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Abstract

Whether different forward theories and parameterization methods employed in seismic
tomographic imaging lead to the improvement of the resulting Earth structures has been a focus of
attention in the seismological community. Recent advance in tomographic theory has gone beyond
classical ray theory and incorporated the 3-D sensitivity kernels of frequency-dependent travel-time
data into probing the mantle velocity heterogeneity with unprecedented resolution. On the other
hand, the idea of multi-scale parameterization has been introduced to deal with naturally uneven
data distribution and spatially-varying model resolution for the tomographic inverse problems. The
multi-resolution model automatically built through the wavelet decomposition and synthesis results
in the non-stationary spatial resolution and data-adaptive resolvable scales. Because the Gram
matrix of Frechét derivatives that relates observed data to seismic velocity variations is usually too
large to be practically inverted by singular value decomposition (SVD), the iterative LSQR
algorithm is instead employed in the inversion which inhibits the direct calculation of resolution
matrix to assess the model performance. With the increasing computing power, we are now able to
calculate the SVD of the Gram matrix more efficiently using the parallel PROPACK solver. In this
study, we compute the ground-truth psudospectral seismograms in random media with certain
heterogeneity strengths and scale lengths. The finite-frequency travel-time residuals measured from
waveform cross correlation are then used to invert for the implanted random structure based on
different forward theory and model parameterization. For each inversion approach, the tradeoff
between model covariance and model spread is utilized to determine the optimal solution, showing
that the multi-scale model yields a much lower model covariance and remains better spectral
resolution for longer-wavelength velocity structures than the simple grid one. The spreadness and
geometry of the resulting resolution matrices reveal that both the 3-D finite-frequency kernel and
multi-scale parameterization tend to broaden and smooth the structures having less smearing toward
the non-crossing ray directions. Moreover, the comparison of the misfits between the resolved and
initial random model among all the optimal solutions indicates that the models obtained with finite-
frequency theory have better fits to the true model because wavefront healing effect is properly

taken into account in modeling cross-correlation travel-time residuals.

Keyword: seismic travel-ime tomography, finite-frequency theory, multi-scale parameterization,

wavelet transorm, singular value decomposition, resolution matrix.
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BN B S b0y B RS ET B 4745 (CT, computed tomography ) ° ¥ & & & & # A%
(seismic tomography ) & 7 A#3IRR3F = 4 B R AR R A JEB M R R AL RRAZEY
A AT R - B 1889 4 Von Rebeur-Paschwitz [1889]4: M £ % — B 3% E IR AR > du3k4pIE
2R FAAE R AR (travel-time) # i bIRIRIM YR EAEE - R > FRA BILER
M A% 3 HE AR 6 18 3% BB A A7 9F & — Pk (non-uniqueness) #) B A8 0 H ik R B 0345 Bk sk E
FARGOHE RIS BARE - ER—AEMES A SR TR YRR HE LR
FE A AT BE S 5 3L E [Romanowicz, 2003] © AFF 04 44 R B 09 M FE A FRA LB ok A 05
Bkt o4 B E 2 v B3 2 #/t (parameterization ) ¥ E R4t (regularization) 7 X #H R E
T AR IR AL R R B AT IR

Romanowicz [2003] # £ E # iz o AW K : % —# A A A ISC (International
Seismic Center ) & & ¥ # LA B 3169 P R LR - 3 A 44 (block) HA&2 (grid) £#1k
B K 0 AB IR A E R BB (local basis-function) ¥EFEW SR EE VL HEBH > £ 2

Z EFRA A T R N E [e.g., Obayashi and Fukao, 1997; Bijwaard et al., 1998; Boschi and
Dziewonski, 2000; Kdrason and van der Hilst, 2001] ; % —38AF| A S &K ¥ & &k &9 £ 0F ok
HAHR > ERE2EKME KK K (global basis-function) ° 4w 3K 3% & # (spherical
harmonics) 7F & 2 #ALMRIE > £ F 3R AR A LSRRG M HE /T [e.g., Ritsema et al., 1999;
Meégnin and Romanowicz, 2000; Gu et al., 2001] °

B T P R BRBRERAAE S > BAR AR ZR Yo BT IEFT ARG >
I % R E %3/t (multi-scale parameterization) ° X ATH X LA R PAA LKL TR
B3 B B A ST AL AR AT 69 RO B0 » B Sb A 38 45 3 J7 fho 25 4% 25 LA A AE 38 v AR AN 42 22 B o 0y A7
M #E 1 [e.g., Vesnaver, 1996; Bijwaard et al,, 1998; Zhang and Thurber, 2005] » {2 AT i #9 7 &
K382 8 (apriori) B EBRA T KL BTEZ RGBT ELE S MAFTERLEAETHERES
F% O e BRI R R E AT B S ARATRE N Y PR A o A 0 AFIABLBEARF K
NRREGEIVE B LB T R A S ERESEIL  RERASEEAEE L - A8 &
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BRARE —HRE » RREHAS ERE - MAIEH S ERESBARZF A /NERIE S
8 A i 47 4 AL [e.g., Madych, 1999; Chiao and Kuo, 2001; Chiao and Liang, 2003; Zhou,
2003]> AEANEBARARRENERRIBHABY LB RER > A2 FEES
ARG HEA M EA N RiEEM (data-adaptive) R H e BE M43 BB Nk
b RkE B2 Y% BM (spatially-varying) % & R EHEA - Ik F ok A T a7
B R B Fu - iF A2 AL

AR ERN R T AR ESA Z R BT 0 R E &) AR IR G R AR E R
8% % [Yang and Hung, 2005] ° 2k 2 B A7 &1k » #8845 ) 64 B % B 47 g R LT A
BT mAEEFER © (1) K%IEH (ray theory) » SIFEHRMALH KL EH (Linearized
ray theory * LRT) #uJ& & 6494 42323 (General ray theory * GRT) ° (2) HRIALILH

X %% ¥ —## B % (Banana-doughnut theory or Born-Fréchet kernel theory * BKT) -

REGBBRBEERALERSIE (RERBAL) > WEROE FRET AR B RE AL
120 Bpik sk (ray) EoYREAREHBE  RBUAIIEHRIREGCRH TR EFHEF A
HAETERK - B ER L ERMEEL R L RRZHIAY  MROETE B E BEAS S E 1K
SREN 0 BREZFIE BRI e 0 FHIAGR Rk c RILER " RIRHIE ) ek RE
WBI R E A E R LA BB AT 0 AR TARIAT ) AR Z - A R
RIL B2 JE 3 B IR AL JF 34 B b AR TR R R AT R A IRJA a0 e - K2R
ARETEZRARINBMUEEAMUNK - REERKWANZ®REHEMAT > EBEY
RESREfERRAS QR KB BAEERA M -

AT AF 5T & P 3 6 EEE AN R B 0 A RIS S B AR B RAF ek AR
FAAFERE > M— A ERIFROREMELRTE BEARIAEHOBEAZTTERE

A% A% (checkerboard test) [Soldati and Boschi, 2005; Zhou et al., 2005; Sekiguchi,
2006] © BATHIT—MERE R FHRIZAM O EROHEE > ZRTHRERAENRENER—
Bl AT A R AT EMN U RABE 0 F K R AT A DB A 4635 € s A Ak A ag

KA A A A3 (spike synthetic test) [GOk et al.,, 2003] » 4k B SR AL A5 R BR 64 5 8% > 4%

BB E —BALBREARERY ROV ALT  RMEASGRAFEFTERHORE &
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b B AT > SR eI R AE A SMR AR - SR AR R AR B
T EM PR EATAE S 0 S A AehE e o AR BRER R TR e ER—RE T AT A
fRE R B kR R A eyt R RERE R T RGHEE LAY LR > ™ 7 —IBE(E R
RAZBEHE—EHENLTHMAR > RAXTFTBEEREHE - A RFAARELETEER
J& 7 i A% P AR ) 48 A 8 B A » & (Singular value decomposition) REFE# PR £
B A VT B st H AR A o AT 4B (resolution matrix) » A RAE A TR — B LB A%
Rl ST A ARAT PR o T B AR ABMEI A L o4 B R R > Rua
# R BN B R 4 A% (LSQR algorithm ) [Paige and Saunders, 1982] #8tb& £ E# & #
EH TR BB XERAE 5D RGO RAER T EMA B A E B YT
B o FhERp kA AR T AR PR RS > Rt EFEME PR
R BRanmearlooft BETHAFARANE R > BATSET U T H L6905 T 4
i PROPACK [Larsen, 2005] R 34T -F474b 8y o7 £ & » A 30 3+ B A A 69 M 47 L 42 1 [Zhang
and Thurber, 2007] °
RF I P o B E B Ay K BRYE Baig et al. [2003] ~ Yang and Hung [2005] & #5 ik 58 [2005]
GUZEAE A BB E SR A K oy 3bIRAE R - M A A LE Bl @ iR AL ey — HEsb kiR
BEASFEA > 25 0 FATb BB SR ${E H 7% (parallel pseudo-spectral method ) ## = 4 44k
B SRR AYE I ENE PR BRE > REKREEYENE TR
F b R IET S 03 H N E A mRIET R ¥ (cross-correlation ) A& tH A E a9 &
B 7% £ (travel-time residual) @ A AFEE S BH AT AR LE O BIFRTEHEUR
FRAGREAEE  RBZLBRAREARER - 2ELBREAM I FTaygips R -



B R

WHRMERE R MABZ — AN T R i o) b3k o M b b A R N 3RE 2R 0y
EGHAAT R0 bR MR AR~ JERMRIAAEE > EmEREE - LRARENE - 2R
AR ARG E A b ERIR > M E R GBR R R R EIR—BIEAE 5 R B R

ERASARGBTAR ST FHAPEENA A RTERGERTY > €8
177 3£ #% 4 ¥4t (parameterization ) #1E B4t (regularization) #)7 % > SAHA#E JEok — 438
KRR A B FLAF o AR EATHIE PR AT » 4o /7 3235 TE AR 64 )% 8 T2 30 46 A A Fo 38 35
BAEHGMG LT EROER - A THRIAREGEREER ~ 2EICAR BRI
RH BB AL ROBE > AP LA BEAS (numerical modeling ) &9 7 ik 3t H K %
EHEAZ @I TN E PRBGIERERAT  RLRZHATHERARETR B
FEERFRAGZGREESE - ALLBRE A AL RGBT » X2 T4 AL
% ¥4 (model covariance matrix) ~ A A7 B (model resolution matrix ) #2454 %! 5
#%#2 & (model spread) % %8 4F Afmends4E

B 1889 F sk ®| H — BB EMIFUR > WEZ R EBP LM EME KIS 6 kA8 3]

% IR ARG AR R R A o 1K 1940 £ i Jeffreys #u Bullen % AFF42 H 89 B
model > %] ¥ 4 4 89 TASP91 model [Kennett and Engdahl, 1991] &% AK135 model [Kennett et
al, 1995]° A A LY THIHERE M L — 48R E > SFAMEROBAVEIARAEZER

Koo R Bl — AR EAE G EFIEZT - FIRERA 6B 8F (Tons) Fo— 43k BA AL A7 TR
HHEHD|F (Tip) MEXMEEE (0T= TowsTip ,travel-time residual ) 5 % % 48 f£ 33K 9

AR BEGEIBFE MA A E R > B RIS TR @ 6930 B G0 > B AT R R A A%
('seismic tomography ) &9 % TAF Bp & F] F 13 L83 R 64 7 8 A& B 7% £ 9446 R @ 3 33k M 3R
B = R AR -

EATR A TR R K BRI Gk Fee) — bR E 2 EHA > JEYERA AL
AlmiR EFIL AT IR - MIEMEHEAAZKRA ZATEM AN Y (Gaussian random
media ) [Sato and Fehler, 1997; Klimes, 2002] ° Z 14 A F- 474t & # 48 3% $8 H 7& (parallel
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pseudo-spectral method > [Hung and Forsyth, 1998]) & & H 2 X » st ERGE=4HNE F
Wk ey B AT o AR I TR A AT KA 00 B A S 602 A R R R b
# (cross-correlation) MBI EH AT AREE > REHA " T T RE &
PROPACK # A H A AR LR TSR ETEHRARF R AN RIS > BLBARR
ARIEG ~ S AL EAMLZ THEHER - AT RN BREEA 2T - AFARKE

(ground-truth travel-time residual ) Fu¥E3% £ 857 £ (theoretical travel-time residual ) ~ 37 &

{5 #2 (singular value decomposition) &R IE > AR 2 AL E Alfbey F ik -



21 RAEHA

AFF R o) = 4k AR A 5740 X5740X 5120 km3 K/Ney R H > KFEH @A 288
EA& 25 5 R @ Rl A 257 fBA&2E > AK-F 0 & & % Rl 20 km » MR B 75 ) B AR R SAA AR
WMEFAEHAE A dbEik @ (free-surface) 9% Nk AARER KT X %38 K

(Chebyshev polynomials ) [Tessmer et al., 1992] &) 7R % Fil [@ A% B5 o 2 FBARBE AR B 31 5
WyFEEF o AR AE e Bk (acoustic wave) BE#EARA BN E PR ER > HILRFEH
JEAL AL 64 BE AR B 45 44 3 (Bulk Modulus ) #1% B RA RN H 69k R B oLmB g - EHEF

WA Y RIEGE A P R RE A 1000 kg/m3 > ) EBRA R E coXES S km/s 0 B E

AR R A TR o b~ 2 R SAC BB REES E 0 BP

() = ¢, +8e(x) = ¢, (1 + 50(")] ’ @2.1.1)

Co
Hd Sc(x) AN AE=ZEZMTREZILG I > ™ Sc(x)/c, HBAREIESE (velocity
perturbation) ° FRAMERMA ) FHEA T - LHAR
(8¢(x))=0 2.12)
() FEREBRIENMEENEMN P - B TRBAFHNE PHERI x 8 x' 9% E

1% )48 B % 2 (autocorrelation function * ACF) » & £ A

R(r) = <@ 5C(X')> ’ 2.13)

Co Co

?:—‘1’rz|x—x'| A2 e 3EsE o RIFITHEBAZE £ > ¢ (standard deviation) > B %

85\/<(6C(X)_<66(X)>) > _ oc 2(X) _ (_R(O) , (214)

2
Co Co



MARREETRABRAREGFICHRE - M —REEARFA NIV EEROREEY > oG

#7 % 3 (Gaussian) ~ 45 3% 3 (exponential ) ~ Von Kdrman & o KB AT A &9 2% 2
T B e REARR AR AL > By

R(r)=g’e" ' > (2.1.5)
HEA a HABHESE (correlation distance) kA% IE3 E R E (heterogeneity scale length ) ° #&
BEE a RA ¢ THB AR RELEA o KRR Yang and Hung [2005] 89453 > a &

¥ LRT # BKT (RE—%) AR ASMEERERY 05D (R¥D=a/JAL » L=

200km ° L = 3000km > EIEEREE D B/NMNIOA > AR PEIR 154 ) > e Bl A

2% (4n@2-1) -

Layer 013 ~ 1402.5 km

21 SHEMEA - R ERE (a) A 151 28 E (¢)
Al 2 2% » B L =200km ° AW B &£ K E 3 @ Loy
REMEE S HARWE RZLERERE Loy EMEE -
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22 BN E RS

A A A RIME K 25 BEH E R (explosive source) & & &8 1% R 1000 km (x = 1000

km) &9k > B FE yz Faom o (wE22) > MAMOEREFEILE m@)=dV(Qe)/ dt

By B

Y

m(t) = e—znz (t/T=1/2) 2.2.1)

H¥ 74X %#EH (dominant period) * KA REKZTH 25 F o
AR ] (x =4740 km) L REF LR S AR > Ny 8 2 T LHEE 4 63

18 » A 3969 1B B35 °

o1 ==
o T
2+ SN
2] _ ST
- R o
1 =
1 S
o = e ::::::_
o - ===
8 - :‘*\\_::_«x
o - =
= - ==
N 8 - o
4 L =
(@) -
(] - oo
- Tl
= - oo
O -
o J -
o
<
o
o
o
To) L
=
Sy S
Yay: =
aXIS === — .
=== S
s )( ax\

B2-2 ERHEBMESH o  ERULBIERT  BAEEILET - &
TRELB E SR A RN (yz @) 1000 km #9377 0 LAEE %0k
AL f5k 0 2 PR BRSSP X T AE B R EET & B 89 %
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23 EBEEAFR
FREUESZE RS ARGERRSE = TR B EXAE BB A BE (freesurface) %
NE P ey ERN 0 SR MRS 4 KX [Hung et al, 2000] °

du(x,t)=—p'Vp
9, p(x,t)=—p(c, + 6c(x))’[V - u—m(t)5(x —s)]

(2.3.1)
Hd u BEEBIREGRE i p BB (pressure) ' x AEMPIE—RECE s AERME S
0 AEE  8(x—s) % Dirac delta function * R H Ex=s 8 > S(x—s)=1 : m(t) A E R &
BoR (221) K- R AFRBENE Y > RS IR L EHEHHE > BEA Hung and
Forsyth [1998] A7 % & 09 T 4T4L & #4835 348 & 7% (parallel pseudo-spectral method ) * A%
1B 77 % Ru(x,t) ¥ p(x,t) 9 ¢ °
FHEEAS BRSO SRR G RBEEIEME x IR e 25 B

Fel (time window, t=10s<t<t+15s ) ° #I A KB X Lt # (waveform cross-

correlation) * BRI A7 p (x,t) (3 NE T &9k ) 5 % 05 Fl o T 45 T X 1% AT 45 4 B P
B3 p,(x,t—7) $p(x,t) (FEHENE FaglkA) 4R > K45 H 48 M % E (correlation

coefficient ) *

[* poxit = o) p(x.r)d
CC(d1) = —" - (232)
(], Poxt=0ydn!*([ " p* (xunydr)”?

MG ERREREEY ¢ (B2-3) » BPAEFTA£K£L > 6T (ground truth time

5CC(1)
T

residual) ° 4Lt A =0 ° fEsb 2 #45RkFA [2005] FTAF R a9 43 > A £ H A dE

=0T

YENE PRI R AR AR A BRI 09 M BERME AU T s ey £ BN > BB
-9.



FREE £ HLH A

number generator) /iR E A AREEE (E24) °

FRHIP AR B AR ¢ (Gaussian random

ATEM AL B A A B

027 s5/p.s3908 — heter i

— homo
0.1 r

0.0

027 i5/p.s3908 corr = 0.9997 i

0.1 7 L

0.0

oT = 8.9256
-0.2 L
T T T T T T T T

450 460 470 480 510 520

B23 MAURGRTUE - 4 6d B 65 al KR IES T B A
BT R a0 o AR ANKE (6T ) HEAEA 4B A
# (corr) % BlAT7 » LB AR KGRI - T B &KLY
HFRWFH 6T 40951 -
E: i Err=02: %‘ i Err=04A i: 5. i Err=0.6:
E i..\:- :;.. . “.: ™ ;‘:’.,
L " i Err=08 : g " ':.. Err=10 :
B24 ZHEERE FAETATREZNBRREZAZE > H 02

~1.0 AR £ 0 SET AR ALBON R R Z £ E o

-10-



2.4 #3PARE (Inverse problem )

2.4.1 g

B M IR 3% 3 B #8 (Geophysical inverse problem ) & € 3R A A R B A LM
TSR 0 MR IR S A o 5] he B IR B A7 AR (seismic travel-time tomography ) ° A
H ey AR ZBB TR DR E RN IR AR - U IR G TH

iR AR PR ) & B e B 4% (data rule) % A [Chiao and Kuo, 2001; Chiao and Liang, 2003] °
d = j g (xm(x)d’x+e, (2.4.1)
®
di % i BEBRB B GAERFREZTH > MEBREN ¢ &7 o m(x) AR = 4R FR EHE
¥ ogix) A F i BRI E AR EARA 6 — PR T3 (Fréchet derivative) - 75 B % & 4%

B4 3R AR E B BB 4T B BE AL BLAI R B E oM e LR E A% (sensitivity kernel ) © 2 &N EE
Rey MR Y o MK IR EAEE L BRI A RS R ERFTHEARD - HER
BAEARBBYHER > AFERHESLEEN IR T 2RAEMOO RN > Bk R AR
89 Jk"# — (non-unique ) A& » ¥ AR A AR =T 4 A% i R SR

m(x)=m,(x)+m, (x) * fid, = j g:(x)m, (x)d’x =0 (2.4.2)
®
HFom AZEMARGELNLHE  @om, MABRRLRFREATHERORE &
WAER m, DEMERAN m RARBRFERA BN - £XBOHT > HlIe R ER
1t (regularization) RIRIZIEE—AugRIRE - M (24.1) XL BHEHLEILE > XHA
d; = EGU m, (2.423)

2% f§ b By 4B A K,

d=GCm ° (2.4.4)
Hbd s NERAESEHEARGDE  Brd=d,.d,, - .dy)" s m & MEERLH

FRAR LAY BB 0 BPm = (e o, ) o MR A N x MkREEn G 51t

-11-



G, REAF i BRAEH d #HF j BEE L m 09— RMTH - Hikhnmpeirs i

{8 % #2 (Singular Value Decomposition) %] F &, °

G=UAV" >~ (24.4)
EP ABNXxMOHABGRER > & G AT EM (singular value) Ar#4as s U A N x
N 89 B4 (unitary matrix) > E ¥ & —4T& & (column vector) A& F A 2/ (data

space) ) —# 7 & (unitary basis) > BHFAUU' =U"U=1M+t > A9 " VAM x M

MBEER AYB— 7o EamAEA 2/ (model space) #IBRAK » F4VV =V'V=1
SVI Rl Ve Emm - AR Uf Vs » TRE GoIRER S
G'=VAU" > (2.4.5)
FBTRES TR G TRE BB BELHATHGFER, m > A
m=G'd=VA'U"d - (2.4.6)
{fEh N2 AT B0 e AR JEo — MR > @B R A X% 0 AR R A RBRARB A £

BARHBEWYTEBAE A2 BEZM (null space) * Wit T A2 {EiB 2 P i3 sb A 28

REHAMNEEETBE - Bibl (244) AKX BT
a=(u,u)[™ V2] 24.7)
-(©,0) 5 o)l 4

B & U~ Vo sl 2B ZER BB ZRIE T 2R o f2bitd B2 H R R AR 48 6 R4

[ = G'g1 ( generalized inverse operator) °
G, =V,AJU; > (24.8)
o ph e 6 B AR, AT

~ -1 A1y 1T
f, =Gld=V,AUd - (24.9)

-12 -



FHAFEH OSBRI EFTORERER (m) 94 B THBEN EER
R (resolution matrix) &3t & > & (249) K

i, =Rm=Gd=G/Gm - (2.4.10)

WAEEAT R AR AR T oA ER 0 TEBEA S8R E (model spread) * AE &%

model spread = ||R - I||2 24.11)

{2 B g 0 B AR AT AR MR AR B B 0 B SRR A T AR B AR IR 0 H A SR ARAL
WAL A

P BAR L GRS DB RZ LY RER (covariance matrix) Cm Rl
C,, = (Am,AmT) = (G;adAd" (G})') = G; (adad")(6; )" = GJc, (67)" - (24.12)
HPAd BHFHBREL > Am, B FHREBGEBA R L o —fde R AL 245 31
(independent) R & ¥ R a4 B 1% &

C,= ; (24.13)

2K d W B -

24.2 PROPACK

PROPACK #& Larsen [2005] FR# R 94t T E R B eh4E ™ |, 8 Lanczos
bidiagonalization #2 & E R|4t (partial reorthogonalization) 2R ##E B A 2 R eyf&t 3 2@
(singular value) ¥13r 214 & (singular vector) #9-F4TiL#kgE £ 4 - L TF £ 4 PROPACK

ayEE R -

~13-



B HEEAMXNHERA ~@E u,ecR" B v, eR" RébE o, BB, » TUREH

k =R #9 Lanczos bidiagonalization 2 4X3t 5 14 1% 2| [Paige and Saunders, 1982] * 4= F Ff 5~

L #&R—fEkEaE p,eR” > 2B =|p, ~w=p,/B AEv,=0 °

v.=r./0o,
o i . (2.4.14)

He u, fiy, # A% 2 Lanczos W & (Lanczos vector) ° b2 AT & B4 X,

ov.=A"u, - Bv,_
7 7o (2.4.15)
ﬁj+luj+1 = AVj —au;

ETHREALTEGERLRX

AV, =U, B,
T _ T T
AU, =V,B, +o,,,v,,.€e,,

(2.4.16)

k)

E+U, =@, u,,u,) ~V,=(v,v,,,v,) e HEMEME (unit matrix) &9 5% i /T

(column) - B, & lower bidiagonal matrix * 4= F

al
ﬁZ a2
B, = Bs (2.4.17)
ak
ﬁk+1
B BN AR E LT 0 Lanczos M A ERXA > BV ~U AR TFHEHF4A
(2.4.18)

U:+1Uk+l =L, E‘V:Vk =1, >

Hb oI, BhkxkhBEAMMIER -

-14-



BN CELFE+ A K E E ¥ lower bidiagonal matrix #4T SVD #93# Hok > HBEZ HB,

#% SVD »#4%2|B, =PD,Q} * 4wit—R2416X U H %
A=U_BV/'=(U_P)D(QV)=0DV/ (24.19)

A PHAaGEE D HAHER A Ritz value» MU, =U,, P, £V, =V,Q, # % Ritz vector °

% Ritz value #£ Ritz vector T 0BT AT T EAATEMGOE > R2419XFEAEHA &

truncated SVD °

fe & £ ERGHE & A o #E B (finite-precision) #91 JLF » Ritz vector # &/t ey %k &
H XM (orthogonality) ° ArEA Ritz value € HBHE R L EHER L > £ 5
doppelgiinger singular values [Larsen, 2005] © B 42 Z A] 89 #% 7 F £ Lanzcos bidiagonalization
iz PEH "B EAME (reorthogonalization) #) 7% /% [e.g., Yao et al., 1999] > 2% i
Gram-Schmidt % H % #47 " £4 & EAME (full reorthogonalization) B % #63F % 4 85 ]
[Simon, 1984] > E b# PROPACK ¥ #| A " 34y, B ERIMt (partial reorthogonalization) 7

kB 4 3 B 0F B [Larsen, 2005] © # 44 ° #1F PROPACK 3t H M x N 8946 A 6977 k B &£

BHRFEMAAE - R E 0 TRBEA N O(M xk+ N xk+k*) 694553 o -

- 15-



2.5 AR

2.5.1 &M bk Es (LRT)

KR F% (ray theory) RBRRME R A BB S AE > B AR FEe > &£
HATAERBREREFTERBEARCAEMER (wavefront healing) * K& 24, UAF A
e fEfT A (B26) @ FEPERMBIFHEHM R LI EBMEN RS (ray) LREBERE
B kBB R G HERAFNETRAEMTER - RIEEHELHE (Fermat's
principle) AT A B BEAE By B 2 F] B R R A 09 B4R > BlRe A H BN H FRR A AL
AR IIR — 46 T 3R A A 0 Ik AR 6 BT R B IR AE B R Au Bl 3h R ey KBIVRE ¥ @ £ > 2
R R E GG AR g e ALY (ray bending)  REEKXE 2@ > B BRAS G FFE

REEREFRREEY (5c) B9=F%1t (5c2) AR » Bbk dc RN BRMERAMZT

T AR R AR gk FHRAF 0 Al B R R Z MR AR P ey I esag o
b RRITRAIERAT RGP ARMET K — A R R G gk AR ey
242 0 — A AL % 432 % (generalize ray theory, GRT) [Zhao and Hasegawa, 1993; Bijwaard
and Spakman, 2000] 5 5 — & 28R KX ZHREEEPE > ERA e —HEVZ TR
ST AE By AR AR AR N AR £ v = Mk B BB R A0 IRAE 0 M A B 42323 (linearize ray

theory, LRT ) [Grand et al., 1997; Kdrason and van der Hilst, 2001] ° A 2248 A 89 2 F A%

ARAEZ4Hh G AEMMOREEIL  RENEH T UFEEEAMOBR%L > BAEHEBE TR
F1E A 24X (iteration) * HbfEH LRT - LRT BXREE ¥R ER DAL ER EHEA
(c<c, ) *» BILAEREFOT,, LA KRB MAEXT R0 TF
roc
ST, =—jsgdl : (2.5.1)

- 16 -



252 FHE#MHEIES (BKT)

B B3 O 3 IF o o SR IR PR AT 69 B B TR SR 60 0 F BT e R @A R AR

5 A ARSI K > W B RS > HEEMR X BHIKIER MY 2R RO
B BRSO R B o BOR A RIART > ST ~ B AT AR B9 ATE R (wavefront healing )
(BE2-6) REMMAE L ARNEAGE—FHEEZH e TS50 ZATHAREHELE -
RLER TERESE | ERERRLEREFERLERER RO EHL®E > LB T4
RAAE | ISR X - BHAEL B A IRIE LI H 4% A 4 2% (scattering theory) ° 7
RS T @ BEAHREMROIr LR BRARSBE L EREARNRERTLEE
A FRAA 00 A B o Muller et al. [1979] & 4548 % — % #OR T E AR A 81 50 R B 14 09 L Be
o MAERTEGER A EREREYBRRARIE RGN EN > &% %) Woodward [1992]
TS TN E IR I QAR IR - BB RIB LR RIZ R 2% T ERBEHR ALY
R BT AE S 0 # Woodward [1992] 4 %I e T Born #1 Rytov W AE 7R [ &M 4L &g 0 F
o REMAOERBEERAERM P REEENG > BB E SR E B4 (sensitivity kernel,
REZAFEREREMHEOBRE ) SARERZELRG LT - BEA A%AAE —# 4
(single-scattering ) ¥ 3% A A& Born &M EF] ST A RBELOMSE L= HRERE R
Fu 0Bk A& 05 69 Bl #4 2 Marquering et al. [1999]F= Dahlen et al. [2000] * H ¥ &7 F & @& 484
% Jm (surface-wave mode-coupling summation ) #& 3L & & % JF39 B 3R AR & 4 4t 69k

W BFAFAEEEROFT R > BEAZFR T ER RS R TR RA RIA LAY
ZHR RS OBRERAL c REA RIARER > RELNRERFH b I XH AR
ARBREARRETDRAAEMAEM > MEOMRERRYERA T AEERAEAGES £

BERZLEEKMIBEEIEAM > MENE L — K325 % (first fresnel zone * ~
VAL » A ARE L ABBEsE) c KMERI A AR BREEENBRE  HKRE
BB KGEE MEAAD @SR ENwEMHEEEL > AR L Z o HLAFRAE
BRI HXARER A | F E —#HME S | [Marquering et al, 1999] ° (4w [E2-7)

MmETZ o WUMBREAAEFREY O R EEADYHATE R

-17-



5T.MK( &“) : 2.52)

_ "I p, (@) @ sin(@AT))dw
R A K, (x.0)= 14 fJL|%| i !
2rwc; \L'L J'O |p0(a))| w*dw

AT =T'+T"-T
HPT' ~T" Fo T 855 REEREFSTE ~ ST E ]R3k AR E RE] B 3k 2 MR IE 8 &

BF o L'~ L" LR AEHEERRE S oRERMEE (B25) -

Scatterer (x) Receiver (r)

Source (s)

ray(T)

B25 ER (s) ~RA (r) #5445 (x) FEE ° Born #MFJE
EF VAR b ERBI A B EAE (ray' ) SARFLAT 2 2] Rl 0E

B AE (ray" ) WIS TR EER (ray ) EREIAR BI4E

R E T I G HBRETOBE T ~T" 2T 25K

%{ )’%: B i'J jﬂ%l%j’ 2k~ ﬁi%j- 2k ﬁ'] R 3k 2 Fa] LA RE =R E| A HKAZ Y i

LES
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Ray Theory

Receiver

Finite-Frequency Theory

Receiver
]

B26 (L) k&esEmd (T) FE —HEBEGRALATBIKEHR
RS TER -  FE —MHBERAKTAR

(wavefront healing ) 893 % °

40
6000 - o 3.2
24

5000 -
16
08

4000 -
0.0
08

3000 -
16
2000 - 24
32
1000 ‘ ‘ ‘ ‘ ‘ 40

1000 2000 3000 4000 5000 6000

B27 ARBEEROBREIM - £ER—BIvEEE Lok EiEE

HAERZAEMORR (REFMALT) -
-19-



2.6 %34t (Parameterization )

B EIR— R A R RO R NI BRI E M A L ERBR AR SR
P — M #% 25 2 H Atk (simple-grid parameterization) > fEi& 4% 82 % 2 R 7T Ak € 4R 4L AR AT B4a
Kk DNREGREAEYIL > MARRZKR R E A R AR B ReyBAEE o BB
AR (wavelet transform) ¥ A # 4T % € R A £ # 1 (multi-scale
parameterization ) [Chiao and Kuo, 2001; Chiao and Liang, 2003] ° ik B £ % f& 2 fd] &) 44 1b3% 18
NIRRT AR AR B R L AEAT 3 > BRI B M B AT R R R P TR AT S > MR
TR ANB Y RIRAERT o

fdb 0 2 m' KRG d N R S BRI AL > LR AR ) — A& B S HALE A m 2 R
B B4 T % B ¥ 5+ W (transforming operator) & 5T A&

m'=Wm (2.6.1)
FIAN W R4 #H T (inverse operator) * W' » T (24.3) BLHRH % ERE L2 H ML
A o Bk I AE

d=GW'Wm=G'm' - (2.6.2)

Mm% ERBEZTFTHAKFELE R - T ABEMSFTXTH
R=W'R'W > (2.6.3)

ke £S5 EREXTHBRAULEBER C ' » RIER
C,=W'C,(WH"> (2.6.4)

WS ERERMABAH st E B AR 6 ARHT B 4B M fo b A 3 98 3145 fh 2l 3 % B R fE — A3 A% 26
SHETHAE > HTALLBRH LT XX HES RERZR °

-20-



2.7 IEAJ4b (Regularization )

ZAFRBGER RS A A GLERIFE— ORI A LR ARG REFER
(Gram matrix) &8 E@E 5% > MERA A ZR FREREGPR > TEELTH AT
%At (E2-8) » MARHIKLE M - A4 R ERAT - AMKK (249) FTH H#HE
oA S o B A BOREAR ] 0 B E R P A AETRI R AR 0 B4 B A B3R
ZERBBLERLERORBADREYTEBEEBRKK - AKMEZEBEICS FAE
JB Hp AR BN e o B AE -

— XA RAETR ) 6 FBOR R 3p BAE BN e R S

(1) PR (Damping) @ B PHETFEE L E—TLREO (damping factor) °

DA Hp AR Lk BAE 6B 0 4B 2-9aF7 o © M& B LR 2% A - AT

FE 4B [ P AR A 4E G B 4B [k 4 A

ao=v| M lua 2.7.1
mp —'p A§+921 p ( ol )
AZ
R=G!G=V ( OZJVPT ’ (272)
T A?
C, =G} (AdAd")(G]) =(AdAd")V,—L VI - (2.7.3)

"(A2+er1) "

(2) B4 (Truncation) :3XEFEEe)—MEFIEME > B T EEME - MEA -
AT B LGRS —d (249) ARE > RABENPIEES T ERE
Ao EE) VA U > 23R A E 2 M (null space) » 4o [B2-9bA7 % ©

WA AR A G R A 3 A2 E (model spread) Z R &) 7% &k 42 (trade-off

curve) MR G T AESIEMR , o

-21-



2-8

(a)

100

100

10 A

1 .
)
S
S

5 0.1
S
>
£
()

2 0.01
o
>
£

0.001 A

—— Simple-grid LRT
— Simple—grid BKT
0.0001 —— Multi-scale LRT L
—— Multi-scale BKT

1e-05 T T T T T T T T T
1000 2000 3000 4000 5000 6000 7000 8000 9000

Number

FEENHE o ABBETT AERRESBACH EB AR EFE S

Z T ey Fr B E 3 o

(b)

Inverse Singular Value

0.001 +

0.0001

1e-05

& 29

Damping factor = 10000

0.1

0.01 4

" B 1.4 L 100 " L e,

Truncation level = 1.6x10!

o
=
s
P 0.1
S
>
£
»
S 0.01 (
o
=
£
0.001 +
0.0001
T T T T T T T T T 1e-05 T T T T T T T T T
1000 2000 3000 4000 5000 6000 7000 8000 9000 1000 2000 3000 4000 5000 6000 7000 8000 9000
Number Number

FAESLRME - 4o & M8 &5 5 %] & TR A S48 E Al{61E &)
FEBERSBR - @B BT E—FARAES 0 R B AR
w SRR o B A G RN T B 0 AT B AEARD 6 375 B Hp 64 A A
B o BRI ARG R aah s > ML E—FIEME > AR

PIERI#EFA -
22



F=F &R

RBE —Frmigliey bk EXRBEBELR AR GBEY LR AH 2K F32 T A
FWERAN  EmBRL AR EFARTRESDERGTH - KA H LB R
Bl ARG » SBACBIEAML Y AT RAF SR S B R EEA G £ R -

3.1 BEARMELSIEHE

AREE 27 B ERAAUARMAEARAMAZEEN  AEZRERILEREEAHTHER
Tide o Blibh T AXEZBRN T KBRANANEZOBYRESZR  RIVEE— gt P
ey e o

H— 2B BH#A54E (variance reduction ’ vir.) @ R EAEERB BT AT i B

% 100% (3.1.1)

b d; 2 AT R KR P TR 0 A WA E 5 i B PR B 0 A TR £ o

bas

— A S #A2E (model spread * m.s.) > R T-BALEEM FBEES > HERA
ms.=|R -1 (3.12)

2=

A R 4 (resolution matrix ° R) MFBAr%&E M (identity matrix ° 1) 24 & — T
2 ey 4afa o

H=ZABALG RS ARETERBEHREZTREARLENEZE > B

M

model cov=Y (C,). (3.1.3)
i=1

Ed Cn HAEA LG EER (24128 ) -
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HEw A& (model norm) K&HZ > AARFHA "Lonorm | $IE &K > LA A

5B RATF3 - B

M
model norm = ﬁZm? =m], (3.1.4)
i=1

EREBEBW ARG T TS THRAAZ PofTBR T REEER,  BFRAZBEIEAKEHL
A2 R ey kM (trade-off relation) RAE o AP E T RAFARA LB > AT LT
BB LG R H YA R EER 6N k4 (trade-off curve) ° & T FMaKEEMN
SRR A AR E M AR R R > RARZ A T IR A R E MR A &) AT B
BERERLA SR PR R R > B TH R MAENEREARER L B3-17
T A RERLBEA LG RE R ARV EHA TSR ENH KNG (B3-2
33) - A LG RABABEA S UREZ MG (B3-1) Ta o gHEAUSHBEAK
WA KA BRI 2E EayiR AR 2B K 38 G IRy R AR TS R R AR
B e BRAR R H AR S BORSAT B0 ARATAE ) TR I > B4R S AR ) g AR A L 4 B SR
BRELTH  BARASRHMENREREIBRAAEERE HREFHIAOER BT
HRBRRAE MM BRABE  RINDR - HEMNBEOREHEN LSRN REY (B
32) The » BREREMS @ FEABELEERERDOER > AITHRBRAETHET
B R B E AR R B RAT R RARAEF T L ERBRGBER LG R EF0R £ FIEE
RO TRE S R EAEARBrRERFTHBREREGENHE KR (B33) - RXIFEAE
AR ZE Fo LK > — T mEEIpH T B 2 WA AT A A 8T8 0 2L R EHE AR AT
AR B ERRATFNBREOBERK -BEmMET X UBNEGERHBEA SREEY
HEFAT mALEEZTHRRALVE E LR TR EZPELENE R T AT
CREHBABBOHRBEDRR  RALERRZERBERZENELT » ETRRGERD
A o
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0.15 - 030 y
\ \ \
\ \
@ SLRT Damping \ A SLRT Truncation \
© SBKT Damping \ 027 [ SBKT Truncation Y r
® MLRT Damping \\ A MLRT Truncation
012 4 [ ©MBKT Damping \ L 024 | A MBKT Truncation L
021 4 F
8 009 r 8 018 .
c e
2 g
0.15 | L
8 8
3 g
g 0064 F 2 o L
0.09 4 F
0.03 4 F 006 4 L
0.03 ‘-\& S
o O \
0.00 —oman | TPy
T T T T T 0.00 T T : . yain trm |
33600 34000 34400 34800 35200 35600 36000 33600 34000 34400 34800 35200 35600 36000
model spread model spread

B31 HMALGEAHHUEANSURENRGEE —SHREMHEEA- T
BBER=AK55 A% RAEEERMMEHERNLS % - B& i
War e, R BT 0B Bk A — A B S e % ERE S AT
R REABREAZAN A AHER T E MM BERGEELLRIE
W RE A S ATRERAR AL 6 BF AR £ v £ —EARE £ 6 H A

FEAAALB 2 TR R > M KRB EE A PTiRERM RS2 o

(a) (b)

0.30 0.30
@ SLRT Damping A SLRT Truncation
© SBKT Damping A SBKT Truncation
[ A T
025 | MLRT Damping I okt MLRT Truncation [
© MBKT Damping A MBKT Truncation
0.20 4 F 0.20 4 F
@ @
<] 8
2 2
8 8
] 3
g o015 F 3 015 - L
3 3
° o
3 °
<] 3
€ £
0.10 4 F 0.10 4 F
0.05 4 F 0.05 4 F
L e e B T 0.00 e T T
20 30 70 80 20 30 40 50 60 70 80
variance reduction (%) variance reduction (%)

B32 MBMALGEBHTHEEGRLEN KBEE —SAEMAEE-T-
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(a)

@ SLRT Damping
| [ © SBKT Damping
® MLRT Damping
© MBKT Damping

model norm

model norm

T T T
20 30 40 50 60

variance reduction (%)

T
70

80

T T
40 50

variance reduction (%)

B33 BEHESGEEABMVRIIRGEE —HMEARL- 1 8K

B B P B AL MR 0 RERRAEBSFZE S 55% A4 °

3.2 SHrEAAEA (Gaussian random model ) — 1

R ES-1EI ALY T3 BB ML BRI AR G128 MBI 692

#LH EAMb

FIRFRAE R 8 5 3o K31 c A TAFHARE S (3216 ) ~ EAMEF & (3228 ) UA

S#ACT R (3238 ) HEREROBEL A ML -

%31 SHEMAEA LI T

ES (AR Fiky %4 M E MEE A
— R 2 BAL— R MR R I SLRT | 1.8X10!| [E3-4a 10000 [l 3-4c
— RS HAE—F B E R SBKT | 1.4X10!| E3-4b | 10000 | [ 3-4d
% ERESHI—HMEAEES | MLRT | 1.0X102| E34e | 50000 | E3-4g
5 ERESHIA—F EHHEIES | MBKT | 84X103 | B 3-4f 30000 [ 3-4h

-26-



3.2.1 ABFFEH C LRT v.s. BKT

BARLLBARR ARERAERAR G S H EAMEF RS RAFIEROER > L
— A% % $AL4E A B E R A5 (E3-4a823-4b) - @34 LRT #2 BKT #980RE B A% 4 %2 Fi
VAT R RS A 7y AR B s 6y AR AT B A R AR A S 4 e e 2 R B Ay o
APTARE © LB 3-4at » LRT &9 ARAT B 4B If YA A1 3L 4 846 190 BA B8 ¢ B IR 40 AT 0 A %5
Eimtoyehtakk s 2AEB34bY 0 BN BKT =48R EISEFE P ERIRE AL
o mABRGEESEARGER  AFRAEELEBABRLRTHKRRE LML Z R > FRIAEP
ERBAR RS BKT EBIMA TREALER Rk ZM ey A Y > 2%
SR HERR Rt AT E e AL G ABE R RLEAETHOTE AU
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3.3 SHrEAEA (Gaussian random model ) — 11
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