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Wave-equation based velocity inversion and migration of multiples
Yikang Zheng (Solid Geophysics)

Directed by Yibo Wang

Abstract

In recent years, oil and gas exploration is encountering the seismic imaging
problems in the area with complex geological structures, thus in seismic data
processing wave-equation based prestack depth migration methods with high
accuracy have been widely used and intensively studied. However, there are still some
problems to be solved in the methods. Firstly, these migration methods require
high-resolution migration velocity model to generate correct subsurface images, but
how to construct an appropriate velocity model efficiently is a difficult issue in
academia and industry. We need to find a better solution to approximate the Hessian
matrix, reduce the influence of amplitude information on wave-equation traveltime
inversion and improve the computational efficiency of wave-equation full waveform
inversion. Secondly, the conventional migration methods only take primaries into
imaging process; however, the multiples also contain information of the subsurface,
which can also be utilized to improve the imaging quality. Migration of multiples is
significant complements for imaging the complex geological structures, and deserves
further study. The dissertation focuses on wave-equation velocity inversion and
migration of multiples; it involves wave-equation traveltime inversion, full waveform
inversion, migration of multiples, and the elimination of migration artifacts. The main

research progresses are as following:

1. This dissertation introduces wave-equation traveltime inversion. By comparing
the effects of different numerical algorithms to the inversion result, limited-memory
Broyden-Fletcher-Goldfarb-Shanno algorithm (L-BFGS) shows it gives the best

approximation of the Hessian matrix. L-BFGS bases wave-equation traveltime
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inversion can improve the resolution of inversion results and computational efficiency
effectively. The analysis of traveltime difference gives that traveltime difference based
on the cross-correlation of waveform is strongly influenced by the amplitude and
varies with the frequency of the observed data. Frequency-dependent wave-equation
traveltime inversion is proposed to relieve the influence of amplitude information,
reduce local minima in the inversion result and offer an initial model with high quality

for subsequent full waveform inversion.

2. The second part of the dissertation introduces the time domain waveform
inversion in detail. Based on multiscale early arrival waveform inversion, a pseudo
Hessian matrix in time domain is proposed to precondition the gradient and accelerate
the convergence rate. The real land data application shows the efficiency of the

proposed method.

3. In migration of multiples, the dissertation proposes data to data migration. The
approach avoids multiples prediction and wavelet estimation and it’s quite effective
for migration of multiples. The defect is the noises in the final image. One-way
Fourier finite-difference migration and two-way reverse time migration are used to
implement data to data migration. To eliminate the noises in the image generated by
one-way wave-equation operator, we propose three methods: 1) using wide azimuth
data and 3D data to data migration to generate high-resolution, noise-free imaging
results; 2) in data domain use least squares migration to eliminate artifacts in iterative
process; 3) in image domain apply Radon transform to angle domain common image
gathers and eliminate the energy of noises. To improve the resolution of the image
generated by two-way wave-equation operator, we generate the reverse time
migration images by employing the imaging condition with wavefield separation.
The real marine data application shows the efficiency of data to data migration and

the approach to eliminate migration noises.

4. The dissertation combines the two research area and proposes a natural blended
full waveform inversion. It use multiples in the waveform inversion process of marine

data and reconstruct highly resolved velocity model with less data.
V]
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BesiioR, R0 T HUAMIOHE T AR R . WAEI 2 AR 577 75 B SR % K
B, 2ESBRRF BB TR RO RS YR 5 o, S
AR TR TR R I R, T I T PRI B o DI A SR e T
N YRR i, G A% VOB UL RR, IR 20 R T B P A
PR RS % VIR A R, 4 T3 A O O R 12
BT LRRE X

ARSI H 0 R R Vs G 1, RIS T e 7
ARG, S ARHEIK A RIR I AT RATIN R L, TR K
VBTV, ISR TR % R SRS S SR R A I R R L
BFICATIE B TUAL 2, MBSO IE . 76 S VM b, AT SR
TR AR TRV SO R R R4 22 Ve MR 5 A BT IR
R RS 2 Y I O 1 R R

1.2 #FRER

ARV S B SR P IS ) RN 22 U AR R, TR MG P AN T T
I A AIBIE FEBLIR o

1.2.1 RERERAFIR

SR S ASE i) A B R b R A AR ) R R, BEE TH L RR i dR e, R
W BN 7 FEFEAT IEJHASLALL, G 4005 b R 50 o 110 7 B R MR A5 5 ok e i it R A 7Y
(K1 BN 5 R SR T A T R R AL (1 o T B o b R AR P ) 2 A I S T
VE A S B BRI B 2 XN T R SR R B SOl M BRI A M, 5 SRIE D R
HhER ) EL S SR S R A B AR Y (Dines A1 Lytle, 1979; Bishop 45, 1985;
Ivansson, 1985; Paulsson %, 1985; Zelt %, 1999; Pyun %, 2005; Zelt %,
2006) . X B S IE 7 H AR R BUR IR R 22, I8 SR S ZIB BRI SRR
R Bl R R 7 i 2 DG 3 BE 1 20 bR T b 22 o 450 5 5 B AR (1 B 3 2 TR
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REGEAULAE, i AR iy ik £ 0 4 4R i A b 1 S AR 22 S 50K, B
J 5 R A8 TE RS .

FERT S B TSR T BB R 0 A AR, X 22 T R AR
BB JEAT DRI (1 T8 R G, 7RI S RS v A5 30 T 2 M o (R
R U SO S R PR, ToVEWE L ok BRI R K, PR UK G D s it
N IE B 1) B /> — et B (R TR S SR T7 A5 31 1 BRIk 22 1) SRVE o IBO% S
(PR A T B AE B AN 22 80 AEARHE L& 8t Lailly AT Tarantola 25 A\ 26 J5 42 Hi (Lailly,
1983; Tarantola, 1984). iX7Ffi s isi 772 H b R Hi2 T V5 A0 I 5408 < 18] i
TEARZEN L2 Y64, % B AR RO T 1 A ) T 0T DOd s VR s IR A 3R 11 7
VI A7 AR A5 Ak I ) A 8% (R R T Bk 22 Wik 1 FLAH ORAS B o 3 i I A 40 1 i T LA
T B A IR ZE SRR 3 7 FRAR B, B b 1 — A AU R A 4 T —
IV wFs (Baysal 2%, 1983; Chang A1 McMechan, 1987), A~ [H] &1 i
A F I ) A 3 00 L 800 5 BT B i I T A 1 2 SO0 0 5 4 AR L e At
HIBE 22 o W sy ik B TR GRS 5 B 1R 17 5 S ] B AU A R 3k
1HEREE, FREMRIUH R R BRI RE T (3R i A A3 1 o S8 7 vk vl
DAL 2052 b A = v e ] T8 S I DL 9 S P2 TR SR I 22 2 B, T 2 b R 4
P AL AARIEAS S SIS R B A I 0 HE R, By ks BB ) B2
BRTFB.

P B8 e B bR R OG- 18 BT AL I S HUR i BE AR 2RV Y, Xt g Rk
PR SE R e AR T IR . IR 5 E SR AR 2 ORI, S
AL PN R IMEZ , ANBEIERRS . 1 A HRIX AN )@, Luo AT Schuster
GNFEH T EE T B T R I AE I S U7 (Luo AT Schuster, 1991; Zhou 55, 1995,
Zhou &&, 1997). XAT7 % i) H bR s BT8R A% e I SO I E R 22, ANF
AT A B 18 AL TR SO [ FE a2 (Plessix, 2006; Taillandier 4,
2009) KR FAF B o A ICE AR A R FEE I Hh T 1) A% 478 14 RR R 320 R0 s 1 £ 1 1
223 7 B ZE B S5 R I B 8 3 FLAE DGR B o 1K R 4 T 7 BN SROBRT 8
TR HIOLH, RIS AT AR ST (e % 50 SR th AT DUIE RIS, RN ORAIE S e &5
ARG, FREEE AT A A i — O SO A B o {2 X s i
T35 B BARUAC RN S s 5 R 3t — 0 G A FrR A AL



RN VA7 ST W T RE I A S % UGB S

N T D RGBTV SO BT H b R B R 2 A A S I BN R AR A
&%, Bunks %5 (1995) #H T 2 REEBIY S 7% . B0 SO M ARAE) 5 43
BT, e R B MR B 48, SO i AR K o E TR
KIRFETR, BTG RIEA 5 BN R FBRAE, AR AT S i 45 A g e s T8 A A A5
R, AT DS 73 S e FE T MRS SE . Sheng 45 (2006) $7 HH I I A3 v i AR
B ) 28350 o0 REA T I ST, AR JE T SO R g5 I oK i 6 v A4S S s i
PR G BN R AR AR o I b 752 ] DU I S B B & IR R e 2, A2 R 3R
WS ARG ATk, T A2 R P AR IR 30 0T) 28 30k Y8 T S T SRS, TE b 5040 18 Hh R
B TIREFCR (Boonyasiriwat %5, 2009; 2010).

B SO R o — A R TR R, T R E R E I B,
DTN BEFERAT RACAR T, AP SIOR B o AR A/ IR FRIE, 1Y Hessian #H B4
A MBI AL BT, H &SRS B0 Hessian J0 b 7 200G 50 H ORI AE G
ZE[]. TEARAISBY SO T, VR 2 25 W PR AU Hessian R F (R0 £y 73 24
HNEGEAL (Chavent T Plessix, 1999; Plessix #1 Mulder, 2004; Symes, 2008).
Shin %5 (2001) 4G A SR AU I T 5 SR BE, 42t T R4 Jek A7 26 45k P A1)
Hessian 5 FE5EE, I HAESR IR EIY fos FIS TR AR (Shin Al
Min, 2006; Brossier %, 2009; Chung %%, 2010). 7 [A]38 P4 4] 3K Ag X F L
Hessian #5147 Z A — D IR 72 TAE .

1.2.2 BRKERBARTINK

He T B 7 TR K B AR A A% 7 V20 D TE V) 5 Y0 1 A0 IS 1 A i ) ARG U8
i LI HHE B HAH R AR AR AR AR o R — 2 2l A Ry
Ol o ) 2 OB TE R e, NN LR, LR m R G5 R R R EE
KT L2 WP HIEFR, B Surface-related Multiples Elimination (fij# SRME),
Verschuur 1 Berkhout %5 A4 th T 2 M RN M2, 72 SERR B T B T UL
U 38R (Verschuur %5, 1992; Van Dedem Al Verschuur, 1998; Kelamis Al Verschuur,
2000; Dragoset 5, 2010).

G R K DMty | A2 2% i DX LB R RN, 22 UK I AR A5 R HE
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TR 22 BRI 038 2% R AT 22 O A ] 2R il AR bk sk b, 200
FHASETNEMER, mHALKSERET, b HRRr e, £2at
B U TR I BUE B VR 2 DRI i an T R 22 0B OR B i H A
RFS F AR R . Verschuur T Berkhout (2005) #8 Hi T U 3 THI AR 9% 22 Ui #%
WU, RGN BV I wAE AR ok . MR T 3% (Wapenaar 5%,
2008; Schuster, 2009; Wang %, 2009; Wang %5, 2010; Wapenaar %5, 2010),
ANTR] B H5 1 22 i ) AR SAAERR AT AAS 2S5 T — B B 73, SRR X Rl — 1K
BRI DI B M m A i FEH,  FER AT VSP (Vertical Seismic Profile, T F 1
FEMITD BIEMIALTE T (Yu AT Schuster, 2002; Schuster %5, 2004; Jiang %%,
2005; He %, 2007; Jiang %, 2007). 75— NEMAIMEN R EH M Z IR
P AR R IR IR S I 2w E2 L FE >k (Guitton, 2002; Shan, 2003; Muijs
&%, 2005; Artman, 2006; Verschuur il Berkhout, 2015). Liu %% (2011) Hih
TR AT SRANTITIN L 1) 22 I S0 22 UK IS (A% AR, (E LSl BT 2 B AT 1
S WA LB IE A T AR PR T, R s B N AT 9T TAF (BE
IR, 2011; MHBASE, 2014; XIfFRCsE, 2015; RMGSE, 20150, {HAHERK
e IX B 22 I AR 7122 K0 70 e B TR 22 U, T F0 22 e — A SR AR IS
I AE, JF Hafe s b I NS e, 2 SEhR R 2@ B Mm@, it
Wang 25 (2014) $&H 1 AT 22 BTN ) EcE B A S I A% J7i%, WSk
BB S ]

2 U SAB ) 3 A — A 10l U AR 45 R B e LE AR R £ B . AL
FEREIR Y, W EARE, DABE R ZE Oy B bR s BORIR = R 45 R 1 7
Wit/ —imt, AR ML RET Born IR, 1535 2 KN EEE G
R ZE 15 IE g 45 % (Zhang A Schuster, 2013; Wong %%, 2015); Verschuur
SNt — DR Y T — B e B I B IR B 1) A B e U5 ik (Kamei 1
Lumley, ; Krebs &, 2009; Soni A1 Verschuur, 2014; Davydenko #1 Verschuur,
2016). XA R il 75 P LA BRI A AT BB AR AR AR FE . TAE U
Ji b, LufE (2014) FEFHERRME T ETRATE DR 2 BRI S R
[R5y HEe . WiHmFe (Baysal 5%, 1983) & —Fh ikl FE AL T, A4 (R X0URR
ST DA SR EE () BT . O AR AR 2 sy, (R A KE G
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W o TEXT S PR AT 2 R BRI, T HORAT BN AT, e
FREWI T B IS A R S E (Liu 5%, 20115 Fei 5%, 2015), Al
(R 77 3R A0 R LA B 2 sl i e i R, BSGE BUR 45 TS ML . B LT R

(VR R, X B 7 O A B AT = R m A, IR R, S E R R
R, WRERIKERWFF M (Chang A1 McMechan, 1989; Yoon %, 2003;
Dai %, 2010).
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XA RN 7 R NRAT I S8 1 48 R T LIVE N R — 08 S M TR A

3 MR I S 5 AU, Hessian FERE H,  HES 17 I T8] 38 11 B 6 A 9L
Hessian FEF4:,  JRe H N 21 S B dics MO8 st e, BUS 1B RCR .
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I AEI I i 1) B A, B 3% 0 B I B A St R S5 RIS IR EE
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FEHFE AR siE P M A] Radon A2AU IR R LR . X T2 0RER 1 14K
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Te iR AR, AT =2 RS SR R R L (R A R S
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FIE ERHFERITH RO

2.1 5|5

i 7B B F 0 B I 38 7 9 AT LIRS Moy S KK iRATR 3 (Dines A1
Lytle, 1979; ZiH:+, 1982; T#i %, 1983; Bishop %%, 1985; Ivansson, 1985;
Paulsson 5§, 1985; BXMOMEE, 1995; HPRHEE, 1996; Zelt 55, 1999; Pyun %%,
2005; Zelt &%, 2006; i&#atEs%, 2006) A iE (Lailly, 1983; Tarantola,
1984; Pratt, 1999; Shin 1 Min, 2006; Shin Al Cha, 2008; XIJ[E&%%, 2012;
R ESE, 2013; EfkSE, 2013; ApFFASE, 2013; BEPGHASE, 2014). XpiE
ST A % E IR AR .

L2 (R RAT I S8 149 e bR B8 AR 40 50 AU I B PR TR AT I 22, XNk AT
I 22 5 FEARAL (1 00 R A2 AU Z ML o BRI AR AR AN B Sl FE A 22 AROK, s
TR AT LAE E Y8 (Luo 1 Schuster, 1991; Zhou £, 1995). JRATH SidE dit
BT BN SR P PR 3 7 AR I s AU AU, THEE R i, AHR HL RS R R
BUK . AT SO 78 70 R R T b R 25 o AR A AR RS S, DAASEUL i AUl
AR R RZE 0 L2 YO0 B AR S EZIX A H b B HORN 58 B 2 ] 9%
R EARL ) (Gauthier 25, 1986; Luo 11 Schuster, 1991), 7E#JaAHERLAN
FLSEBARH ZE ORI, [RIE BN RIS, JTEIEMIS. N T 46 ZF Mk
&, Luo F1 Schuster (1991) & 1 Ik ARIRATIS i . BB T R A PR 2
IR FAT AT e 22 R S B (B JEE o X S ¥ R AE M SR A 8 5 sl P A
ZERCOR IS A 8 E RS SR I S 465 SR 40 R 3 5, 3 TR ik — 2B O S
PR

W) 75 RERRAT I SO AR ot bt e — M EUE S A R, DR A 6 BRI 5 e
(AU oA SR I PRI SIGH FE . Luo AT Schuster (1991) 3445 1 #53 T P2 sk
LT, (R AR MR X TR TTE, —Br A B R S iR
fiptocd R 1) 22 S E T ST 7 T (K B R R R B Hessian HERE . B E BEET A
P& = SE AL, W Newton 725, — VUGS RHPFT R E R HESOE N2,
AT HAA— I S B RAEE, Wsol Rk, — s SR BT E R
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SN o (B2 =B FECEE AL AW SICE PR, P s ZER A AR EB gi E
/Do TR AR R R S I R, TSR IR B T BRI, 48l Newton B
AU RS, T BRAEAE Y BFGS 532 (Limited-memory BFGS, f##x L-
BFGS) Hi%Efl Newton SE B AR LA R — . @ Pah TR IRIT IS
S B R A JRHERREEVE A L- BFGS BEMIHLE, BATBRER B BE S
HUAERE

FEPIERAE T, Bunks 55 (1995) $2 H SO BOZ MRS 46, 5 S s id 2 37
PR 7, Ak B S 38 FE N R 8 B . Boonyasiriwat 55 (2009) & R A
Wiener JEJ A g 73 ST PR i I8¢ 2 B 08 B KR P2 it S AN vk 5 . IX AR 2
JRFE S I8 SRS o 75 FH T U 30 7 R AR AT I Sl ik 2 v R PR ABL AR N AR T

2.2 EF L-BFGS BB B A IEMRITR R

2.2.1 EEB
TR R UERIR N
LI L vl = s
e x) ot p(X)V [p(X) Vp(x,t; x)] = s(t; x) » (2.1)

XH p(xtx,) Ry, xR EAE, tENE, x ZREBELE, p(x) 2%
B8, o(x) Y, st x) ARRIFREL v ARRBERIE 7. A IRE
INEs BATRT CIRAFIZAN BB RS, S 5 e T A oA R, 3R i
52 (1 58l RIS WL EHE p(X, 65X )gps » X B X BRI E . HIE— 2
Wi, RO AT 15 BRI FEEHE p(X, 6 X ) o SRR A HE A 11 TE V6 ) R ED

BRI AEZE 52 AL T2 R IR BR ORI 463 P 370 A 2% A 1 R4S IR B RS e
111 ¢ 768 ) s ) A AR LI et X3 H A e Bt MR T I 3
JiRAT I s 38 R i s SO H A e 202

s Z%ZZAT(X”XS)Z , 2.2)
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TXEIAT(X, X)) = T (X2 X,) = Togg (X, X,) 5 BEAZ B R S ] R RAT I 220 T

SRPATT 5 ] P B T PR S o AR AR, 5 K G AT R sk 2 5
NIRRT BRI N

Ceia (X) = (X) + a7, (X) 5 (2.3)
(0, (X) Rl B SR R ik T Bk 1), BIABRIETT 1), o A, — K

X
WA R
A4 HARER LS 55T 3 47 o(x) [ Fréchet 27BN y(Luo 1 Schuster, 1991;

Zheng %%, 2013),

7( )_ Zza( T)A (Xrixs)’ (24)
oc(x)
HE—3 JE T AT LR
0=z )Zjdtp(xtx)w.p(xm (2.5)
P EX) =D g —t:%,0)*87(x,,t;%,) - (2.6)

KRR * RonflRE T, pRoas p INASEL  g(x -t x,,0) AEXT R T2
2.1 MRS MR H. o7 5258 XIHUIRATIN 2, KAt a0y

AT(XHXS) ’ (27)

obs

or(X.,t;X,) = —é P(X, , t+AT;X,)

JX B E S SN E = [dtpX, t+AT;X,) g DX 6 XY » ML T

XPF M EE, iR 2.5 BWELE SOt & I TR) b OE ) AR )RR TR
POX,tx ), MUSIAMERE IS P (x,t; x ) BARSRZ 5 AT AT 3133 5T i 7086 2
JiT o pi(xtx) & R AT I 2 Ar(x,x,) A — A6 B E O OW I
DXt AT X ) oo BN Z G, S AL 45 21 o

FAVAE K AR B B SE R 7 1l i, R kAR, B — R et A - 2Xm]
LA N
X, =X +d, =x - H.0, (2.8)
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XA d REEER T, g, & HERRELf(x) KT x OB, H, /& Hessian
FERE, BT f(x) KT X S8 RSN RERATR ROEI R, x S0 Tk
Eh, £ (x) &M TIRITRZES .
WRIEITRE 2.5, FATAT LA BURATIN 2 56 B A B, Bl g, o FIHIFRAT
o3l s R B SERERRE VA L-BFGS SR
S BRI (Fletcher il Powell, 1963) IR TR EDWAMEE, 4424
B RRBULE e — s AT T, R B AN SR BRI T st HL BB E g ), R
g, =-VFf(x), (2.9)
H, AT LA — AN BT R R, AR A Ui
X1 =%~ VE(X) (2.10)
LIRS EE (Nocedal AT Wright, 2006) & 50# R FREMITRAL, 2RI

FRCR BT — M, AT ZAEFE A AT 5 Hessian 2EFE . AR L BT
[ 24 HiT Ak 5 5 T AN b — JAEARE By 4L, B

g, =-VF(X)+ L1941 (2.11)
X H, AR — AN AR, A
X =X — o (VE(X) = B 19 4) s (2.12)
TR R EAC T &, Z% S, 7T LA Polak-Ribiere-Polyak A3 (Polyak,
1969) KAF

— Vi (Xk+1)T [Vf (Xk+1) — Vi (Xk )]

Vi (%) VF (x,) (213)

B
AL AL ] — AR B R B S8 7 A KA AT Hessian REF%, AR W05 7%
1, A3 2.8 1t g bR FBEEE TR, H, /21 Hessian 6 FERIE L, A0 T g, 1

P FE R 7. BONA KRN 5R 2 Broyden-Fletcher-Goldfarb-Shanno 512
(Broyden, 1970; Fletcher, 1970; Goldfarb, 1970; Shanno, 1970), VY A7t
AL 70 FA R, BARARKH
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He=@Q- pksk(yk) JH, (1~ pkyk(sk) )+pksk(sk) ) (2.14)
S, =Xy — X, Y, = VI(X.,,)—-VI(X) o __ (2.15)
k k+1 k1 Ik k+1 k /71 Mk (yk)Tsk' '

X H IR H, — B AR R o (B R IXMRE TR B R E MR, 1F
R K. BFGS B IR 55 A AT BLR IR

He, =V, HYV, + 256", (2.16)
KEMV, =1-p,Y, (s,)" - BRI A 2.16, Nocedal (1980) 42 H} T 5 IR 7% 1) BFGS

% (Limited-memory BFGS, f&FK L-BFGS), fEXFpE Y, AN E 74k
FFEH, , HARUE B 2 m OEREFENERAAGEE], BRAH
k+1 (Vk -1 T)HkO(Vk m"’ kl)

+ Py m(Vk 1 Vidma )Sk mSk-m (Vk mi1 Vi)

+ P m+l(Vk R k m+2 )Sk mSkem (Vk m+2 " k—1) ’ (217)
+ee

.
+ PraSaSia

1X B ) Hessian 5 BF W46 A5 THH, , N
Hko — rk *I’ rk — (Skfl:—ykfl) ’ (218)
(Yir Yia)
XM AAT DU 3 H SRR S, R B AR T, Rl R E R R B AT R
I\ Hessian %685, W FTEAA- 27T m UOERF s, y, » 7E R TH S )i b AR )

TR BT AR

2.2.2 YEFEH

2.2.2.1 SEERFERAER

FRATE S AE — AT B 1 5 v AR PR S ) e R AR ARk = B ) T AL
o 1 2.1 WU BATT R BEAT B I 1 g ) e AR AR, et A BR 72 70 IR B A4
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ARAFEE I B B A o X — A 62x 142 K/INHE BEREAY, R[] 5 2 1 94
TR BRI 1.5 mo 18 e % B B AT B AE Zc MR IR o, 36 AMarip e % m] B

2600
2800

—

3000

Depth (m)

3200

3400

200

B 2.1 & s AR Y 7 B A, e MR S o A R [ R RO R YR, A R
D FHE b 20 0 B AR A A (I B IR 50 A 1) S T AT ) 7 YR s 28D

Figure 2.1 A fault model with a dipping layer, the blue dots along the left well
represent the sources and the red dots along the right well represent the receivers (not
all the sources and receivers are marked).
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Figure 2.2 The starting model, it is a constant-velocity model
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Offset (m) Offset (m)
20 40 60

20 40 60 80

g
=
=

Depth (m)
Depth (m)

&

200

(a) (b) (©)
Kl 2.3 BT RRIRAT I S 6 A JE BRI SE Ra) B B RESE R b) 3t
BRI 4E R ¢) L-BFGS Hikgh 3t
Figure 2.3 The results after 6 iterations; a) is the result of the steepest descent b) is the
result of conjugate gradient c) is the result of L-BFGS

Mo BRI b o et 8RR R R U 60 Hz 1 Ricker 1%, Kl 2.2 /23K
AMEF I RIAG R, 1K 2& —A> 3000 m/s R385 S AL

P12.31 Bl (2 SO 45 51, S SRAE B SRR B 100 T = MBS S0 R LE A i
S, R BUR BT -

2.2.2.2 SZHFEEREER

B 2.4 Fosife — DN E AR B, B T BEAE A E 2 4, Bt
SR IR RN R TR S I R G RN T F T BRG] 2.2.2.1 R —
o AT XHRCR, BATESE T WA E A ABALEEAT LA

JItFH A e AR AR 2 55 1] 2.2 ARIRN ) — AN 2 S AR AY o SR FH i s [0
SEHERL LA L-BFGS BRI T FRIRAT I s 2 i 21 sz 5 4 R
2.5 firn. B 2.6 45 H IR =R EZs AR FR AT I ZE AU Sl 2k . s b
LR R, FERIIARAL S R 22 AR IO N, L-BFGS IS S50 B B 2
T WFPBRRE S 18] 2.7 45 T ol T RRE, LA REVER L-BFGS Hi% [ i
&k JURN B SRR A [R) A7 B AT B, AT DA BITEIERIREUR B 2 41T,
Bl N BRI AN LIRS FE 45 A, T L-BFGS Hyk&s R 5 He 45 R NG .
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XEMRE ] L-BFGS HILRES 18 75 S i S v Aa e » FEARRIEARIE 15 25 4F
I SR, o

Offset (m)

2500

3000

3500

K 2.4 B2 HFIA)H LAY

Figure 2.4 The crosswell velocity model used to compute the synthetic seismograms
and traveltimes
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80

50 50 50

Depth (m)
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Depth (m)
=
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Depth (m)
=
(=]
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(@) (b) (©)

2.5 WA T FERAT I I i 18 WIEARZ Ja B JE 45 s a) Bl FREvELE R b) Jt
Bk RE LSS R ©) L-BFGS k45

Figure 2.5 The results after 18 iterations; a) is the result of the steepest descent, b) is
the result of conjugate gradient, c) is the result of L-BFGS
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—SD
—CG
L-BFGS

zed traveltime residual

Normali;

0
o 2 4 L) L] 10 12 14 % 18 n
ltgration

Kl 2.6 = FhEUE BRI BN 7 R IRAT I S iR AT I AR 2 AR A it 2, X HURAT
AR 2 D IH—1b

Figure 2.6 The convergence rate of the steepest descent, conjugate gradient and
L-BFGS, the traveltime residuals defined by equation 2.2 are already normalized

Vielogity (s}

] 2.7 FHIRIAL B A = S g 25 SR DL B S SIEASE T f ok A VR 2 ) AR 2k, 2068
4 fpid B R, WOl R ILHURR EEVE:, Rl 42 L-BFGS ik, Ml
LS E . A BRI 30 m &b, HEAERE 45 m Ak, 2
60 m 4b

Figure 2.7 The velocity-depth curve of the vertical line picked form the results of the
steepest descent(red), the conjugate gradient(blue), the L-BFGS(green) and the
accurate model(black); the left is on offset 30m, the middle on offset 45m, the right is
on offset 60m
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2.2.2. 3 HEZERNR

N T SRS AT =R S S s A R R e, A TE — MR AR
BT 7B SRR FE L XA B R AN & 2.8 Frow, 7K/ )y 60x160 ,
Pk TR EEATS A 1.5 me ZENHBCE 30 AR, A 60 ANKGIEE A 55 H) R 70 AT
FRIRT-PATI N 60 Hz (1) Ricker T-¥% . HI4HE /& 3000 m/s [F13 51 R,
2.9 & FLSLIE R SR LA R B 2 . 1 2,10, ] 2.11 ANIA 2.12 535
SR T SaE SR, ARSI 2 A R A7 BUE FEAE X b . T ELE 2 L-BFGS H.
VELENRAT B3 22 i JLUOEAR P SIS, SRR ISR, X AT A2 AL UG
X} Hessian %8 B (5 i AN K (Gill A1 Leonard, 2001). MRIEZEH &,
L-BFGS i 4 R/ W 4 S M 0 93, T A 5 S S o oy 0t

2.2.2. 4 JHEEHEEIXTEE

2.1 45 e =AEUE IR AR = FhEOE SR SR TR A B, X ARSI
R =FhEE AR B — B0 . RS E AP R A, BT AR
#& 8 #% CPU.

Steepest Descent(s) Conjugate Gradient(s) Limited-memory BFGS(s)

Test2.2.2.1 144.3 144.5 1454
Test2.2.2.2 218.9 218.2 219.8
Test 2.2.2.3 337.1 337.9 338.9

R 2.1 = EEFE T S TA] AR EE

Table 2.1 The comparison of computing time in the four tests.

M E B, d1T L-BFGS &Gk A MR 5 i1k 9 4mn (17 &
T, TR IR AR DY O(mn) o fEFRIEREF T, mABON 5. WA RER
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T s m<en, RIHH SR 2 BE LU T 5ol N BRE AL HERR BEVE 1 O(n)

ZSIFAK, T HAFEEAERZ GO T ] LS. thit/g it L-BFGS f£
HIFTHERCRT, wUR 2 08 s Es R .

Offset (m)
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2600

2800

—_
f=]
S
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Depth (m)

3200

g

3400

200

2.8 FRALI T R AR, WIHE AR e — AN 2 S) Tl RE A A
Figure 2.8 velocity model used in the checkboard test, the top and bottom is a uniform
medium with a velocity of 3000 m/s
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Figure 2.9 checkboard area of Figure 2.12
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(a) (b) (©)
K 2.10 PN JTREIRATIN [ i 26 GEMZ G B RIESE R a) Hol T FREZR b)
is JLHBA LRSS R ¢) L-BFGS Hik4h
Figure 2.10 The results after 26 iterations; a) is the result of the steepest descent, b) is
the result of conjugate gradient, c) is the result of L-BFGS

— L-BFGS

Mormalized traveltime residual
= =
= S
T T
I
L L

15
lleration

B 2.11 =B SR B AN T FEIRAT N SO P RAT IR R ZE AR A i 2, X HL R
ITIHR 2 DA pk 0 —1k

Figure 2.11 The convergence rate of the steepest descent, conjugate gradient and
L-BFGS, the traveltime residuals defined by equation 2.2 are already normalized
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Velocity (mis)
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—ac it
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3800 I-BFGS
C — accurate
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Kl 2.12 FRIFIAL B AL = S st 45 R DA S L SEAS T () A BE VR P ARt i 2, 40
O h &R s T L, W R IRV, SRl 4 2 L-BFGS Hik, B
H 2R 2 H SR . (@) (0)(C) ()R PmAsEE 12 m &, 33 m &k, 57 m 4,
78 m &b

Figure 2.12 The velocity-depth curve of the vertical line picked form the results of the
steepest descent(red), the conjugate gradient(blue), the L-BFGS(green) and the
accurate model(black); the four lines (a)(b)(c)(d) are on offset 12m, 33m, 57m and
78m respectively
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2. 3 SERRBUR NS ERITR R

2.3.1 R

BB T FERAT B S R R AR A SR 2.5 AT LA S N
7 ( )ZZ KAz(r,|r,), (2.19)

X K TR R i o e, Hoe SOl

K=R,(rt|r )((,—ug,)*am03t+Arqu (2.20)

XL P, F1 P 4 R REVR I A UK I 5 3 (B 1) S8 R TSR AT 4R

TRAT I 72 A I B8 S U K R 2 A1 G &R 1B 2.13(a) 2 BT A A 11 3
JER, (b)2& K@) i Z IG5 20T o BERKP [ AR EE ) 73 00 47 142 >0 62
PR A, AR /N 1.5me B 2,14 S R4 138 A s IE e A, — L
1 15Hz, 30Hz A1 60Hz =/MANFEIFIAIAR . X B RV AR A2 e ), B
U, R A B A TSR ], MBS — I 1200 ANREE S, SRFEN
k% 0.2 ms.

P 2.15 25 (1 B 2.14 Aot AR B IR AT I 22, 142 /M ipt s 45 |) R A B
THEBAO, AR 14238, BiRIES, YRR ZRN, gz E
2.14(a)(b) RS 22, 202k 2 1 2.14(d)(e) RS 25, 15 0 i 2802 P 2.14(g) (h) F B
%o M T BRI R, ANFSET R R 1 T A A, B 2k
AT ZE AR

K 2.15 45 /2 30Hz A1 60HZ T e 8h )5 R kAT I S I8 HA) S M RSB A6 52 UK
o MR ST IRFE SN 60m. 4R 60Hz AIBUBHZ I E /N T 30HZz, X thk
AR B A% A 2 B A3 T AR

2.3.2 HBUEHE P

Eﬁ@ﬁ%*ﬁm%@23@%%Eiﬁ§ﬁ%@2ﬂ@%%%*ﬁﬁﬁﬁ
R AR UG SRR, B 2.17(b) % T 3 3 5 F2 ik 47 B )z 8 (wave-equation
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traveltime inversion, fEiFx WT)R45 58, X HASH I Ricker 1 3418 60 Hz. X
AN B EE RARGF M A T S E AR TR (Y W J2 54 » (B AR AT 1R 22 1 JR) A AL
AR T — 0 SO A

T RAT I ZE A0 S R A 2 SR A 0%, JRAT R AT AR 2] iy I 0 s i
ORI o B SR LT ATOOL I = 30 PR AROE I 4 45 8 =408 15Hz By, it
ATWEEN T RENRATIN S, P SO R T - B0 30Hz Hdle S i AT g AR Y
IR JE BEAT AU B B S, I — AR AR A R B T R R AT I S I T
(frequency dependent wave-equation traveltime inversion, &%k FWT). 2.17(c)%
H BRI AN V245 B SO S5 IR, FAE BB WT BB, 5T I 23 F) 20 88 B8 g 95 i »
IR E

N TR RIEES R, ERAT I SO IR b, FRATEE— B AT TR
S - 1] 2.18(a) & LAP 2.17(b) B WT S 45 AR NI A6 R (1 S i 8 S 4t 2R
&l 2.18(b)/2 LA 2.17(c) B FWT Sed 4 AR NI 1) i SO 45 5 . 1
2.18(b)5 B S BE AL BE Sy beiin, iR L FWT S 45 SRAE N AU S s A R
R NEIE.
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P 2.13 (a) 9 HL ST AR Y () DAy e T JEE A Y

Figure 2.13 (a) is a true velocity model with a fault inside, and (b) is the smoothed
version of (a).
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2.14 FHE@)(d)(h) I BA 2.17(a) IRV 2], (b)(e)(i) HBLIAL 2.17(b) IEEEAF 2.
(a)(b) T FH A Z VR T 52 B (c) 4N 15 Hz ) Ricker 1%, (d)(e) FrHRIZIE T
W2 B (F) 34504 30 Hz 1 Ricker T3¢, (g)(h) FT FH 7= 5 152 1R (i) 3 450 60 Hz
] Ricker 7%

Figure 2.14 Shot (a)(d)(h) are generated using the true velocity model shown in
2.17(a). Shot (b)(d) (f) are generated using the smoothed velocity model shown in
2.17(b). The source wavelets of shot (a) and (b) are 15 Hz Ricker wavelets. The 30 Hz

Ricker wavelets are used for generating (d)(e), and the 60 Hz Ricker wavelets are
used for shot (e)(f).
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Traveltime Difference using smooth & true crosswell vel, G0hz, 30hz, 13hz

(Traveltime Difference) / dt

Trace Index.

2.15 1 B CHEABEE RTINS 2, 2R RE 2.140)(b)RITH 2, Sk
7B 2.14(d) (e) IR AT 22, B FoR K 2.14(0) (W) iR AT I 2 . BEh R RIS, NihE
NP

Figure 2.15 The cross-correlation based traveltime difference of 2.14(a) and 2.14(b) is
depicted in green. The traveltime difference of 2.14(d) and 2.14(e) is in red, and the
blue shows the traveltime difference of 2.14(g) and 2.14(h). The horizontal axis
represents the trace index and the vertical axis represents time lag index.

Offset(m) Ottset(m)
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(@) (b)

2.16 it FH 0 AR R A5 38 )5k B2 B R BUR, ()72 30HZ Ricker -3¢ A2 AR
PEEEIR,  (b) /& 60Hz Ricker T A EHEAS B KT WS KN N E 142 A
*%){—i’ g}'}\ﬁ 62 /I\Iﬁ]*%){—i’ m*ﬁl‘ﬂﬁﬁi’ﬂyﬂ 1.5m

Figure 2.16 Sensitivity kernels using a constant velocity model. (a) is generated by
using 30 Hz Ricker wavelet and (b) is generated by using 60 Hz Ricker wavelet. Both
(a) and (b) contain 142 grid points vertically and 62 grid points horizontally. The grid

interval is 1.5 m in both horizontal and vertical directions.
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LA 15 Hz, 30 Hz Al 60 Hz %#E FWT [ i 45
Figure 2.17 (a) the initial constant 3000 m/s velocity model, the grid interval is 1.5 m
in both horizontal and vertical directions. (b) is the WT result using 60 Hz data and (c)
is the FWT result using 15 Hz, 30 Hz and 60 Hz data.
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Figure 2.18 (a) waveform inversion result obtained by using the WT result (as shown
in Figure 2.17(b)) as initial velocity model; (b) waveform inversion result obtained by
using the FWT result (as shown in Figure 2.17(c)) as initial velocity model.
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2.4 KEGF

P BN 75 RERRAT I B s ] LAAS 2170 A v (s REASL Y, B R A A AR R s
HEZERBOR, s AR E . EHUEFIVERXStE, L-BFGS Hi%k i
LR T, WCSIE LR

N T i A B T RETRAT I SO 45 2R SRATTHR 1 AR AR 1 30 s
RETRAT I S 5925 o XA 7 3R AT AR KR P2 b el iR AT A S 08 225 2R o 1) SRl I A2
e SO A R R, s B BT Bl S AN T — PO O AT AR T
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RN VA7 ST W T RE I A S % UGB S

F=F HETH Hessian EBFERIK RN SRS B R

3.1 55

R JE A TG 140 A I ) AR 2 A R AGR T 925 R A R S BB DT R ) O
K, JCHRER S50 . B R SR AR N AR, ekl B 110 1 B A 2 e
% 1E 1 BB I AT SR 2% A . ARG AE I 2R U7 7% (lvansson, 1985 Zhu Fi
McMechan, 1989; Luo F1 Schuster, 1991; Pratt il Goulty, 1991; Nemeth %%,
1999; Min A1 Shin, 2006) WediAarE, THEMEER, (HRER THE D KH]
2 AL, 5 4t i el A PRy 58 R ANV . FEE I Sasirh, AT R s
HERE M T 2 B AR R b, QRN R, SBURES RAH 26 1K)
FEAR R AR o Oy 1R AR AL AR (5 BN B R b, ST v A A
R, DL N kG P AR I 75 22, Lailly A1 Tarantola Z55% J5 42 74X B /s (full
waveform inversion, &K FWD FIERIE, DUt 7= 250 Al E B0 7R 22 10 L2 a3k
N H bR R EGHAT R O (Lailly, 1983; Tarantola, 1984). 4 J¥ i /& #h#x
bR L A B B R, AR B T AR SRAR AN, TT RA 23 9 TRl R 8 3 s
FE T I 35 (Zhou %5, 1995; Zhou £5, 1997; Boonyasiriwat 2%, 2009; Boonyasiriwat
%, 2010; Yu F1 Hanafy, 2014) AUz P 577 #2908 i (Pratt, 1999;
Ben-Hadj-Ali 25, 2008; Plessix, 2009) k2.

AT FWI AR B H bR o0 805 T R T P 80 2 TR 5% 2 e v FE AR 2R M 1Y, Seisid
FEAEF B G FANRFARE. ik, Sheng 55 (2006) & H: T I RSk 42 3 B T S
H, I8 EE R R ) R RSy, AR AR, TR R,
A Rt b T R AE . Boonyasiriwat 45 (2009) 7EMEE F, & H T 2 REM
BB PRIV T KRS Bunks 5§ (1995) KM 2 REEKES, FE4EtH
Wiener I35 2 %o Ei e i e LAsl/ b A il vk 5, (5] EF FH 28 B0 e R i 5 SR
SHEER . AR SR AR AT U Rk S BT B i R B BEER I B (Cycle
Skipping), FRFH B I BACER 7, BUBCY S R BOF SO A L . X
Tl by )82 P 119 2 RS 2 U8 3k T S T A i b R B 0 %) S s B B A T
FLE T B3R (Boonyasiriwat 55, 2010; Yu Al Hanafy, 2014).

W S A OB A BE 3 7 1) 2 P RS20 i, AR b2 e [)
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W= T Hessian FFE 50 7 AR A BOY I

T T A R ) R YR I 3 R0 B R A% A BRI A ) T AE IR HAH RIS EIH . (Plessix,
2006) . XA AR IS AR T E RS THEA AAFAF A, PRI A A0 S0 BE R 07 1) 3EAT T
AEFR DU PR SGR B, RS TR RCR . HARBR I Hessian 56 [ & — AN ELAUF
FR e, (EL AR S B L A v I AR W B SR o B KB T E SR A, LA LR B
AT B W A TG 2R 9 Hessian FE PRI, A6 B2 AT Tl i 22
(Chavent F1 Plessix, 1999; Plessix #1 Mulder, 2004; Symes, 2008). Shin %
(2001) ARFEH s ARG I s I B 5 JE B, $2 T U Hessian 0 BSR4 BE #4740
W5, AR A K FWI LS T ELALL (AR (Shin Al Min, 2006; Brossier
4, 2009; Chung %%, 2010).
X I TR FWIL SRS AR B D98, (B2 Hessian #EFF 75 2t
BEAS 72 USMI A A Ao U AR YR AR AR B B, TR SRR R, AR SE B sk DU
(Valenciano Z§, 2006; Tang, 2009). ATl Shin ZE2 H L Hessian 45 %
AT USRI B I FWI R, i AR

3.2 i

3.2.1 WG F R AP Hessian FEfF

Al o B B PR T AR T LA 2R Y (Plessix A Mulder,  2004)
(—w?a? = Np(x, w,x5,0) = f(x, 0, x5), (3.1)
XEMAR Laplace HT, o &EEY, plx w,xs 0)%KnHEERMEx AWK,
TEXAE P, (%, w, %) /B BTREE, w2 AR
SRR, Y I ) H AR s A R] LA N
F ==Y T, T, 0, X, 0) = d(xp, x5, 012, (32)
X B B ule,, x5, 0) RN BIRA B AWK, A A% a0 0 H U530 10 00 I 4
d(x,, x5, w) 7N IETEAT 272 20
KEUH br s 8O TR S 32, win] LIS 3] (Tang, 2009)

o = Re[Sy 02 By, T, fo(@0)G (%, X, )G (X, %, 0) (u(y, X5, 0) = A, X ), (33)
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RN VA7 ST W T RE I A S % UGB S

X B [ Re KR 3R T HII SEHGH 575 G (x, X', ) FRRXS T 5 F2 3. 1 R AR R 4K
fi(w) R R

H b5 B BOC TR S50 — B S g2 AT AT 50 Hessian FFE, FTLLE
v (Plessix £1 Mulder, 2004)
H(x,y) = Re[L, 0* Ly | (@) 2G (%, x5, 0) G (¥, X5, @) X Tr, G(x, X, 0)G(Y, X7, ) ], (3.4)
KRR yRARA BTN HER — /. WiRx =y, JifE 3.4 45 H Hmi-2 Hessian
TR 0T A 77« Shin 45 (2001) 32 H FH M SRR I UK B 5 SR B, SR 92D Hessian
FEFERTHE R . R RR 3.1 S N A

S = f, (3.5)

XEMUR RIS R, fRNERRKE, SERHPUERM . 54 Hessian HiFER)
XATLRATELRIRY Qun 48, 2014)

() (i) = Rl 0771y v7) 56
B * FORSIEH,  STURMBURE, SERORIRR A, v
Vi = @7

Shin % (2001) M E 5 RE, BUE R RIRE RGBS NF, WS v=F, Jift
3.6 Bl n] fajtk Jydth Hessian 1 f%:

H, = Re[FTF]. (3.8)
FHEC T AL Hessian 0, 0 Hessian FEFEAE T BN fIE . X5 T2 1 R
i, @%ﬁ%%?)ﬁ%—?—jﬁ T SN JE— B HE oo u 1F A REIR AT S A )
B, SR mAp L, SR JEX AT A R E R AT, SRR Hessian
FFE . B TAESRFRI T b, BHHUR M T I R R R e — AR R0, BRI A 7
B> BT SR T BAA3 B4 Hessian AR .

3.2.2 KElg 2R REF I Hessian ZBfF

NGRS % S R N RS
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F= KT Hessian 5 5 )y sl 5 RE 4 I i

[Vz — ii] U(x, x5, t) = F(x, x5, ), (3.9)

vZ otz
XHV? & Laplace H T, U(x, xg, t) &M HIRA K, F(x, xg, t) 2 IR RAEL
Sheng &5 (2006) 2 Hi i 2 ek R 1 - 22 38 40 1EAT O I 3, DAIgE #
BN SR AR AR, X AR R ECA
F =23, Yo f] dt|(uxe %0 8) — dEn 0 D)W (3 x5)|(3.10)
KHEE T BRI, W(x,, xg) &5 2 e a kg, — ik vyl
2R Z JFRLA TR, iR EE A=y (Yu F1 Hanafy, 2014)

gx) = c%(x)zxs f dt Pear (%, t; X5)Ppack (X, t; Xs), (3.11)
X HpFRoR pMIRHA S8, pegre IEEBESg, HE AN
Pear (%, 6 x5) = [dx'g(x, t;x") * s(x', t; x)dx', (3.12)

XE g (e, t; x") R TR A N R 5 9% 8 T FE ) Green Bl ppecr e RAE TR 2
Wy, WWEARXN
pback(xr [ xs) =

Jdx' gx,—t;x") * Ty, (u(xy, x5, 1) — d (X, X5, ) )W (X, X5) S (x" — x,) dx’,  (3.13)

X B - tRnBT A B R FfE R, 8(x' — x)Fon Dirac R SRIFHHEE T )5,
] DA 50 T s e SRHT R BE VAR B g FE AR A . ol T s e s T
Z IR RE, A7 ZLE AR K TAC BRI PRSI . X BLIRAT 125 R
AT A5 P FAI9UL Hessiian RELF S 1 TRJ 3K FWI AR

kb b, BICHIRHGUERE RS AR )R — SR — A Green s %k, WIRAE
A3 BRI, A BRACEE B T SE I R GERIT R K e, #1 x,, AR
3.8 52 3.4 HUEsE . T IR ARG T I AR AR, SR AR
SR R 2 AN LS R, Hessian A REH (6] A 1) 21T AFROR N

Hy, =YY, [dtu(x, xst) * g(x x5, t) X u(x,, X5, t) * g(x, %, 1), (3.14)
XEMux,, x5, t) TR ulx,, x5, t) KIS SH, Green 1 ¢ £oRIE

AL HE . SRFX UL Hessian HERF 5 2 MM NS A 1 R B IR 55 . S Pl
b, P B R s A B AR TR Y, MR R AL B AR I R B, AR
AT AT AR X i s A7 B A 45 2 UL B R RE R R0, JF A8 R Green
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IR S W T RE I S 5 2 UGB %

PR ECRARES 2 R R Green B4, ML Hessian A B AR S BT A 0 s B 1 R U
TR R 22 A 19U Hessian FEFEE X AFERE, SKIEMFAEE A S 1. K
BRIERT, AT R MR, BLyBONRIEI B, XA BEn IR L,
— AR T AT AL HEAS R T Green pR3, XA R BTy

Jat liCerxg DI (3.15)

FaCtOT'(xr, xS) = fdtlf(xr:t)lz ’

X {km)

T

(b)
P 3.1 HfE K A B8 FH ) Marmousi 1 FEARAY, (a) FLSKIH IR, (b)HKr(a) i
IR, AEABIE SOE TR R
Figure 3.1 The velocity model used in the synthetic test, a) is the true velocity model
and b) is the initial model
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= BT Hessian %0 55 1V 8h 7 FE4 I I

RS (xp, t) 2 20, NFRIRALE N FRRIE T3 BR B IRAT7 2R R IR e X
WOk, xRS 2R . RIEE A BRI E S R, ulx,, x,,t) =
u(xs, Xy, t), FATA T EICFKBIAEx HOR, FEx SN R EHE, T XL
MR AR 2k b, RMERL B ARG, REREIM ] OB iR ES 2], A5
BN — L NAFAF % -

X fkm)

(b)
3.2 BfE i b 43 2 HEE FE, (a) A RLBE SO IER FE, (b) N4 i 98 Hessian
AL B 2 JR A5 BIRIRE L - AR I ()47 S 4 IO BT EE AN 23 e, A e
S H) PR YA 8L
Figure 3.2 The gradient in the synthetic test, a) is the conventional gradient and b) is
the preconditioned gradient with the pseudo Hessian. Apparently b) has better
illumination and resolution, which can acceleration the convergence rate in FWI.
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RN VA7 ST W T RE I A S % UGB S

SHE R 224 AR A 10 2 72 B 40L Hessiian 6 B r (R AS B agf A2 A ) R R
o B A B R B 0 o BN A 7 B A TR B P2 3 AR, gl mT DAY 2 e ] sk
UL Hessian 5[0 — AN RAFAGTH. 3R B A U BAE Oy
Cr+1 = Cx — Hp ' gy (3.16)
XH g FRBREE,  ap RAMEREIEHDK.
RSV B L R A 2

(b) BT M2 7o Y8 D B 52 - T D T R M e AL g A 5 s 6 1B D R o 9 1 R
JE 2 FRIE A o

TR R AR E AR, MR BRI R BRI R G, XA
A2 AT LA ABA A2 (1, 7 FE 3.14 H 4L, Hessian 4 [ it 7T LA 24 fi— A AL BT,
RANR S I SIOH

A\ — FWl with conventional gradient
B — FWl with pseudo Hessian preconditioned gradient

o
w

o
ao
T

1

o
|
T
-

1

]
[a2]
/
1

o
=
L]

4
:

o
(Eh}
T

' |
|
f
1

/

normalized early arrival waveform residuals
=
(8}
s
1

[
-
1

o

o
o
—
o

15
iteration

K 3.3 Bl i B Rz A 26

Figure 3.3 How the early arrival waveform residual evolves in the numerical example
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F= KT Hessian 5 5 )y sl 5 RE 4 I i

3.2.3 HEERYBELEIE

FATTH Marmousi A5 84 K 04T ZUEIINR - A5 2L /N TR FEE T 1] 375 AN WA 1,
KFJ7 1] 1150 AP 0, IS T EE 1)/ 12 mo FE YR 15 Hz ¥ Ricker T3,
1150 MG S bR AE M EEAT B, [RIRS 230 AN 5 ARV 60 m &5 [l EE 4 .

Kl 3.1a FE 3.1b 43 i) A T Sl AR R RN BRAT T FH R sl PR R, ] 3.2a
P 3.2b 737l bk B A2 ik fL Hessian 57 TAb R 2 JE IBRFE, AR 3.2b f
SEAFROREAI R . P 3.3 Rk E IS 2k, 1T LG BB Hessian Hi BEAEAH [ %
ARKEC A3 2 SRS R TEAF,  7ESEhREdls -h 2 B SEAF IR R

3. 3 Bith B4 SCEREIRR A

XELFR R SR RS 2], S 400 M. & 3.4 BoRr 2 H T —4
Bl . BRI H R ImMFEEE S 5 km, A90HT 55 T & 5~80 Hz. Kk siZk i 2000
AR AL, M BT IRAS, RUSE RN IR 0 AT o AR AR FE N 5 m, AT IRIEE Hy 25
m, MEERIERKEN 12s, RFEREIEA 4 ms. WE 3.4 h3RATTAT LB 2054
T 32 3 5 e B 10 TR UM ATL MG o 40 o FRAT 1A P 2 B T A B ) R 0 0 T
SN R TR AR, [ B S 22 R JEE £ S5 S s SRk s e 1) ) AR BRI R
5 ST T FE W IR AR AT A3 43, PRI A B g LS R (R AR B A, A
B ATUE 5 BEAT  FRATT AT LU 8L Hessian R B SR D0 FRAT T 98 T/ S J8 A S5

X FIX SRR TATE e da B T B AE R BT, )2 B A DU T2 5 R
AT IS s e A B R R I T A . ] 3.6(a) A2 FH AT £ 1B R AT B IRAT IN I A R, X
A=A HEOGH, FHBS R AR, SReODH TS e E R . N T#TT
— BRI I, AT E SR A AR HHTRAE Y 2100%600 F A%, A%
[FAEE 339 5 m,  SRJEAE A BR 22 70 V2R AEIX A S R4 3837 () TE TS AU

I T BRATAR R — A = GRS A1 5 P R AR B F = 4 7 i R R AT AL,
PRI T E AT IR I AT, 7 SR AT — € AL B . & S i Ak B Bk 2 0k
HH 1) 5-80 Hz [ 77 38 S8 5 FL VI Bk — e J0 R s 0 - 1 1 SR HEA7 40 o b 22
(1) VIBR—&07r 32 3 1 9k Ae & TP mie BR 8o, VIR — &6 70 (5 M bl
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IR S W T RE I S 5 2 UGB %

AR T A PR RR: (2> TESRIE AN I i/ o X SR HEATIED:, 285 e LVER)
IH—ALE ¥, SRS =254 21 — 4% 4 (Barton, 1989; Boonyasiriwat %5,

2010; Yu Al Hanafy, 2014); (3) X &FEEIEIATIH AT, DR T30
R MIR 72 (4) B o AU o 1 R 2 B0 0, I B A 3~6 TR,

I B A D T LAk 2> T B I 2 S 4 S Sty R i s (5) 3645 3 AN IR (R A3 J 4
P8 Wiener JiE3% #8 x B0H A R R T ATIER » 3 AN ¥ 34153 5l 5Hz,
7.5Hz 1 12Hz. MIRSIAIEELEARA N W] LAARAS B R BUINER TS0 (6) HR¥EIT
i % EEHICHE 1478 1 R4 30 R HE (R VR 738, AR50 A SR T4 R 1R % B3
K 3.5(a)2 K 3.4 FEERGT FRAERAEZ IR, X B RN T M
G IEE . SR R S A B s AR R 4 ] 3.6b fT, X AN FEREAYAH

Trace Number
0 500 1000 1500

Time (s)

K 3.4 R, W LUE SRR TS A KR R AL
Figure 3.4 shows one shot gathers. The gathers are corrupted by surface waves and
random noise.
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= BT Hessian %0 55 1V 8h 7 FE4 I I

Trace Number
450

(c)
3.5 (a) A2AXIM T & 3.4 fAbEEZ Jm ot , 1 BLERAT I w1 Ze (R o3 K
1117 L (i % 2 RS2 i A% BE 30 20 B e DT 1 () AT (c) 73 ) 2 T dm i AR A
A R EBEA R EARE, "7 LU 3K (c) FORl Fos 76 & i AR iE LRSS 4f .
Figure 3.5 (a) is the processed data corresponding to Figure 3.4, only the left part is
shown here and some near offset and far offset traces are muted. (b) and (c) are the
synthetic data obtained from the initial model and the inversion result respectively. (c)

has better match in traveltime and waveform with (a).
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[ AT S W T RE I S 5 2 UGB %

T 3.6(a), TEIREA B P fAnTiE 8. B 3.5(b)F(c)sr Al 2 m v
PR S 4G SR AR B RE, B4R 3.5(c)VEH MR IRE, (B2 Ak LER
AR 55 L SAD B UL RCAT BT o O 7 SRR AT B0 e i 45 SR 75 2 BE 4 1 Sk
TR IS Y, FRATECRL T I A B s 5 25 SR A5 3] 1 i 7% 45 SR A 2
13 % i iE % (angle domain common image gathers , fij#% ADCIGs). K&l 3.7(a)
H(b) 73 7l & FH I AR BRI S I 45 RAF B I m A 25 R . W] LB B K] 3.7(b)1E 27>
HAE T iy, T b2 R AR SRS BT . 1 3.8(a) (D) 43 il 2 FH AT RA R Y N iV 4

X k)
'] 3 6 9

0

Depth (km)

e

Depth (km)

e

(b)
3.6  (a)Mi(b)7r il je WIhid B A S 45 R, B (b)E R E A S 2 415 2
Figure 3.6 (a) and (b) are the initial velocity model and inversion result respectively,
(b) shows more detailed information in the shallow zone.
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= BT Hessian %0 55 1V 8h 7 FE4 I I

RAFBNH A LRI R FIE S . ATLUE 21K 3.8(b) T IIES L v H., TEMT, X
BWRA P 4l Rt — NN HER 1 AL AR, 53t FOSl E E Oh%iL,
EEMT R, [EERNE, RERENREER, & REELGE T,
IR B A RN ZE T o TR RS, B ERER I 2 e
RErf, K I RE R, PTUAIRERR 7 AL .

X (km)

Diepth (k)

Diepth (k)

(b)
141 3.7 (@) A1 () 7 31l & E A9 ek o R R s i P58 A R A 38 1 v BT SR AR 45 2R - AT
FRATTHERIXTLE AT LR B, (0) R JEATE R I H 5, X3t T b o 45 440 1A Al
L TS

Figure 3.7 (a) and (b) are the image obtained from the initial and inverted model. b)
has better resolution in the shallow zone and more focused structures (the differences

are shown in the black box).
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[ AT S W T RE I S 5 2 UGB %

(b)
K 3.8 (a) A (b) 73 Jall K Fh AT Ak R L AT o i o P2 A RS 1) ) A1 BE 3L RSB B 5, ff
JEAARTEE EM 0° 2 80° o K(b) T HIESRE ANV E, Xl SR S
JEAS Y B A b () L SR )
Figure 3.8 (a) and (b) are the ADCIGs obtained from the initial and inverted model,
the angles range from 0° to 80° . The events in b) are flatter, which indicates the
inversion result is a more accurate migration velocity model.

3.4 XEING

T3] 355 1 904 2 S5 T8 PR 52 i I 1) = 1 A 9 £ 7 U 383 A I T A% 4k (9
PP EARAF RN, FERENTEERE . Oy T intileScE E, JATHES T
BRI Hessian JEFELERS BRI THR 230, HIF XSO0 s 8 A6 L 2E AT 13
AbER . FER R S, XY Hessian 0 R IR 25 50 SRAG 00, £l 50156
E 7 AN PRSI AT R
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E=  FTHL Hessian %E 14 1) 3% 5 7 Fe 4% S I

FER S afes IR T S B, BRATTIE 6 1 2 I TRJ sl ) 22 RUBE B S5 eI S
N T BRI ULHES, 3T HE Bl R A AT 17— sk B Sl R AL AR
SBEERIRTLE, ] UG BB S s 45 FAH L T IRAT I S 45 2R, /& — > S e Y
bR PR o N Y S 4l REAT AR n] UG BT S5 15 2 4045 2
H AT AR TSR I S RE v, O T RIEIRIZ R L, N 0 5 R S
G0/ IV )2 i 8

41



RN VA7 ST W T RE I A S % UGB S

ELE ZRREEFEE

51 5|5

FEBE =2 P RA IR T BN SOl 2 — T ik B I 7%, B — ANk
BELE T R AN TS B A TR TSR, RSO IR T R T AR A G B P U5
FE SO H AR (Ben-Hadj-Ali 2%, 2009; Krebs %%, 2009; Boonyasiriwat 1 Schuster,
2010; Ben-Hadj-Ali %, 2011; Schuster il Huang, 2013). iXF77 44 [F 4811
BRI R E RO RO A A B D R S AR, 18 I %o I L 2 M B 3R AT S
B BN THE R H o (ER X PRI TR B2 5] NS, BT LA 3%
B YRt TV ey B

FESEDU A, FRATHE T HUE B A SRR JE . X R NENG A R AN
WEADRRUR, B 2 B IR RIS IEAR AN S A, SR FH BLAH R R S A 2 S5 13 2
A% T o SEBR b, B SO TR — JORBE BE AR 2 T AT — S A2, R
I B AR DG A% 752 I FH T T S R B T SR e, st T DA BB X 2 TR At
(RIS s 72, FRATTFRIX T 75 By ARV & RRVE I 4 U % Sl 77 7% (nattural

blended sources full waveform inversion, NBFWI).

5.2 [R18
NBFWI (] H A iR 50E X
E=%ZZ[5(P+M)rS]2, (5.1)
KRR ZES(P+ M) HRER S —RBIRE, NEEZIRPIRE, ATLERR
N
6(P +M ) = P(r | S)obs +M (r | S)obs - P(r | S)cal -M (r | S)cal ’ (52)
X EL T P(r[8)ps A1 P(r|8) g 73 127 WL Bt AN 8 H00tiE (0 — IR, r 2 A
SALE, sIEFRIHLLE . M(r]8) g MM (r|S)., 7375 27 ML I A0 A I s Kt v 1
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BhTE R AEPRIY )R

H A 5 2 K X BB Rl B Rl Aok, AR ZE A IR AT 2

iR
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(b)

5.1 (¥ 1 /KJZ 1) Marmousi 3 FE AR T ;
JEAF R

1500

(b)FIaEE R, X (@) i 2

Figure 5.1 (a) is Marmousi velocity model added with a water layer on top and (b) is
the initial velocity model, which is a smoothed version of (a).
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NBFWI {133 7 53T 82 2 1 IEA% A9 S 8080 A S A% O B0 ik 72 AR G452
(¥, BRIy

Yk (x)=

31 0 (X[ 1) Py (x]T), (5.3)
c (X) s r’

XEN p &R p IR L )RR . RN, A5 p, Mt
B p, AT LA Al R R A
P (x|1")=(P+M),G(x|r), (5.4)
P, (x[1)=6(P+M),G(x|r)", (5.5)

XEPIGX | ) FIG(x | r) Fomit D1 5ol 37 75 i 77 FE I Greenf £, * RoR B 3L
s H . SR JG, 2RI RIE ARt 5 5 BBOY SOEE— R, %
A B T ek SEHERE RS AR A VAR B B Sy ), SRS AR R
RS, SRR ERE D, MR BSAEBRSATRINER &, |
A2 BH T SR SR 1 TE 8 250008 1 U 500G w80 K R T, S G AR ek DA S ok
PO AE , X 1 FA) 8 B BT e o 38 A VR o o FAT TRT DA B R o okt 22 B i A
T P AR 5 AT & 45 o RIS PR 22 R B e Y R, 78 TH A R i
A LARE 9 D9 AR R V5 AR A ASEAS BT S s g vk R 5 /b s il gt vl BAAS 2
WS ) o A

5.3 HEHH

TAE—AH 7K Z 1 Marmousi A58 F3E47 5L R EUE K. B 5.1a 2B fd
FH) Marmousi 8 FERLRY, 8] 5.1b J& 5% B2 AT A d BEASE Y, B @ o) B0 ST FE AR
Sl Z JEAR BN . BRI/ RIKT T 18] 384 AN s, TREETT IR] 150 NP AT
PIRSTRIFES 0 B e B PR ZE 70 IRV B 8 2 Ik 2, SRAFE IS 9 0.5 ms.
FRAT e oxd W BRSO N 22 T S st IR BE R 4T T %P L, &) 5.2 .

X B A A A M R AR R 1Y, R LA B 2 BT S s Hh PR 52 2 LU
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6.1 INIREZR

AL EZERHFOAR S LR U

(1) D9 7 IR SN 5 RERRAT I S35 AL AR 138, B v S iBipg B, AT
KH L-BFGS 5i%5%t Hessian JEFF#EAT LG . BUESEBIR M Pt s S ok T
B LPERR SR LE, SRS R AR ey, WSCR LR
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