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VZu(t) + f(t)

10%u(t)
atz
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ﬂ

nt

(2.2.2)

z u(kAt) e~ @nkAt
k

(wn)

i

=0

P
T

A% A (2225 %3 3}

11
T

(2.2.3)

.F-(wn)ewnkAt

r(kAt)

1ol adjoint 54 Ak,

)

o] &

r(t) 2} adjoint I}

o2 2 adjoint 35
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=
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Discrete Fourier transform

Calculate Residual in frequency domain

Inverse discrete Fourier transform

Calculate adjoint wavefield in time domain

Discrete Fourier transform

Calculate gradient

Calculate model update by using L-BFGS

Update model parameter

I8 2-1. A

ojare] A,

Satisfied

No

w
2



18| A28 F5 9ol ¢ 57 o

2.3 L-BFGSE o] &3 #3Z 3}

=2 G fl) ol Ax WEE) Awol A= W flg +Ax) =
o AME S ofde & 2 A PR 2d T 5 gk

[ + Ax) = f(xp) + AxTVf () + %AxTVZf(xk)Ax (2.3.1)

b

ol

9] s HAsk o] S8 Axel dhal AEvnE

Vf(x, + Ax) = Vf () + V2 f () Ax (2.3.2)

Ax = —H 'V (xy) (2.3.3)

= &3 &A w}gk(search direction) AxS 7 4 2t} o] of
=
=

WEE A S5 HoE BA 85 f) 9 ARkl Ax

Xpy1 = X — Qpdx (2.3.4)

FAIRE H= ZAF SAIRKE 18] dHS A4 ek A

At #o] destrz dddor AgHolA Ay webA
S A FEA ¢k L-BFGSEE 22 quasi-Newton Ho] ¢zl
oAb FofellA de] AREH L Sl
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BFGS+= 7Hd &E&2ZQ1 quasi-Newton Holetar <refx]glom
BFGS 2= A2 7l¥x=<1 Broyden, Fletcher, Goldfarb ¢} Shanno
9] o]F& WA AT BFGSE A dlAIRES Wl WHE A4 mhoh
AMEZ AAFskE Zo] oyl o THHIAE WIS VNIewR
JulolE # ZAF AIQE o] &3t WA o]t} o] A oA BFGSE

QA W whz Auels] wEe] 24 dA9e ae

PA3) H2 WHolth, AW BFGS:

$ ZAgo] d=7] wiEel Limited-Memory
=€

L-BFGS+=  3llAIeF &-dol uyHF  FAY UX(dense) ko]
A7l FEAY 2737 5 A AS-Eh (Nocedal and Wright

=
1999). L-BFGS+= n & AolE 7Hx+= 2 Jie #HERE AAste

Xk4+1 = X — akBkak. (235)

of Wl B, = obfel 22 FEjE v NbE ALt vtk HolE



20 | A2 FoA4 o 9l v ol

Br+1 =V BkVie + presisi (2.3.6)
o]jl
1
Pk = ylz—sk (2.3.7)
Vie =1 = prYkSk, (2.3.8)
Sk = Xk41 — Xk (2.3.9)
Yk = Vfkr1 — Vfr. (2.3.10)

S WE BV = Ve o WMH s, yiE ol8stel 72
Atk AZE Wb Aol Az = W b edE WE 5, yiv
AMZE HE s, y 2 thAES oebA 9 WEHES 7P S m
N HEE AAES] AHolE FEE VA AT me FE 3904 20
AFol 9] Zh& A3t} (Brossier et al. 2009). L-BFGSS o] £3}o] B4
Waks Adske 3 the% 2tk (Nocedal and Wright 1999).

A FAREe] 271 #h(BR)S AEgitt. Brossier et al. (2009)
W o] w2 pseudo-Hessian (Shin et al. 2001) F7}4 ¢l AAkEko)
Aol FoakA] FomA AA| At AFE o= AL BAF @
T Qe E®E L-BFGS drete x7] gtoew AFetrt. whebA #
o] A% pseudo-Hessiane ¢H: 3 AA4F A ®A wHE ALY
b 7] o= ARSIt 7 WA vk ALME =

p

-

& e
>—H

-':lx_i 'kl-' 1.!i o |

711
i i
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T
Sy _ _
By = “ko1Yko1 g 2.3.11)
Vie-1Yk-1

B

= A 27 #ow ARGt A (23.6)9] WHEE E3
B oteioh &2 #AE Stk

o

¢

By = (Vl;r—l Vl;r—m)Bl(c)(Vk—m Vk—1)
+pk—m(Vl;r—1 VlZ—m+1)5k—mS£—m(Vg—m+1 Vl;r—l)
+Pk—m+1(VkT—1 VkT—m+2)5k—m+1Sl€—m+1(VkT—m+2 VkT—1) (2'3'12)

+ ...

T
+Pk-15k-1Sk-1-

ek L-BFGSE o] 83 79 ofdfig} o] B WF x>

Julo]E & 4= At} (Nocedal and Wright 1999).

q=Vfk

fori=k—-1,k—-2,---,k—m

a; = PiSiTq

q=q—a;y;
end for (2.3.13)
r = Beq

fori=k—-mk-m+1,-,k—1
ﬁ=Pi3’iT7’



22 | A2 Fe 9ol @A 97 o

r=r+si(a;—p)

end for

Bkak =7r

X1 = X — A B Vfy.

A& st



o XH(iterative  source

53
b F2 Lenorma) SrEl o] AHEE T (Song

S

estimation, ISE)°] 2} 1L

et al. 1995; Pratt 1999; Shin et al. 2007).

i <=3 ¥t} (Shin et al. 2007).
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o]},
2t
T
=
As = [Ae
o)L,
xdE

24 B 2R F 9

o ghd 33 o)
=T

= cje - d]f - aj + l(d}e +ij —bj)

web] $4 el HE BH G5 Bl =

1 nr
Egc(s) = Ez rjrj*
j=1

_ %z {(ge —dif — )" + (dje + ¢f — by)"}.

W ol g3t HA5E WYy

1
Esrc(s + As) = Eqo(s) + AsTVE,..(s) + EASTHWCAS

—

(2.4.5)

ofj 2

(2.4.6)

2.4.7)

S 9k o W s=[e fIF olx

AT Tk, mhebd BARE Ast

As = —HgVEg(s)

JYPCUAE  VE,.(s) 9 dAet H & oliel

(2.4.8)

2ol
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nr ]
[aEsrc-I IZ{e(CjZ + d}) a]CJ bldl]l
0 j=
o=l e
P20 )+l
I[azEm 02F m] |Z(C +d?) 0 ]|
2
Hyo = | O 6e6f IJ . I (2.4.10)
| 02E,;. aEsrcI | 2 . 2|
=1
w2}
IraZEsrc aZEsrc—I_l [aEsrc]
Ae de? dedf i | de |
A :[ __ , 2.4.11
S Af IazEsrc azEsrcl |%| ( :
o]jl
po o Y7L (aj¢; + byd;)
R VN ()
nrf‘ s (2.4.12)
Af = —f - 72 (a;d; — byg;)
2y (cf +d?)
o],
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2.4.2 983 4 9y oike] EAH

7ot} (Zhou and Greenhalgh 2003). ¥ &-fo|X = HAl 38 o
7 B4 el gEFHAS wolr] g AA wd, 7%
% d(homogeneous), =7} Zlolof| we} Wak= 1 2 29 (simple
1D model), B &3} ¥ X (smoothed model)ol thallx F41 313
ke Astel AZ3t 93 wlasith 1 22 $4A Y
oAake] AMES S RdEo|th. ¥ 232 Wl &R mE
G = A 98 Ak Adjolny. Fak oA FA 9
-

E] 75 Hz 7} 0.25 Hz tA o7 &

A FopldE A $A REe ggn /A 5ES
9l

RdoM oAt 3 A 9E At Ak A e At o
Ay A FA Age] o g shARt AA $AL gy
zpol7k glow 53] Fo| A Fugrh wopdas Al $A
gox otk H&3 @ Ede Fal HF 9GS A8
Atz o] Ao i dys Bu AA $A o] ST B

HolErh shAIRE Wi SFio Edo] AA Rl $E3] 7ol
wretal e FAl ggo] Ak A gkt At ®H FA
ago] AA FA AP gEud FA Asdy 5 gl

Aol WA S5 mae Aolu JFE vAE o] ohet FAl

-1 o=
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AaAM Fx EUOIA fep 9 drep s AEEHaL 24219 hEAge]
= A j A sV FAL sl AAE FA s (57)

e (3.1.3)

pé = =l _=_1 (3.1.4)

WEel =X HEFT BE HEFS AL u) ASE $A o]
AZ Edes 44 5y oue] 9FS FA etk BE o
Moz ojug Fx EvolAE Adstiete A3 FAZ ¥4
opeth shAu AR Edolsd] Fg, BAE HE @AY Fol
350l 9o ojWst Bz EdolrE MY stuipe] wel 33

oare] Azt ek HEE 98 Fx Edoxd Hushs
_/’:

# o]t} (Choi and Alkhalifah 2011).

HEeeAe ol g8 $4 %E @3 AA Wl AT FA
Fg0 B0E AA @ 5 A=A B g4 W St 2
2 W 747 BE $A e AHg @ A9 prel po Blwa sk
x 2HE $4 H99 Fae e 2L

Fohrg o] ojgy] wEe B AT B ERY 5
ejww ohet Ao FRrE Az o
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Al skl s Fyeklh. 29 3-12 vbE Au B o] ARE-S
SA PG ARE g T]Foltt ks Hup RUY Al #5 9hw A

2 15 HzE HUY 3= 7}X]+= fdgaus(first derivative of a Gaussian
function) waveletS (¥ 3-1(3)) &4 IFFox ARSI 74 I
S 20 HzE AUl F3+= 7FA] = fdgaus wavelet (2% 3-1(b)) 2}
ricker (second derivative of a Gaussian function) wavelet (“1¥ 3-1(c))
7HA A 3 E ARSIt a7 315 BE 7 Al 939 3

3ol AAR 18 F5o vE FHolnE £A H3e)
Aol Fope] GBS WA n oA WA STl G W)

o] ot
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@ d\
7= <~—’——’> (3.1.7)
Uref dref
2 olgstel 4 (316 thA 2
OE(m) _ ow 1 . Oy W
Z — 7,
amk = amk uref amk (uref)
(3.1.8)
S ouj 1 . OUpey - uo,
= Re a i~ P) 27
My Upes My 4 1(uref)
o]t}
2 (21.8)= o] g3t THHUAEE ofest 2ol s ndT
S
JE(m
(m) = Re[vi(STO)T(F — )], (3.1.9)
amk
ﬂref ﬂref dref
1 (az d, >
ﬂref aref dref
£ = , (3.1.10)
1 (anr dnr)
ﬂref uref dref
0
0
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(3.3.1)

(3.3.2)
(3.3.3)
g wo
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Tdec,j = Zu =u  ~d = )
GrerS™  GrepS® + Nres
> _ Fuzu(zd zd ~d zd AUz
Teon,j = g}'lsu(grefs + nref) - (gj st nj)ggefsu'
Py B UTERH, fppy & BRIHE olg
Bapo) e,
e #Fx Egola & AMESt H$(0TR) #x E#olAs
72}

ﬂref = g;iefgu

ol At ofelgl Zol Fel@ 4 AUrh.

(3.3.4)

(3.3.5)
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Tdec,i = Zu ~u  =~d =
et grlfefsu g;iefsd + nref
n; (3.3.6)

~ ~d j
gi 9tz
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1 o 1 ENRLAY
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(915 nj)nr' 1.915
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Edojxel i FHAWEA A7 EAAE5A HERE 7} AE
ofef o} o] Ak = Slth (Xu et al. 2006).

fdec,j ~ 1 - (3.3.12)

1 nr 1 nr
u ~d ~d ~d~d ugzu
T, =~ ST — ST —=4g; ST — S
con,j = 9j nr 9j 9j nr £ 9j
J=1 J=1
L (3.3.13)
~Uzu
- n;— s
i 229

Qe A 97 wEe] OTRel wWla) § ARHow 9H v
e A otk wF 53 EdoaE Bz Edoliw
A 2

o] ofy7] witel AEH Fx EfolAo tEPOR
gk AAAES AAT = QA sARE B Ego]se] dfal v
Faol AR FEoeR AT W FAV] VIEHE sl
A7 dso] Aupghe] whel -3 WHik(geometrical spreading), I
A4 Tor Al Aol wEt FAasA HER W @ ZA(far-
offset)ell o] Als of F Hl&= 77k Q2 X Al(near-offset)ell 13
sobxlth, g AAl "HAFE Fal 2 Amole FES S

P AW FeE EPHl YL & AS B o 4FY

UEbd T whebd | e XAl Efolag: Fx Ego]id
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1
j — ~dxd
dref = nref z (g] ST+ nj), (3314)
j=1
nref
1 ~ ~
Uref = nref Z gys* (3.3.15)
]=

ol AL obdst gol FeT 5 Ak,

7 g"}i ~u _ g‘fgd + nj
decj = nref ~u~ nref d
nrefz “ nrefZ (9;5 +n;)
n (3.3.16)
g; g +=1 3d
nref ~u B nref n_j !
nre f Z J nre f ( ' §d)
nref
fcon,j nref Z (g + n])
nref (3.3.17)
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Figure | Source method Reference Model misfit N.umb(-ar of
trace iteration

2-2(d) - - 5.38x10~* | 0 (Starting)
4-1(a) ISE - 4.68x10~* 78
4-3(a) | Deconvolution OTR 4.18x107* 57
4-3(b) | Deconvolution STR 4.26x107* 39
4-3(b) | Deconvolution ATR 4.60x107* 36
4-5(a) Convolution OTR 4.11x107* 36
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4-5(c) Convolution ATR 4.27x107* 42
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Figure | Source method Reference Model misfit N.umb(-ar of
trace iteration
2-2(d) - - 5.38x10~* | 0 (Starting)
4-8(a) | Deconvolution OTR 4.22x107* 67
4-8(b) | Deconvolution STR 4.30x107* 36
4-8(b) | Deconvolution ATR 5.05x10~* 17
4-10(a) Convolution OTR 4.47x10™* 19
4-10(b) Convolution STR 4.53x107* 24
4-10(c) Convolution ATR 4.89x107* 25
E 43 7F¢A FAS] HEo] xF¢E ARE ol&s A9 oA
g A4k o] e EYE exkel v AAE Sl



A e 2vjola e

)

L

4.3.1°14

A
il

_]

4.3.2 7}

o)

s

FORTOBOL R B ogy M 1) gk ° . A mo
g oo @ Blode ox % K] v < ot /T
S0 o T R O S —
BORe W T T W o= T W o X
Trwme NPT T R & e
~ , KO R — (KU — B
T X ®E R T R %u —
BE o7 TE a \—llnﬂ_l N ~ ﬂ_NU W_w o X i e
ORI S I <=
Ao o8 % o P o oo & oﬁa Y o
ot ! = =~ K O 0
p 4 “ 4 N R L mﬁ ol
taziiirisdgsy I
. = Aowoo oA bl
t © Yo ° G — W 5o =)
. T - 1x]r w5 WM W ol ' o7 op o
Lm%%zwﬁz%gm‘mmﬁ A
B il o T N 0 —
B o N R R o Y ﬂ,ﬂ_nm oo m,w Aﬂ
o Tog e TR mg BT
—_— 0 )
Pl e Moo 5 g Ty w D g
H._E LE [nze) o L _Z,.* 0o »A# uu,._
m_ﬁ it K ) _M K = S o K] HHH Ho o =
o ~
mﬁﬁ,ﬂqﬂﬂiﬂo%w%ﬂ ~
g o o N s KL T Z
o ™ i/ ™ ol WH fom|| A.u_Mo ﬂm i il WH ,MH‘__ il
(AT TR 2 S U ) o = o
W mom o B R e W S R
~ KR
ﬁ7ﬂ_ﬂ%%mé%ﬂ%xﬁﬂ ol
¥ O T < oR Reowe o T o &. = M=
0
T LB P T ER S L T i
Ww de M W O T o N o R X

L —

L.

ngl

A
&

m o] Ay rt

WA}
ke

o)
s

| —

R

57

)

&

A keke wo] Az (18 4-12()

S

2.5 km zlolo] Ql+=
]
2)

&

[e)

=
=]
T

i=]
Az A

-

R

Asfoltt. A7k %
o 9% wAe

4~6 km A& 2.5km Zlo] o}z U

o
=]
=

(2% 4-12(b))



A5 1109

A

3

23
=]

Marmousi 1 ¥

Bils

hyA
R

ol

4.3 #&

.Z%O

)

i

be) a7

°©

a ==

9

|

1o

S W A3 (29 4-12(c)= A3A

1

ol
2%

Al Bl o

olm
e
Mo
0

Al
=

% Avnr

B

= A

}‘\l_

o
o&

]

g5

3

S|
2

SRS

S

<3

olod
= =

=
a

4r

)

1% 4138 1.4 km A™I 7.9 km A He

ojth, I19 4129 £%

Helt} 1.4 km

1% 4-13(a)°ll A

o] xzupele] HA S

-

] o]

=

H)

A

oF
=)

)

olo

X

A
1 2% 4-13(b)l A

R

b Ak}

ks
er

&

S|
Y

o Azt 3

i

o] Al 7}7+

o]o
=

b Avrh A

5|
Rl

&

S|
Y

oy
_&O
BH
oh

o

—
file)

s

i

o



Mo

11°

1

&l

; 1_'_”

L
i

22



Marmousi 1& 34 #= | 111

re

T

ol

4.3 35

Distance (km)

(s/w)) Awoojap

n I W
<+ o

(wy) ydaq

@)

Distance (km)

(s/wy)) Awoojep

(wy) yideq

(b)

km)

(

Distance

(s/wy)) Anoojep

(wy) yideq

(©)

Marmousi 1% &4 Azl o

-~

<

T

ojy
R



112 | A48 & g4

Velocity (km/s)
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A A oA

Figure | Source method Time Model misfit N.umb(-ar of
window iteration

2-2(d) - - 5.38x10~* | 0 (Starting)
4-12(a) | Deconvolution No 5.42x10~* 40
4-12(b) | Deconvolution 2s 4.97x107* 39
4-12(b) | Deconvolution 05s 4.65x107* 27
4-14(a) Convolution No 5.02x10~* 27
4-14(b) Convolution 2s 4.76x107* 21
4-14(c) Convolution 05s 4.73x10™* 20
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Figure | Source method Reference Model misfit N.umb(-ar of
trace iteration
4-16(b) - - 4.23x10~* | 0 (Starting)
4-18(a) | Deconvolution OTR 3.81x10~* 21
4-18(b) | Deconvolution STR 3.80x10~* 27
4-18(c) | Deconvolution ATR 4.10x107* 15
4-20(a) Convolution OTR 3.78x10~* 22
4-20(b) Convolution STR 3.80x10~* 30
4-20(c) Convolution ATR 4.09x107* 17
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Abstract
Source-independent frequency-domain acoustic full

waveform inversion using time-domain modeling

Hyunggu Jun
Department of Energy Systems Engineering
The Graduate School

Seoul National University

Full waveform inversion is one of the methods to calculate the properties of
subsurface material and it updates the properties by minimizing the differences
between the observed wavefield and modeled wavefield. The observed wavefield is
obtained from the field seismic exploration and it is the result of convolution between
the impedance of subsurface and source wavelet used for the exploration. The
modeled wavefield is calculated from the wave propagation modeling by using wave
equation. For the accurate modeled wavefield, the numerical source wavelet which is
the same as the source wavelet of the field seismic exploration is necessary. To obtain
the source wavelet used for the field seismic exploration, the source estimation
method is widely used, but it has several limitations. In this study, we propose the
source independent full waveform inversion which does not need the true source
wavelet. The source-independent full waveform inversion can be divided into two
algorithms: deconvolution based method and convolution based method. We
explained and compared each method theoretically and numerically. The most
important part to apply the source-independent full waveform inversion is the method
of constructing the reference trace. We performed tests by changing the methods of
constructing the reference trace and suggested which method is the most appropriate
method for the full waveform inversion. The conventional frequency domain source-

independent full waveform inversion is not applicable to the field seismic data. To



apply the frequency domain source-independent full waveform inversion to the field
seismic data, we introduced time-windowed frequency domain source-independent
full waveform inversion. Because it is difficult to apply the time window to the
conventional frequency domain wave propagation modeling, we performed frequency
domain full waveform inversion using time domain modeling. To verify the suggested
algorithm, we performed synthetic numerical tests by using Marmousi synthetic data
with and without noise and compared the results. The numerical tests were performed
by using each deconvolution and convolution based methods and by changing the
method of constructing reference trace and length of time window. We also applied
the proposed algorithm to the Gulf of Mexico field seismic data and successfully
inverted the wvelocity model. The inverted velocity model was verified through
migration, common image gathers and synthetic seismograms. Through numerical
tests, we showed that the convolution based source-independent full waveform
inversion using the reference trace which is constructed from a few number of short-
offset traces and the time window which is applied to contain the direct wave

information is the most appropriate and stable method for the full waveform inversion.

Keywords: Full waveform inversion, Frequency domain, Source

wavelet, Time window, Field data

Student Number: 2014-30190
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