝ
)UÖ�k�

��ì²Jp�Ý(���ü°Ý§ÙgTa�{�U¿©|^Å|�õgÑ�&E§�±k

�/JpE,/�(��ï©EÇ [10]"

�äÚî.�{´�aU¿©|^8I¼êHessian&E§Ó�;�HessianÝ
�ã��;Ú

O�þI¦�p�`z�{"�äÚî.�{�Ì�g��|^S�{Cq¦)Úî�{¥��

5�Úî�§§Ïdk�/;�
HessianÝ
���O�§k�/Jp
�{�O��Ç"l�

ÛzüÑ�¡�±ò�äÚî{©�üa§�a�Äu�|¢��äÚî.�ü�{§�a�Ä

u&6��ÛzüÑ��äÚî.�{"��u�|¢��äÚî.�{§Äu&6���äÚ

î�{3?npÝ�àÚ��5¯Kþäk�Ð�O�Ly§Ó�Äu&6��ÛzüÑ��ä

Úî�{�äkÛª�K5��^§Ïd�·Üu)ûFWI�ü¯K [11]"

�Ýí�{(CR)´�«¦)é¡�5�§|�S�.�{§ÙdHestenenelÚStiefelJÑ

[12]"CR�Ì�g�´4�zí�§Ù3¦)�5�é¡�5�§|¯K�äkûÐ�Ly"

FongÚSaunders(½
�Ý
�é¡�½�§�g�.�¼ê��CRS�¥üN4~�S�Cq

)�îª�ê��S�Ú¤üN4~§CR�üN5¦�Ù�~·Üu¦)&6��{¥�&6�

f¯K [13]"

�©Äu�Ýí��5�§|¦)�{Ú&6��ÛzüÑïá
�äÚî�Å/�ü

�{"�
?�Ú\¯�{�Âñ�Ý§�©Ú\ý?n�f¿�Ñ
ý?n��ä�Ýí

�{§JÑ
ý?n&6��äÚî�{§{P�PCRTRUST-NEWTON�{"�Ä��Ýí

��{���ÇpÝ�6u�ä^��À�§�Ñ
�«k���ä^�"Ó�§Äuª

Ç���(Å�§§�Ñê�¢�±�yPCRTRUST-NEWTON�{�k�5Úp�5¶�

©éPCRTRUST-NEWTON�{�k�S��[Úî{({P�L-BFGS)?1é'¢�§±w

«PCRTRUST-NEWTON�{3O��ÇÚ�°Ý�¡�`�5"

2. nØ��{

2.1. &6��ÛzüÑ��äÚî{

nØþ§FWI�±L«����¦`z¯K

min
m

f(m) =
1

2

Ns∑
s=1

‖Rus(m)− ds‖22 , (1)
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Ù¥§Ns���ê§‖·‖2L«L2�ê§RL«z�qs�Â ��Å|§m´�üëê§ds�*

ÿêâ"us(m)´Ü¤Å|�÷v�©�§

A (m)us = qs, (2)

Ù¥§A (m)��©�f§m�0�ëê§usL«éA��qs��AÅ|"

Úî{�Ä�g�´3:mk?é�§(1)?1�g%C

φ(mk + ∆mk) = f(mk) + ∆mT
k gk +

1

2
∆mT

kHk∆mk, (3)

Ù¥§gk = 5f(mk)�8I¼ê3:mk?�FÝ§Hk = 52f(mk)L«8I¼ê�HessianÝ
"

ò�gCq������¼êf(m)����§�±��

Hk∆mk = −gk, (4)

T�§(4)¡�Úî�§§÷vT�§�∆mk�Úî��§ÏdÚî{�S�úª�

mk+1 = mk + ∆mk. (5)

FWI´���5���5¯K§§�HessianÝ
;�Ú¦^Ý
©){��¦)Ñ��(J"

Ïdæ^S�{Cq¦)Úî�§�Ün"ù«|^S�{CqÚî�§��{¡��äÚî

{"

3Úî�{¥§¦^��Cq5Cq8I¼êf§��k3m���Ün��¥âUéÐ/C

qf"Ïd§Ú\
&6��üÑ§O\�g�.é�8I¼ê��å§T�g�.�

min
∆m∈Rn

φ(mk + ∆mk) = f(mk)+∆mT
k gk +

1

2
∆mT

kHk∆mk, (6a)

s.t.||∆mk||2 ≤ ∆k,∆k > 0, (6b)

Ù¥§∆k´&6��»§3ù�«�Sφ(mk+∆mk)�±éÐ�Cq¼êf(m)"�§(6a)Ú(6b)=

�Í¶�&6�f¯K"

&6«��»�ÀJ´��'�¯K§§��{�Âñ5k'"Ú\Xe�'Ç�I5Ýþ

Cq�§Ý

ρk =
f(mk)− f(mk + ∆mk)

φ(mk)− φ(mk + ∆mk)
, (7)

'�ëê´8I¼ê��¢Seüþ�ý�eüþ(=�gCq�.�eüþ)�'�"XJρk�

é��§KL«�g�.�±éÐ/%C8I¼ê§K�±�ÉCq�#þ∆mk§¿·�/*�

&6��»∆k"��/§AáýCq�#þ∆mk§¿~�&6��»∆k§¿#O�Cq�#
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þ∆mk"�{1¤«�&6��ÛzüÑ��äÚî{��{£ã"

�{ 1. &6��ÛzüÑ��äÚî{

1: Ð©z:η0 < η1 < η2 ≤ 1 , 0 < σ1 < σ2 < 1 < σ3,f(m0),k := 0
2: while k < max iter do
3: gk := 5f(mk)
4: if ‖gk‖2 < εga + εgr ‖g0‖2 then
5: m := mk §break
6: end if
7: O�HessianÝ
Hk

8: �â�{2O�∆mk

9: �âúª(7)O�eüÇρk
10: �#mkµ

mk+1 =

{
mk + ∆mk, ρk > η0

mk, ρk ≤ η0

11: �#&6��»∆k+1

∆k+1 =



min((max(α∗kσ1))||∆mk||σ2∆k), ρk < η0

max(σ1∆k
min(α∗k||∆mk||σ2∆k)), ρk ∈ [η0, η1]

maxσ1∆k
min(α∗k||∆mk||σ3∆k), ρk ∈ (η1, η2)

max(∆kmin(α∗k||∆mk||σ3∆k)), ρk ≥ η2

α∗k =
−5 f(mk)

T 4mk

2(f((mk +4mk)− f(mk)−5f(mk)T 4mk)

12: if k == max iter or f(mk+1) < εff(m0) then
13: m := mk+1 §break
14: end if
15: k := k + 1
16: end while
17: �£m

2.2. ý^��ä�Ýí�{

�Ýí�{(Conjugate residual method§{P�CR)�üN5�¦Ù3&6��ÛzüÑ�

�äÚî{¥4�káÚå"��!Ì�0�^CR 5¦)&6�f¯K(6a)"

Äk�Ñ&6���å§¦)&6�f¯K(6a)��u¦)Xe¯K

min
m∈Rn

ϕ (m) = gTm+
1

2
mTHm, (8)

Ù¥§g = gk§H = Hk§m = ∆mk"�T8I¼ê�)�∆mk, K|^��`z�{�����

7�^���

H∆mk = −g.
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CR �{ò¦)þã�5�§|=z�¦)Xe`z¯K

min
m∈Rn

ψ(m) = ‖Hm+ g‖2.

CR�S��ªXe¤«

αk =
rTk−1Hrk−1

pTk−1H
2pk−1

, (9)

mk = mk−1 + αkpk−1, (10)

rk = rk−1 − αkHpk−1, (11)

pk = rk + βkpk−1, (12)

βk =
rTkHrk

rTk−1Hrk−1

, (13)

äNí�L§�ë� [14, 15]"

�
JpCR�{�O��Ç§Äupseudo-HessianéHessianÝ
é�����ûÐCq§�

ï
é�
ý?n�f [16]

Mk = diag(

Ns∑
s=0

(
∂A(mk)

∂m
us)
∗(
∂A(mk)

∂m
us). (14)

�ÑeIk§Ï�éuz��&6�f¯Kó§Mk´�Ó�"ÏdP�M§M´��é¡

�½Ý
"-M = C2 = MT§H̃ , C−1HC−1§g̃ = C−1g§mk = C−1m̃k"Ký?n�CR�{í

�Xe

r̃k = −g̃ − H̃m̃k = −C−1g − C−1HC−1m̃k = C−1(−g −Hmk) = C−1rk

PMzk = rk§uk = Hzk§qk = Cq̃k §pk = Cp̃k u´

α̃k = ζ̃k−1/ ‖q̃k−1‖2 = ζ̃k−1/
∥∥C−1qk

∥∥2
= ζ̃k−1/

〈
M−1qk, qk

〉
m̃k = m̃k−1 + α̃kp̃k−1 ⇒ Cmk = Cmk−1 + α̃kC

−1pk ⇒ mk = mk−1 + α̃kM
−1pk−1

r̃k = r̃k−1 − α̃kq̃k−1 ⇒ C−1rk = C−1rk−1 − α̃kC−1qk−1 ⇒ rk = rk−1 − α̃kqk−1

ζ̃k = r̃Tk ũk ⇒ ζ̃k = (C−1rk)
T (C−1uk) = rTkM

−1uk = (M−1rk)
Tuk ⇒ ζ̃k = zTk uk

ũk = H̃r̃k ⇒ ũk = C−1HC−1r̃k ⇒ ũk = C−1Hzk ⇒ ũk = C−1Hzk = C−1uk ⇒ uk = Hzk

β̃k =
zTk uk

zTk−1uk−1

p̃k = r̃k + β̃kp̃k−1 ⇒ C−1pk = C−1rk + β̃kC
−1pk−1 ⇒ pk = rk + β̃kpk−1

q̃k = ũk + β̃kq̃k−1 ⇒ C−1qk = C−1uk + β̃kC
−1qk−1 ⇒ qk = uk + β̃kqk−1
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½n1o(
·�²~¦^�CR�5�"

½n1. eH ��½Ý
§�éu¤k�i = 0, · · · , k Ñkri 6= 0§e〈pi, pj〉M−1 = pTi M
−1pj§Ke

�5�¤áµ

qi = HM−1pi, (15)

ρi = rTi M
−1ri = 〈ri, ri〉M−1 = ‖ri‖M−1 , (16)

ζi = rTi M
−1qi = 〈ri, qi〉 = rTi M

−1HM−1pi = zTi zi = rTi M
−1HM−1ri, (17)〈

HM−1pi, HM
−1pi

〉
M−1 = 〈qi, qi〉M−1 = 0 i 6= j i, j = 0, · · · , k (18)

zTi Hzi = rTi M
−1HM−1rj = 0 i 6= j i, j = 0, · · · , k (19)

pTi M
−1HM−1rj =

(
M−1pi

)T
H
(
M−1rj

)
= 0 0 ≤ i < j ≤ k (20)

‖mi‖M−1 < ‖mj‖M−1 i < j i, j = 0, · · · , k (21)

αi > 0 i = 0, · · · , k (22)

〈pi, rj〉µ−1 > 0 0 ≤ i, j ≤ k (23)

y². 5�(18)-(23)�±d�5XÚH̃m̃ = −g̃�CRÚ|^r̃k = C−1rk§q̃k = C−1qk§p̃k = C−1pk§

M−1 = C−1C−1��"Ïd·��Iy(15)-(17)"

d8Bb�{§��§éuk = 0§q0 = u0 = Hz0 = HM−1r0 = HM−1p0,5�(15)¤á"b

�éuk5�(15)¤á§Kéuk + 1k

qk+1 = uk+1 + βk+1qk = Hzk+1 + βk+1HM
−1pk

= HM−1rk+1 + βk+1HM
−1pk

= HM−1(rk+1 + βk+1pk)

= HM−1pk+1

5�(15)¤á"

d5�(20)��

ζk = rTkM
−1qk = rTkM

−1HM−1pk

= rTkM
−1HM−1(rk + βkpk−1)

= rTkM
−1HM−1rk + βkr

T
kM

−1HM−1pk−1

= rTkM
−1HM−1rk

5�(17)¤á"
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d5�(20)Ú5�(17)��

ρk+1 = rTk+1M
−1rk+1 = rTk+1M

−1(rk − αk+1qk)

= rTk+1M
−1rk − αk+1r

T
k+1M

−1qk

= rTk+1M
−1rk − αk+1r

T
k+1M

−1HM−1pk

= rTk+1M
−1rk = (rk − αk+1qk)

TM−1rk

= rTkM
−1rk − αk+1q

T
kM

−1rk

= ρk − αk+1ζk

5�(16)¤á"

�{2¤«�ý^��ä&6�CR�{��{£ã§�äCR �'[!�ë�©z [15]"

�{ 2. ý^��äCR�{

1: Ñ\:H, g,∆k > 0, τa > 0, τr > 0
2: Ð©z:k = 0,m0 = 0, r0 = −g,Mz0 = r0, u0 = Hz0, ζ0 = zT0 u0, q0 = u0, p0 = r0, ρ0 = rT0 z0, ν0 =√

ρ0, δ0 = ζ0, µ0 = ρ0

3: while νk > τa + τr ‖g0‖M−1 do
4: k ← k + 1
5: |^�{3O�αkÚpk−1

6: mk = mk−1 + αkpk−1

7: rk = rk−1 − αkqk−1

8: Mzk = rk
9: ρk = ρk−1 − αkζk−1 . ρk = rTkM

−1rk
10: νk =

√
ρk

11: uk = Hzk
12: ζk = zTk uk . ζk = rTkM

−1qk = zTk qk = rTkM
−1HM−1rk

13: βk = ζk/ζk−1 = zTk uk/z
T
k−1uk−1

14: pk = rk + βkpk−1

15: qk = uk + βkqk−1 . qk = HM−1pk
16: µk = ρk + βk (µk−1 − αkδk−1) . µk = pTk rk
17: δk = ζk + β2

kδk−1 . δk = pTkHpk
18: end while
19: �£mk

2.3. �ä^�

�ä^��ÀJ´K��Úî°(�{O��ÇÚ°Ý�'�Ï���"éuSÜCRS��

�ä^�τa + τr ‖g0‖M−1§À�k���ä^�

τa = 0 τr = min(1/j,
√
‖gj‖), (24)

ùp�j�	�&6�Úî{S�ê"
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�{ 3. �{2�Ú�O�

1: Ñ\:∆k > 0,mk−1, rk−1, ζk−1, qk−1, pk−1, ρk−1, νk−1, δk−1, µk−1

2: if δk−1 = 0 and µk−1 = 0 then
3: �#αkÚpk−1 

pk−1 ← rk−1, αk ← min (αr, αa) if ζk−1 > 0

pk−1 ← rk−1, αk ← αr if ζk−1 < 0

4: else if δk−1 = 0 and µk−1 6= 0 then
5: O�αr∗Úαp∗ 

αr∗ = min (αr, αa) if ζk−1 > 0

αr∗ = αr if ζk−1 < 0
αp∗ = αp+ if µk−1 > 0

αp∗ = αp− if µk−1 < 0

6: O�ξk = −αp∗µk−1 + αr∗ρk−1 − 1
2
α2
r∗ζk−1

7: �#αkandpk−1 
pk−1 ← rk−1, αk ← αr∗ if ξk > 0

pk−1 ← rk−1, αk ← αp∗ if ξk < 0

8: else if δk−1 > 0 and ζk−1 > 0 then
9: αk = ζk−1/ ‖qk‖2M−1 = ζk−1/ 〈M−1qk, qk〉

10: if αk ≥ αp+ then
11: �#αk ← αp+
12: end if
13: else
14: O�αr∗Úαp∗§αr∗�O�Óþ

αp∗ = αp+ if δk−1 < 0, µk−1 > 0

αp∗ = αp− if δk−1 < 0, µk−1 < 0

αp∗ = min (αp+ , αb) if δk−1 > 0, ζk−1 > 0

αp∗ = min (αp− , αb) if δk−1 > 0, ζk−1 < 0

15: O�ξk = −αp∗µk−1 + αr∗ρk−1 + 1
2
(α2

p∗δk−1 − α2
r∗ζk−1)

16: �#αkÚpk−1§�#üÑÓþ
17: end if
18: �£αk§pk−1
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3. ê�¢�

�!Äu2DªÇ�(Å�§§lê�O���Ý©ÛPCRTRUST-NEWTON�{��15Ú

O��Ç"�§(2)�(Å�§§äN/ª�

∆u(m) +
ω2

m2
u(m) = qs(x, xs), (25)

Ù¥§qs´3xs ��§ω´�ªÇ§m3ùp�(�"

(Å�§(25)æ^·Ü���©/ª?1lÑ [17]"3lÑL§¥§>.^�������

áÂ>.^�(PML)§ü$>.��éÅ|�K� [18]"3�©�¤k¢�¥§¤k>.^�þ

�PMLáÂ>.^�"lÑ�5�§|æ^ÄuLU©)���{?1¦) [19]"

&6�Ð©�»∆0���

∆0 =
‖∇f (m0)‖2

10

&?«��»��'ëê���

γ0 = 1.0e− 4 γ1 = 0.25 γ2 = 0.75 σ1 = 0.25 σ2 = 0.5 σ3 = 4

�{Ê�ëê���

εf = 1.0e− 10 εga = εgr = 1.0e− 10

�©Äu2004 BP�.ÚSigsbee�.?1ê�¢�±�y�{�Âñ5Ú�15§¿òÙ

�L-BFGS�{?1é'±�yT�{3O��ÇÚ�°Ý�¡�`³"

3.1. 2004 BP�.

2004 BP�.´/��ü�ÄO�.�� [20]§T�.��Ý�Cz31 km/s�5 km/s�m"

T�.�ÈÔ�£N�m�3p�Ý'§�du�Ü©UþdL�p�í£N¤��§Ïd�k

é��Uþ�±ÏLù�p�íN���Ü��È�§ùO\
p°Ý�üT�.�JÝ"T�

.����421× 212 (�¹10 �PML ��)§�mæ�Ú��∆x = ∆z =20 m"Ð©�.´éý

¢�.|^1wz�
�"ã 1 ¤«��.�ý¢�.(a)ÚÐ©�.(b)"100��Ú400��

Â:þ!©Ù3�.þL¡§�må�80 m§�Â:må�20 m§��ü óÀ�"

3�üL§¥§À�10�lÑªÇ2.5§3.0§4.0§5.5§6.5§7.5§8.5§9.5§10.0§12.0 Hz.l

$ª�pªÅg?1�ü,z�ªÇ��S�Úê©O�14Ú(PCRTRUST-NEWTON)Ú164Ú(L-

BFGS)"ã 2¤«´ªÇ�2.5 Hz�ü«�{�Âñ�§Ù§ªÇ�kaq��"lã 2�

±wÑ§PCRTRUST-NEWTON�{��uL-BFGS�{kX�p�Âñ�ÝÚÂñ�Ç"ã 3

(a)¤«�PCRTRUST-NEWTON�{z�ªÇS�14Ú���(J!ã 3(b)¤«�L-BFGS�

{z�ªÇS�164Ú���(J"ã 4´ØÓ�Ý�.3 �x = 1.56 km (a)Úx = 5.55 km (b)

?�p�¿¡"lã 3(a) Úã 4 �±wÑ§L-BFGS�{3f���3�þ�É~ÅÄ§ù3
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Figure 1. The 2004 BP speed model

ã 1. 2004 BP �Ý�.

 �x = 1.56 km ?�p�¿¡�±��²w�wÑ"PCRTRUST-NEWTON�{Ø=3f�

p�í£N�LyûÐ§�ý¢�.A�����§3¥�Ü��È���J�'L-BFGS�

{���JwÍ"ù´duPCRTRUST-NEWTON�{ÄuHessianÝ
�E§|^
õÑ�Å

|§Jp
��°Ý"Ó�§HessianÝ
�_�±�Ö�ì²Øv�":§J,
¤�©E

Ç"

Figure 2. The objective function change curve of 2004 BP model

ã 2. 2004 BP�.�8I¼êCz�

Figure 3. The inversion results of 2004 BP model

ã 3. 2004 BP�.��ü(J
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Figure 4. Longitudinal profile of 2004 BP model parameters

ã 4. 2004 BP�.ëêp�¿¡

3.2. Sigsbee�.

Sigsbee�.PkE,�í£/G§�ºÜ�E©.¡�3r���Ýmä [21]"dup�í

£��ÈÔ�p�Ý'±9�ÈÔ�ìC(�§Ïd¬kér�õgÑ�Å|§¦�°(�üT

�.'�(J"À��.���411× 164§�mæ�Ú��∆x = ∆z =15 m"97��Ú390��

Â:þ!©Ù3�.þL¡§�må�60 m§�Â:må�15 m§�a.�ü óÀ�"

ã 5¤«�ý¢�.(a)ÚÐ©�.(b)§Ð©�.�æ^1wzý¢�.��"

Figure 5. The Sigsbee speed model

ã 5. Sigsbee �Ý�.

�üL§¥§À�10�ªÇ2.5§3.0§4.0§5.5§7.0§9.0§10.5§12.0§15.0§17.0 Hz"æ

^l$ª�pª��üüÑ§PCRTRUST-NEWTON�{�z�ªÇ��S�Úê�14Ú§L-

BFGS�{�z�ªÇ��S�Úê�164Ú"ã 6¤«´ªÇ�2.5 Hz�ü«�{�8I¼ê
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Cz�"�±wÑ§PCRTRUST-NEWYON�{Âñ�ÝÚO��Çþ`uL-BFGS�{"ã

7(a)¤«�PCRTRUST-NEWTON�{z�ªÇS�14Ú���(J!ã 7(b)¤«�L-BFGS�

{z�ªÇS�164Ú���(J"ã 8´ØÓ�Ý�.3 �x = 2.73 km (a)Úx = 4.48 km

(b)?�p�¿¡"lã 7 Úã 8�±wÑ§L-BFGS�{�ü3�.f��3��²w��K§

duPCRTRUST-NEWTON�{�±éÐ�?nõÑ�§¤±PCRTUST-NEWTON�{�

f��ü(J�K��"Ó�lã 7�±wÑ§3¥��(�¥L-BFGS�{�ü�(J��

�
Ú�3�õ��K§lã 85w§3ü� ��p�¿¡ã¥§L-BFGS�{�ü(JÑ

��²w� lý¢�.§PCRTRUST-NEWTON�{�ü(JK�bÜ�ý¢�."ù´

duPCRTRUST-NEWTON�{|^
��FÝ&E§¤±T�{�¥��(��ü�J�`

uL-BFGS�{"

Figure 6. The objective function change curve of Sigsbee model

ã 6. Sigsbee �.�8I¼êCz�

Figure 7. The inversion results of Sigsbee model

ã 7. Sigsbee �.��ü(J

4. o(

lê���Ý5w§FWI´���5�Ø·½�r��5¯K§XÛïá��O(p���

�z�{¤���JK"�Ï±5§ÄuFÝ��{§X��eü�{½��5�ÝFÝ�{§
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Figure 8. Longitudinal profile of Sigsbee model parameters

ã 8. Sigsbee �.ëêp�¿¡

±9[Úî�{L-BFGS§®²�^5)ûù�¯K"�duÙ��FÝ&E��5§�©¦

^
�äÚî{"�
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ý?nCR�{Ú&6��ÛzüÑ§

JÑ
PCRTRUST-NEWTON�Å/�ü�{"Äu��2004 BP�.ÚSigsbee�.?1ê�¢

�§¿�L-BFGS�{?1'�§lê��Ý�y
PCRTRUST-NEWTON�ü�{�Âñ5Ú

p�5"¢�(JL²PCRTRUST-NEWTON�{3Âñ�Ý!O��Ç±9�©EÇ�¡þ

`uL-BFGS�{"�©JÑ��{3E,�50�¥�Ly�k�?�Ú�ïÄ"
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