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Abstract

ABSTRACT

In recent years, hydraulic fracturing technology has been widely used in the devel-
opment of oil and natural gas fields. Hydraulic fracturing has become one of the nec-
essary measures for the exploitation of unconventional oil and gas with huge reserves.
Deploying geophones on the ground or in the borehole to receive the microseismic sig-
nals from rock ruptures, microseismic monitoring is an effective way to evaluate the
result of hydraulic fracturing by studying the source location and mechanism inversion
of the recorded microseismic events. One of the basic objectives of microseismic mon-
itoring is to obtain the source location of microseismic events based on source location
methods in seismology. With the advantage of noise suppression, the migration stack-
ing location methods based on waveform information exhibit the good performance of
noise suppression and have been widely used in surface microseismic monitoring that
has a relatively lower signal-to-noise ratio (SNR). By directly stacking waveforms ac-
cording to the travel time curve of underground imaging points, the diffraction stacking
(DS) location method has high calculation efficiency and great potential in microseismic
real-time monitoring. Rock fractures during hydraulic fracturing contain a large num-
ber of shear components. For microseismic events caused by shear ruptures, the surface
records may have polarity reversal due to the impact of their source mechanisms. In this
situation, for the DS location method, directly stacking waveforms cannot achieve the
focused source image at the real focal position, but obtain the symmetric distribution
centered on the true source position at the source origin time. We call this symmetric
distribution the quasi-radiation pattern because it is similar to the source radiation pat-
tern. Therefore, in practical applications, the DS location method will have the problem
of inaccurate location when the surface records have polarity reversal.

To solve the above-mentioned problem, the thesis first proposes a location method
named diffraction stacking interferometric imaging (DSII), in which the spatial interfer-
ometric imaging condition is applied to correct the quasi-radiation pattern. The spatial
interferometric imaging algorithm at each time step includes the following steps: (1)
For a given spatial interferometric radius, extracting a 3D cube of DS image centered
on an arbitrary imaging point; (2) Within the extracted 3D cube, multiplying imaging
values of two points symmetrical about the center point; (3) Summing productions of
all centrosymmetric point pairs, and taking the absolute value of the summation as the

interferometric imaging value of the center points; (4) Repeating steps (1)-(3) for all
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Abstract

imaging points to obtain the interferometric source image. The interferometric imaging
condition can focus the quasi-radiation pattern from the DS image onto its center, that
is, the real source position. Therefore, the proposed DSII method can accurately locate
microseismic events.

Although the spatial interferometric imaging method can accurately locate micro-
seismic events by correcting the DS source image, the interferometric source images
have artifacts but do not perfectly focus on the true source. The thesis proposes a mi-
croseismic location method based on deep learning image recognition, in which a 4D
diffraction stacking source imaging is taken as the input and a modified 3D U-Net is
applied to fit the input into a Gaussian distribution centered on the true source. The
quasi-radiation pattern in the DS source image is mainly dependent on the focal mecha-
nism and has good consistency in the different work areas. So, we can use the synthetic
data for network training and apply the trained network to the prediction of field data.
The prediction achieves a better-focused source image than that from the DSII because
the network fits the output into the Gaussian distribution.

The velocity model has an impact on the absolute location from the migration-
based location method. The accurate velocity inversion requires a high SNR of the
microseismic data. Therefore, we propose a new idea of microseismic data denoising
based on DS source imaging: Due to the strong coherence of seismic signal, the DS
source imaging focuses the signal energy as a quasi-radiation pattern around the true
source and disperses the noise energy to the underground imaging space; The signal
waveform can be recovered by using demigration from the energy of the quasi radiation
pattern back to the surface receivers.

The proposed DSII location method can not only accurately locate microseismic
events, but also retain a good performance on noise suppression from the traditional DS
method, and it has high computational efficiency as well. Besides, the DSII method is
also suitable for complex velocity models and has good performances in cases of ve-
locity perturbation or sparse observation. The proposed location method based on deep
learning further optimizes source images. The trained network has a good generalization
and can be applied to different velocity models and observation systems. The DS source
imaging before network input provides the noise suppression of this method. During
the prediction, the output source image is sensitive to the characteristic of the quasi-
radiation pattern. Thus, we can obtain a well-focused source image for an event with
low SNR, only if the diffraction stacking source image has an obvious quasi-radiation

pattern. The finally proposed denoising method for microseismic data can not only
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effectively remove random noise interference and regular linear interference, but also
complete the missing traces (such as the eliminated bad traces). Recovered waveforms

of microseismic signals lay a foundation for the subsequent velocity model inversion.

Key Words: Microseismic Location; Diffraction Stacking; Interferometric Imaging;

Machine Learning Image Recognition; Microseismic Data Denoising
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5, (AT AR R BEATLE 75 o RS 2R E AL TR FT L AR ZE: (1) T3
T REW I I AE W RS B AL 5 (2) TR BEERMRAE L, Bt
Kirchhoff f#% =1 10y A (i F% FH SR 5 B 0 55

SRR A5 7 R R BRI B ) M R SR AT W N SR AR NI R A, 5B
BB J7 FE MR AR v, I R S0 S BRI S TR IR R AR AR, B 1)
BIA AR IR R R 2R AL R IR B JE [l . McMechan (1982) Ji i A B 2 43R
il RO RE, EREE T RRIRI R R ES, FRIE S AR A1
AT AR . McMechan et al. (1985) 1 FH1Z 5 106 — MR L R H ) =4
REFEEIEAT T 5EAL. Fink (1997) Al Fink et al. (2003, 2004) i i3 —£L PR E6F 1
TR RS 5 1] MR GF RN T R 44458 . Larmat et al. (2006) 1 Ekstrom et al.
(2006) A5 FH A Jol S0 Mo 00 ) 72 10 53 1 ORI I i A% 1R 7 92 B T 4 BRORUBE ) R
4%+ . Kawakatsu et al. (2008) MEE 16 _F IR 1 72 Y5 106 I sl AZ AN B2 YR AL ) Je i 2
[ X 5B &R Artman et al. (2010) B 24 t 0 7E 58 M0 I RS5O 72 Hh 48
PS FAHKHUG SFA, FF48 tH R 45 R 2 TR 9 78 VR ST AE A 1 52 i) 76 78 V5 ) [ 2
SRR AT, A RTERIRA B ALK £ . Sava et al. (2008) $& H 7T DATE 106 (i %
(PEAE L, MEINIE AR 2, B R i R AT B sl i, IR
FAAEAN 53 A5 T80 AR S AR D3> IR B RAE S B R 8. R 55 (2013)
[FRE 42 S P 4E98 70 A0 T80 AR 2 A SRR LR VR I (B E T 3o R A
BUASREAA DA SRR 0 SR A 45 S R T = A IR S, IR 4R A = 21 & el 3 DA
Jo— SR LA IR, BT I AL T v AT LA R A AR R R
WL R B TR . ZIRE 5 (2014) 1T WAL 2 A LAl L3470k, Ky
T MRS YA i 3 S YR IS T 5E A7 . Zhou et al. (2017) B YRHR HUAE R T 4k g4
SIATI PS U BAH IR AR S5 A0 R RIS N, AR 45 R AT R IE, SRR R N e
GO R e AR () SR AR R AR B B R VR AL B A, AT IA BVHERA 2 A7 1 H
(1. R PS HAH UG A I A 12 R IR AL B A3 B B KM SUE1E, Rocha
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et al. (2019) £ T REE VO HIE H —FhRE E AL BN B 5% 1 (Energy passive imaging
condition), FEMEF T, HEEHLS) LA LM B RAE B0 T B 0T LA 5B U5 I I ok
BAEREEREIRAE, HWGHA T LR . Oren et al. (2021) fEICIEA F
PetH—MT i PS BEE UGSk, IF HLAR S 10 T B AL P B U, A IR
WA B A SR AR I AT A 7= (A2 3 2T . Nakata et al. (2015) 1 Lyu
et al. (2020) 32 H LT UAAT 129 i A5 46 44 i 2 5350 I (% ( geometric-mean reverse
time migration, GmRTM) FA% /775, KB ic sk HAH R G B T mAs, M
FoB T R RS T A I RV AR R AR, A AR e T R R R RS R
TR ZE . Lin etal. (2018) #&H —Fh B Ax 5 71 38 Wl #% Qe (0 50%, fEK %
R T IR FE s Z o7 1B TR 1388 8, BAE & Beds LT 7 .
Lin et al. (2020) ¥ P A S P10 &5 R AT R N g, JF Hij A 7 4
MG AR BB IR AR I MR, AR TITIE RN TR N K 1 R R
R e

FERNER M B 22 rh, BE TS 2R R0 B W F% 7V T2 b B T b T RE 5 A
Bo. SHEEL, X — SRS 75 1k R REIE F TR o 5 S AT R IR S,
R FR E AL . Y RSN R T B ARG T, Bl A 2 AR
B B ANFEAE /N R FEE RIS (Hung et al., 2001), FE&T 522 B8 (1) Kirchhoff £14)
5, AT DMR i AR FR IR B 55 € £ 5 ¥ (Yilmaz, 2001). Chambers et al. (2014)
KT — A Kirchhoff (A8 LRI A2, FERF 7K g e 28 b T fctth, 72 s I+
GITE VA R N R, RS BRI AT, ST T RIEEKENRIE
X, I DRI KRS 0 S 1P 7 AR R IR A B Ar ek £, i i KAk H bR
BRHCRTS RR IR AL B AR R o IX — IR T 2RI RS ik, AR BT
(BN, T A2 AR A I i 2 06 b FE A AT IS n, B DA L 2T 8l 7
2 P R VR I A S A 7 V2 B I v 28

GRAN B N7 E V] LB AR /2 Kirchhoff % I — M ik T,  Gei & e i 75
V2 B R T ) il S 0 BT A b R E O AT B . BT AR T b T R U ) SR 4
BN, AT LA BT b I 0 DK SR e 4 B 0 76 T ) B AL 75 L i v i 72
FAHE ML EI, DREFECE T ALE, 0TS bR ) A 7 i R o R At 7= S i)
W B A 1R K 82 ¥ 77 (Duncan, 2005; Lakings et al., 2006; FF5 5, 2020). LA
LR, Kao et al. (2004) $2 H — P EIEHRE B INEE (SSAD, FHRIH T RINHLE
s AL o (EE T X BN 5 FEER T 4anHE, TR TE 10 280 AR A5 M L A ot
B . BEJEKao etal. (2007) X AR B 0 FR AT OO, A R BOR R
AR B INTREP B R IBIIE . Liao et al. (2012) A ZI5 94 & InHE 4T 24
HE, [FW S0 P AT S JREAH . Langet et al. (2014) $& Hi 38 5 8 Iy 7 () 04 B o5 %5,
S AR AT AL IE o B B NP LA . 4% B W6 R iR B0 vk, ek
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HRENARMS B LI RO B S F . Grigoli et al. (2013, 2014) o b4 ek, fdi A
BIEH) STA/LTA HATSS 2N, FREATAUE M LA E A7, B2 STA/LTA
()5 AR A B T 22 i L Z D st W . Duncan (2005) B 460 3% T 2 4 3 i J8 A8
()78 R 5 1R R T 7K 0 I 245 7= e, %) /K 77 3R E&3E T A% - Gajewski et al.
(2007) Jdid —A> ZYERBUE B R 1A Se b S 7 vk AT MR € A7 1 AT RE
4. Chambers et al. (2008) & T (w5 11 77 VAR ST FL AR T e 6, DAGI kb
% 25 B 51 ) b 72 72 2. 6E /7« Chambers et al. (2009b) 1 FH 1 AH [F] B4 7 vk 45 & Hu i
HRLIBE 85 B 51 0] 7K e R R e e R A1 32847 %€ 2. Zhang et al. (2013) % [& |
P AN S B AR PEIEH R IEAC K, PRI PS WARRMPE AL S 7%, K%
J7 1T I A ot 5E 2 A7 P . Haldorsen et al. (2013) $& H—Fh3E T H M) =
VS AEACAE B AR E N A B N 77 32, Wk FLF T IR b ot 2 e o, I3RS T4
S A R . PRTE HAH G B N7 28 JE T Se 5 B N ) 5 21— Fh et 1) 8 67 0792,
v BR A DG 2B N 7 20 FH ) R R R AN R A 30 2% 2 TR R A I 22 0 R G R Al |
RIE T — RHNWEALITE, Hlans—AMHoZ N (Li et al,, 2015) AHXTAHIEE N (Li
etal., 2016). XEAHFLBIN (Lietal., 2017) LASIRESHES 0 (Li et al., 2018).

SR, b 22U B P ikt 2 10 s P PT BEAECE AR ME SO BB 5, IR RIS I g
GITESAL, BT Gei B 0 e Ar 7 122 R R IE SR I 22 AR ¥ T J6 325 e AL 2
AERRRRIRAL B . BRI — 7%, S mB R gExHE .. SmBpass. &
B TY STA/LTA PASCBETEARUPE NI B 045, SRR S| T ARMER ERBCR, A
IR AR RN TR BN I I R, b, Al X S 7 VX TR )
PEHATROE, SfE— @R R FE S BN A M A s, B DI 4 (1)
MR LA B IR . Zhebel et al. (2012) & 2c48 H X — W), I H P2 HAES)
S I0E AL R S s R IR AR TR, AR S A5 R B IR AT AR IE . Zhebel
et al. (2015) A1 Anikiev et al. (2014) $541X — 7775 R FH T 7K 77 24 Hb [ i 7= 1
H. Xu et al. (2021) XX — 7k AT — 2 563, R FEBAEA PS BT =R IE
SERTFIF K B 78 . Liang et al. (2016) $& i 55 #b— M i 72 YL 1E B ik B
WPtk T7 1, R T E R SR BIRAL B . R 2 LR IR . Shi
et al. (2019) $& il ZIMIE M T HI1E,  RIH BRI AR S8 w8, B —3K
(R TR I AR SR ) IR AR G, A PEAH S B R I AR s A oG, DR thid L &
TINAS [R) 3 38 T AH T o 0 24 0B B AT A5 2800 B il 1 S % B 52 - X et al. (2020)
Pe A IR R B A IR S, AR IR IRIE & F5o0 B B IR AT R IE .
Tian et al. (2020) 2T N TR RERIAR, i FH A AR 1 48 X 286 X6 22 38 87 T2 #l Pkt 47 iR
b, T SE IR T B AR 1 A O
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1.3.3 ALEgEEN

R 1 H IO R E TR Ak, BEE N TR BEHORI R R, BT RES
SRR B TV E RN T — AN 535 . Perol et al. (2018) 75 5GH2 H i H G
PRELE, RGN G HEIL S, SRR A BT 2 X T, anfE 11057
7o Kriegerowski et al. (2019) 2 & 3 (1) 2 A5 B H N VI ZRGF TR BE B A 0 42
WXI2%, SR A B HE T T . Zhang et al. (2020b) R 5 2 A LGS H =%, K%
W R B R SRAE R B RS A 2 AN, TR PR ST DARE TR 0 Y
oA, MG INGRSERRZ G, RIRT AN 5 G052 i sth 7= 50 34T 5 A 7,
WK 1.11577~. Ende et al. (2020) {8 IR B EIFRE 25, 75 N 28 5 N i I 65 3k
ZIPMERRGR, RATLI T B3 EE .

|,TWMI\ﬁ\\""ﬁ“.".u\w»MAWM.ﬁ\
f"’f"l“lﬂ"'"ﬁl“-’\’\"""’"“"”"
o sssscssssssssssssesss . 100DHK
7 2000000000000 000000808 K B3
y 500ME
BB 32
HEE
2504MF4E

35.90

35.70

-97.6 -97.5 -97.4 -973 -97.2

2E

B 1.10 HEEHETMABFMHENEMTNLER. (a) BIRHEME I PNEEH R
&g (b) Eid AP0 BIRE AR E AT 4 X . &2 Perol et al.
(2018).

P N TR REBOR M R EA IS, + BT IR EdE i . HATRA
TR e R ITE, HMG IR O R B S R RO . Il EIr
FRUIZRII S, O T 12 XS E AR AR AL 2R 58, BN RE R TCE
EARN AT HEX . RSPz AR 82, R 2 M TR IR R
HH AR 2 A R A

14 AXHAREARTRENX

ANE R R IR = P BN R S AT, 3K IR P AR s R F A, AR
A7 FH M 00 1) 7 QR AT RR VR E AL AT o 45 T R U 45 38 0 M R B
B REMAEGE L F AR, P DAGRS B0 0 %€ A7 75 92 BRI AL T SRR AT e 1k
7 THT B LA AR, T A e A B R B KR M A 8 A PR A BT L T A
AARK A TCANE o AN SR 2 ZE0F 7T IR A A X615 e LU B0 10 S o M I K
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ERE AR
b) KEHE (F-t) *FEIE (F-E) EHAM
e T = ===
i ee——— ¥
) e ! - & - casem—
N T ! }
I w"'.m': %; YL*‘H—*
uh*g * jg E o . f‘
i - b Py :ri
#_'RTI%: o o &
Kiis %’"
9: *f'" 2 e
e e P
40x64 256 .- R0 s i ¢ _ﬂ_& - "
I——56 ..== L 0.00 —— 40.0 0 0.00 - 400 900 0.00 40.0 90.0
——s5 1 A8 (s) w8 (s) idl ()
~== JI- ° o |
e e 54 0.5 0 Pialay (] bty 08
— g2 :
—30" 0 o i ° fos
+ BRE ' ‘ B o e
3 BRECLILE ARRE : "
e e AL W T 0y T
¥ ERE+EXRE g ¢ ow % gg ¢ o % o
N SRAMAREHE = E2: 4 £S 2313

B 111 ETEERMEMERMREAM. () EERHEMERMELER; (b)) ATM%
WERRIHRBTERA: (o) NHHELIRLEETNER . B H Zhang et al. (2020b).

g o R T AR IR LA A A S B i AL, DT X A 752 A AT B 52 £

FE M T AT BRI A X K 77 R AR AT S AR I, e 8 T 5
o 2B 7 e o TRl 7 S ) S S U A R I B R AR ) H bRz — o AT ER
R DUKI RS I O R NI O S, S A TR SR SN e 7 A
FER TR, BRIV ER R VS0 A S50 T ot R0 % A P AR SIS,
AL AL GE SR BN TNEA BEATHER R IR AL B . BRI AR T — R ik
PSR A RABAE B 3 1)L, L AR A I A A (R e AR iy SRAR K 0 1 B e e B A1
TG BN TTE RIS o DR AR SR Sttt B 198 g e I 5E 6 05 1%
FEPR DR 2R 25 5 2 ) FELFR [RIIN DR A i PR T SRR I LA e F Mg 75 s Al IR
GITEIF A E AR B AT A L, T2 SE I8 I G5 & I 07 ik #EAT R UK
AR RIEAE 2 T T, K Se i BinAs 2 A R IR AR 4 R R AR A FLSE
VRN B o 10 SO A SRR ] 11207 1 A B HER R LLR B P, IF:
DA T %I IAE R IR AR | Sl AT 2R G sl WL 2R GE AN KRR 7341 LA R A
BRI S B0 N BRI RO o B Jm TR N 552 B R 7K 0 I 2R M T it 7=
Y T, JER 2 45 RANE St 1 SR 5 B 0 e A 45 R 1 X b ASSCIE SR T AT
CAAEFH S8 B I AR S5 R AE D0 R e i = B WOR S B YR e d& o A 50
FRVE 73 ATRFE VO R H S A, BV Rl A T

AR SO = B @I N T Be BOR B AP TRt B e AL a4
SRR N T Rt 5B 78 0 7 vE B A RARMRE, R IR PE R E AR5 T
CAHE B iR E BT RIS N ZR, 00O Tl R . R, AigsC
R HVREIR P 27 ST A 22 P 28 (B N B2 AR N Se N B IR IR AR A 2R, IXRE AT A
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I G855 B InA 5 s il i i ol 72 e s b B e A, T 5L EH TSR S iR VR K
45 Forb B R AR I AT 2 VR ML S me), A5 75 X 2% 1K i N\ g FL A B 1)
— &, B AR DA A s B AT I g 2k, AN BT O IR H 3%,
s L RE 8 BT N FH T 7K 77 R 2 I b 7% R 6 v o ek, ST 50 —m R IR
GRS N R VR BB E N T EAE R IR U R EETT TR AN A2, FRATTRE P 2% 1 4
o, RIYIZREIRARAS, 5evt A DU R A7 B AN K = I 2 S o Ca 1 DY 4 v 0 7 A7
DS T8 BN A B 28 A0 15 R VR IR BT BB ) SR AR ROR . %1 U-Net A7
IRGF VRIS O, FRATAE LLIE Al E b AT B et 8 T = 4E U-Net 45K fi#
PRAX — BEHE AR  15) o IR 1) 19X 4 A BE ARG M EL AR A b AT TR A 1 R L
TESEBREE N b, X 2 Tt 45 SR A I )l b i) SR AR SR B R B AR T SR 0
ST WRUREE R, 16X 53 KB I ZIAH T B 3 = 7 T B BRI 1. FF
L 286 X6 TAIRAT M B 1) 55 5 A2 o mT ASRAS AR R IR 0 Bk K008, DRG0 25 SR Eb
AT EE

TSR 5 8 0 e A U7 v B AR B R e P R B8R, B DA & B b = e )
(P35, FRATTIE 5 AE HEAT Tt 78 8 A7 2 B/ R b AT ] B A 7 I DR AR B, T AN 2
HEAT At BT DORE IS B 2 A BBOH A R R A . AR, T BB A A R R R B
AU S A AT I BE LG S o b4k, HU TR RE L SR IS W REAFAE S0HZz Tl AL+
Py ZIRBET RS T G o S TSR0 B0 ) ot 772 Re % A R0 il g
75 9 i 2 HE S S LR, AHE X 5 A 21 0 F A AT R VR AL S I B 2R AT
A AR J v ) 5 MHI R I S TR SR BT IR P U EAH o N TIRAE M B R B
RHEAE, RAMERATE AR T R RVR A B, H AR R R R A B S BU FAT E
5L S PR M B AR A 73 A o 52 BWR A B P E . AESRIUE R, ARSCHR Y
—FET R T R, RIEET G B N R R USRS AR SRS 5 T AT IR
2% 5T VLR AE S B INAS B R IR SR 45 R, fERE B R AR NG Bl N IR B S
5 B AR I RN N S A B SR 5 s S A% & I el M T R e 2 4k, DA
REUEFBICKE R H . & B R ], %0775 7] UM 5 1R Bl AL P =0
WEAG S PIY, It B REEARYE & A A7 B IR DHERE I P S 5, Nl 5 2 1R IR
LA AP T PR A TR g 45 DR B kil o S P B0t N FH T 2 it i — A L SE R B =
HRR T ZEINIEAMUT DR RS 5 AT KR, & 0] DURN A 845 6k 2k
B LR .
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$2 8 ST S BN RR E AT I T

228 ETSESBMNMRERS I

MO E—2RE, BTSN mrRehE e AR A T ERCRE .
PUMEPE R SF 0 A (B2 07 1E 2 B R A0 S PR M SRR IS, TGV 58 Ao 1T
TR RRIRAL B o P AR SRR St B0 7 15 LA AR A S % T o e AT it
LIk BURSRA E AL H Y, R 30 DR BE SR 5 B AR B O AC A

2.1 EZRREEBMENGE
211 FEEE

S B INE L NER SEBLERE LT LD

WD, WEALI AR XL — € 1 e R AT AR R o, ik 2.1, B
A% s R AT DL AR IE LR R IR B . A ) 20 B TR B R TS B DL, 37K 70
i 2 (R 72 S 7 5%, R TR ERE B8 10 KB 50 KA A o KA R 8] #ER] LA
R ERCR, (HR SRR E AR, M, WERMA RN, BR
LA S E AR, H R B2 SRR TSR RS

V #aig=s
------ i3I

L] L] L] L] [ ] L] L] L] L] L ] % iﬁ% 5Eﬁ2
B 21 o ERE .
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5, PR MR AR T A RS ER, B8 A ER R, TR AE
PRI ST EAS TR, RT DL A5 Y Ol A s P 2 2 B DA R U BB I 5
ARSRAE ] — 4R AR A AR, i A R SN R % () = 4R A, 5
fir B S RAB B A T V2oR T BB I o ASON T B AL R E I TSR HILA et al,
(2020b) Hi& H HY PR VT He 5 2RIB BRI . FEARG I A A1 1 56 B BV AT BEAT 2 I 2R 1Y
TR, DR AN 2 o P RO 2 5 A2 (R R T o

FH=0, TG A (RIS D x, BURIEERI R RN Z] 7, 52
OB INMERARME S(x, 7) AT ARIL Y-

N
Sex.1)= Y w,-u, [r+1t(r,.x)]. 2.1)
n=1

Hr, N RaEE; w2 BRI RHE LS 1@, x) BRI A x 2k
P s r WER s w RETES IR R, 8% AU 1, B3 BO6 BB 53 TE
RAEREE, BT BT RE R x R =R EALE, el S &
— VY4 AR R L

VUG, BRI 5%, MVUZE RS R 3 S R U K A8 B X B
PN E, BN IR 2 (A B x R R % 10

S(xg, 1) = max, . [S (x,7)]. (2.2)

M 2.0 LU R4 B L7 ik R se VR Ty, DB AR 5
B o AESEBRR Y, I HAAENS RS E A 2 AT Se X FAF AT, T2l
SR MEAE R RN Z 7 X DL B K BB AL TR R e T A L, A SR I
Z ) e K A B i T 2 58 M BREL, ORI ) — Mot S, teim ] B
i H IS 2 AR 2 i R AR A X L R 2 (R, RIVAT [R] I R A R N 1 5 7=
DA

212 HGHELOESXHEARE

FEK IR AT N T2 i fe v, JUHREE NS A S B Rk
ZJ5, BASTAEKERBVINA EE 25, 2016). 16T K 2.2a Brs KI5 M
SRR TINE, it P pAi BT LARIE N

ul = ! 3 sin26, cos 921M0 <t - L) r, (2.3)
4rpuv, r Up

Forf p A v, 70 RN FEAT PR IE s 6, A1 6, 739 0 R U BIAS 2% R ES B £ AN
FOLA; FRNRIRERS I A IR, r NRIRBIR DA IR R M, R dibs
T LR B[] 5525 (Shearer, 2009). A, BR T cos6, Ui, HARINIEE,
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H28  ETEUN B ROE & AT AR
MEEH 6, 1£ 0" —360° NAAL, cosO, SAEH — =R AL, mE —IURRS
B A, PrU R PR RAMEAR R R IR WA AN FE WIS J7 1, ikl 2.2b B
Ao BRI, b DR S B R R Tl s B R A, L P R
FRRVEALE I REmT, 10 IR RIS, R U, EAN R B AL SR EI
HbFR Y AT g2 FA AR SO PGB T 1)

a)

X3

B 22 WHifAAFHEEENERE P EVIs A HAEE (Shearer, 2009). (a) W MEE
x; —x, TN, BIEEE x, FRENNEEEEZ: (b) WENRK PRI H .,

T ERE, HRARIB A 2087, AR R R 1 sk AT SR
B0, 2 B TR I IR SO, R 5 BOOE ST R VR A B RN R SR B ) H S 2
RN B I RSARAE o Pl DA S KA B A, R Tei ot R AT HE 0 (0 5 7
X AMVAY A G855 28 1058 A7 J7 V25 T I P 1) R, 77 2 P 2 T3 A8 B e 28 e
L 75 ¥ B THI I (94 i

97 AT BA T B IX — 6] 8, Zhebel et al. (2015) £ 351 5747 i B 4 5 47) 7Y 1)
R GEW R RIEAEE R MR R, SRERG S IR R 45 3R
FEVRRE B LE 2000 m FIVREE, MRS S8 BRI 0 A CE R VR B, SRS
dpfEZ fa, W 23R, BN TAFRZRENRR, Ko S Rar
[F) 75 () R AT AR AIE, (R ERAFAE 21 AR ARAE X FR (1) 3 A £E RR U JA B, T E LS )
FRIRALE AL, BIMBEMEILTFNE.

P T 5% 5 38 0 s 7 J7 920 b T it 72 1 0 R B AR I R N SR, BB
eI ok JE T AR 2 ik J5 vk, AR BN st AR MR AT AR IE, SR A
TRAR A J2 278 ot VA 5 AL () sl o G Hp — AN U T AR P A T P LB A 2 S R T L
FHEREL f, R FAT S Sm:

N
SFx.1)= )Y -f, [t +1t(r,x)]. (2.4)
n=1
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a)

=500 1
0.8
0.6
0
0.4
0.2
500
0 500

y (m)

500 0
x (m)
b)
-500 1
08
06
E o
=
0.4
02
500 0
-500 0 500
X (m)

K23 ARBEBFESRHBINRB LR (Zhebel et al,, 2015). (a) EERBBFESHBNE
WA A (b) BRI ERIRK S BINBRIERGKE . BIFEKFLIRA
(0,0) m.

Horp, RRAERREEFE: WA NHE (Kao et al., 2004). AL (Kao et al., 2007).
W STA/LTA (Grigoli et al., 2013, 2014) LK 3 U4 FE PR % (Langet et al., 2014)
5, BINIX LT VEAE RS H I A T8 RN T AR P AR I e 1) R, (R
PR AR AR IE MR . R I e il AR P A I T VR A RE A 28 1) I 1l il
BLE S, DR AR e R FH T3 M AR R e R e o 1

Zhebel et al. (2012) & 5c45 BT R UEALH] 20, Hb T = 10 5% AT Ag HH I
W PE S G TR G, AN IT A G255 22 in 5 2 7 Y TEVd 3RS HE R IR R VAL B, T4 A
775, BILESS S e A [F) I SRR VR AR Tk &, MR S s 45 Rt S R Al % 2y
A, AT B I AT B AR IE o 127750 T4 2 IR AR A x DLBOR R %)
v, FRIEGERT L DL 2 e B E, ML RR iC S IR B B d (x, 7), TR
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$2 8 ST S BN RR E AT I T
2R AT R AR TR R R R

M(x,7) = (G"G)™ G"d (x,7). 2.5)

Hrb, GO SE, M OB R x UK RI ) 7 X6 B R IR 5K B
PSS R o AR5 AR Sl 45 R P B AR A AT, I LB AR A% 73 A ) 1E
g0 B MPICHATIRIE, AR5 BEAT S8t B -

N
Syr(x.1) =) sign[G- M (x,0)] -u, [t +1t (r,.x)]|. (2.6)

n=1

Anikiev et al. (2014); Zhebel et al. (2015); Xu et al. (2021) XFi% 7 i — 5 5¢
¥ o IR IBEA WA f AT R UEHL | RO I AR, MUk BRIV E R, M
AR e Ll ) S i 4 R S B RR 22

Liang et al. (2016) 3% T W #4821 BABSRIG MM 0 AT, T HRERIK I ER
REFE R DL MR B DI RN £ T, %7 VE R AR MEIR AU AR IR . LA
EIEAE, S TAEEBAL A x, PL—2 BRI R =ARIENH S8 (9,6, 1),
BUE ) MU AT S A, FERE S r A TE S B T AR I 5 ] LLER 7R N B IR AL
SV |GG el o DA RN SR A

s(x,r)= f(¢p,0,4,x,r). (2.7)

THEH S I AR 5, [RREEUN M 20 A5 1) 1 75 R B J5 14T 58
&

N
Sey (x,7) = %Zs(x,rn) ‘u, [T+tt (rn,x)] . (2.8)

n=1

SR 2 TR IR S BAR R IR IR T, M kAR &, 1 H
i SR TSR NS FORG 77 T8 AU

Shi et al. (2019) & T A FRIELEAS SRIL M RNE, R B SMBIE KT 2L
(Coherency Function) SKFHATARMERIIE, 26 i WAISE j @RI TR ET PAR
ZIVAE _ .
2 a0 - d0)] [d;(0) - d,()]

(N, - 1)Gi6j )

Hrp, d, M d; Rong N G KE N, W5 R x AURGEIN Z 7 3RS i 8
5 IEEY, o NHNBIERIAREZE, dn) ZoRERFIME, 3R P AT S
BT B3 CFE FI CFS 205, WA (it 7 A

CF, (x,7) (2.9)

N
&Hnn=M;_D<ZKmﬂﬂcﬁ). (2.10)
i<j
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POTIEMAAE S BRI S, o USRS M LE S AT A ROE AL, B2 EIE
AR T TH SR 2 e SRR T B RAS

Xu et al. (2020) i/ /> — K55 IIRIEE S (Amplitude Trend) &N
“RERHL

AT (x,r) = a+ bsin0(x,r) + csin6(x, r)°. (2.11)

ol sin0Ce, r) FAR A x BURLBEES ¢ ACIELBE A, T LB I KR R 3 A0 52 B
IR E RN, M58 a b BATIA, SRIG I HIIRIE S 17553 &
T T AT AR P R I
N
Sur (x,7) =) sign [AT(x,r,)] -u, [t +11 (r,,x)]. (2.12)
n=1
Tian et al. (2020) i FH 5 A i 28 DX 28 S0 5 T2 RO A Pk b A7 T, b i s IE 8 o
BT REH I BINBIE o %2 BN N 2 I R R Y, ARSE i R SR A R
M-1. 1 80 0 Ak, 70 AIRE R PGBy Moy . e BLRARPEA I E, W
&1 2,458 o JBILIIZRLT B2 0 TR P AT T X 8 I B A TR I
BA

ZiBEERMEM L LN

ME = C2PD C2pD C2PD C3PD FD F

B 32 64 128 256 256 10
- B 2,210 @15 (@211 (3.3 - -
100 200 300 400 500 800 700 iﬂﬂ’,ﬁﬁ (1, 2) {2. 2) “. 2) “‘ 2) _ _

BERE RelU RelU RelU RelLU RelU Tanh

i 0.25 0.25 0.25 0.25 05 -
Multitrace-based M iR S

CNN architecture

C?PD: “HBR—J A —BnERE
1 FD: &EjE—WiEiE
(-1,-1,-1,-1,-1,-1,-1,-1,0) F: %%
L)

B 2.4 ST AR T P 4% g5 0 DL R S N S 0t B2 FRT VI SR A 4R HE i LR AR AR AR . 1B
P E Tian et al. (2020).

CA_ESR BB PEAR I 53, BRAR AT LAAT 280 i o A 1k e e S S0 (R AN HE B
i, (B n] BE 2t T MR PR 22 1T A A ROE A AR A e b A, B B it
AR P A B3 i T A LA ST B A R (1 S B B U

22 HREEBMTIREEMGE

AT T G 555 B N 5 Az 7 ¥ T IR A S B e e, R S 28 0 1 8 AR )
FERLITE o 2T IRAE AT S8 B N BUAMBUE T ORI, TR AE B2 S fi
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FH 2T 4EZN 5041 (Wigner, 1932) B2 [T A& 564, 1155 05 2 0 g &5 3 b
IR PR AT SR AR B AL L

Sava et al. (2008) H4TF¥5 AR 6 A 51 NI BN 5 FR IS e, DL/ B T340
B AR HER R IR R . BEJ5, Sava (2011) 7EMHBFE MW b, 4005 B 44
GNP I AR, Rk 55 R T FE AR AP Bl R SR A SR N A
%. LRI 5 (2013); ZHRFE 25 (2014) K5 T AR A4 IO\ 3 35t 72 0 338 ) ol
B, [RIFEA T B ARG B AR A % 22 DL R AN R SRAE X AR 45 R = AE I 5210 .- Zhou
etal. (2017) $2H PS IV TAH I AR S5 A, X mif U8t 7o IR0 I RSGABR 7 A R e
SIATHATRE, 4 m MRS E . 5 B3 T 30 77 R 10 R U500 I B AR v B3 e A
B, FRATE SR B N 7 VRSB FR P 40 A 854 2 18] T8 A 2% Aokt
R IR A AT KSR E AL

221 FHERE

HACLAE BN 750 BN S A I B SE I AL, X AT
MRV AR A, R Gestt B 0 B A R BRI 73 A s A e JiR R At — 2D ke . %o
T MERRIIE KR M) Zon i —BGRIE, HmInhitg u,(r, ) 7TELRIR .

u,(r.t)y =G

ni,j

(r,t;x,0) = M, (2.13)
Hrp G, WRMHEE G, A SHL A RIS B R v IR IR Y

TR;;(t) = E[(x,1,r,0) * d, (1) — 1), (2.14)

X d, RoR W HINIRS S, Ef 3Row n 05 10 BRSO A M AR, wl BLoE X
N

aG x,t,l‘,O aG'n(x9tar5O)
in )+ / ), (2.15)

0x . 0x.

E?j(x, t,r,0) =c¢; (
Jj i

Hrr¢;; N Kawakatsu et al. (2008) $2H %M i = j I, ¢, = 172, LERBIT

¢;; =112, AR 2 14P 7R K RRIFIE I BT RERE 2 L R IR AL B AL SO

FRVRAE TR, S 0] R R 5K (I AR T AR IR A -
Mg (t) ~ a7 EJ\(x,1,7,0) % d,(t; — 1). (2.16)

X ES(x,1,7,0) FoR Ef(x,1,7,0) BB R, o AREFHED 6°6 i
UM B R R = 2R B BB R A bR T RO TR B A AR, TR B 1R
g RO K BT, P DARR RIS B AR 1 45 SR 2 A8 R DR B Ak 2 I HH AR R AL
HRH SR BOXERRAE 23 Ai o BRATTEA— A AEBY DI RRIEON B, o HAE 3 SRR v () Ge it
EMBUREE R . BAHERIFEHLHIZEN (4,6, 4) = (07,90°,90°) (1150 AL IR E
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FE 1500 K AR, e it as i ARt o3 A AL YR 07 o 1B 2.5a iR iR N
FRAREE IR, T LA B AR AR 2 AT RFALE
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B 2.5 5T A 10T 2R A i T A U8 2R T RR 43 AT B 18 21 )«
Kirchhoff R4 (¢) Kirchhoff R FIZE Z RS J LA BRI A BB i B R S5 R -

HEMBEMEN 0,-1500) m, & 2 5 B = .
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2% BTG SN RO RE B AL T VAR AT
45 Yilmaz (2001) 55T Kirchhoff 4% sUR KA, 7£ R F &kl P G
OUF, SAEB A x, ULSOBTERRERZ] ¢, HBUEAE T LLS % Kirchhoff 3K Al
B

N
K(x,f)=izw-un [c+11 (r,.x)] . 2.17)

ar i v-d(r, x)

Hrb, v R P PR d WO 73 NEUE R x Bl iEcEs v, HER B DA AGE B A
B ﬁ FORZYEEOL N RIBRIEY B, =BT N io cos O Lo MiA AT, 1
H i WIS ST, TEON IR E. a Ronfi# u B34, & 2.5b BRI n %
FAG  REUR I  w AL G &5 R AR AL, BRE, G IRAERLI R g e S HE LT
Kirchhoff f#% B4 W] LATE 72 5 72 I ZI Kk 52 H LA o () R IR S e, 4
AT T B, AT DA T 46 38 AP T N R R YRR S, LRI R R N ) B
FE R R B A [l o SRS T IS 37 o Ak 22 0] T AL 38 1 B OGZE T #1, BT L Kirchhoff
A% B AE I 8] B BAG X RYE . ek, BT H R A 5 % 0 BAME DL & 78 Ay (1)
Rk, PO B AR S T, s AR WA B i AR O T I RCR, B
VA B B S I RRME 3 AT R AE o 9 3RATT 2B Kirchhoff ) ) LRI 47 BRI £
Rl 7T, 4 B )RS5 25 R 2.5¢ B, A998 BA SR AR AREE, R 2
BT PUARAT B &

Seit Bl LA AE /& 7E Kirchhoff SR ATFFEal L, 2 W& 1E Ay 1IE 8 8 R 7
TRAIER T4 8T, H B B I T A 22 B NI T (RIS 1) S 8o T 3 o i A4 ik
M, AR SN AR 45 B b SR AR S AERE DN AR YRR AE, W] 2.6a Fos.
T IE MO FRME 53 A R AIE 52 21 R VR R S AR AR B 52, DRI AE AR SO, JRAT TR HLRR
RERAERE

7 [ B G S N gE RN ARV, AT 2 T 4E 90 55 A 1 3 8] 80 1
BTk, BERRRYE A R R B RO BT RS BT DA
BUE RO O IR A E GRS A A, AR N O T 0 RO RR A B S
WS IR EAR T, OS2I ETA R AR S FAN, BRIz s T3 S (E .
Kl 2 7fR T 4T B, Hod E— B e g B B FR 7R 1o s
FRIGPAS WA . fEEUR W E AN 3 AW ISR T, S0 8 8 5 1E
W, THENIEH 13 AXREIPR AL A T Bosiamn, Bld JE s 7 A s
ZH R X

ZYER A G B INRAR S (x, ) B7S B9 AR R B A T

S(x—x/,r)S<x+x/,r) dx. (2.18)
X+1

2

ST (x,7) =J

0<x’ <
Hr, X AT IEE R m E, 250 6 7 2 o A R E A T
PLRIEAL E A ORI FRME A, T8 AR WG T LS R0 5 A 1 B & 58 £
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52w TSRS SN NORR E AT ER R
B FRA G, BUERATAT LI T30 AR S5 R I HE, A e KA R 2% A F
ISIN VA

ST(xy, 10) = max, [|ST (x,7)|]. (2.19)

K 2.6b R 1l 2.6a Xt LA UR A5 R, ZXFRIE AT I SRAR I AE R
RER 7O E, MASLKRERMCE. B8 R0E, S MBRE R
FARSSAERE, IETT CAAESEBR IO R M0 b, A9 — b BT 2 1) =B 2 A 21
MR AT HEAT AL . FSE OB R F AT (S BN AR 2 2B R RRE A (R
ik, T H R A B A T P 2R R R A S A X RFAE

a) 0 T T T T T Hl
-500 : 10.5

o
% -1000 L Fls
[
-_
-1500 | o
-2000 - - : - :
-1500 -1000  -500 0 500 1000 1500
X-axis
b) 0 1
H 0.8
-500 _
v 25
& -1000
™ 10.4
-1500
N 0.2
-2000 0

-1500  -1000 -500 0 500 1000 1500
X-axis

2.6 S5E25MFSHTRESMTEREEMER. (a) RENZILSHEINRIFER
%; (b) 5 (a) SNHTETHRESER. ELABFEAMERN 0,-1500) m, NE
HH B2 2 5] B T o
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B 2.7 ZEEENTAEE S AME KN ETERESRE. BEERKRE R
TR T RTHOXFREIPS R L B3R 53R o R TR B T SR iR
Ses B IESRARHIRA o

ARG Ah fiff 1R B8 55 B N M e B ) R ) 8 AN T VA AR B, SRR B NI g e
FITER — D FE A2 AR E R T E R A x LA RIS
A v, AT G B I35 AR A P SR 7R B B s T b AT
AR 2IHFNER T w ~ 1, BAITELTE N TINERITE RN (¢ + ),
ETRE (N — 1) RINEX A E RTS8 0. Frilsei SngitHE N, 7]
PLRIRAN:

N,=N+(N-1)=2-N-1. (2.20)

WA 2 18T LLE H, X T4 BB A x UL R BN Z] ¢, 2 T3 i
R T AR R x MEUEERE, LR ETHERE X WEN, SRR 5
%L . FRAVTIE = 42 A1 B AN T 1 B PR S BCRACAE Ny TR AR 8 X
15 Ml R 0 ] BRI B, 2R T IR R AU AR R 1R
SURALE, B Ge—x)) Rl (x4 x), ARG T B — R R B 1 B B A e
SR (Nt 1) YOI ST AREAT KA. LA B N, L
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RIEN:

Ny,°+1 N, +1

2 2
P I8 PR I Gad B DA 23 (A1 35 T SRR S, FRATVIR 1 b T G 8 25 B
FIELE 1000 My, Bl N = 10005 F BB 7S (B35 % P BEANJ7 [n] R I A% A
BNy, =110 Ba, ST DG SMKRENZ], S5 8 A2 6 T3 5 75 1
HEHEESHIN N, = 1999 fil No, = 2663, X5 Bl 25 18] 35 A% i 7 V5 f vk
SR B INORR I S A, R R R IR Se s BN R AT R A, =
[ I AR B THE B R R R & IR BCE O¢, A PR Af B 2 40 (1 Hh T Ao

PR TR0 B RAS
1500

—1>=2-NW?+L (2.21)

IR

1000 1

5007

-500

-1000 |

1500 | | | | | |
1500 -1000 500 0 500 1000
x (m)

B 2.8 SRR EARERRRNARSE, BE=MABNLEE SO AR S5
FLALEAET T B L BB .

2.2.2 AR

FERX /N, BATEE S S s, AL LR o0 IS &0 T
WGBS ITAIMERE: (1) AR T (2) ANHERE R LU
JEREA; (3) AKIFRMIN R G AR GRRAT s By 0 eIl s FH 52 s P AL 00
ARG, IR G T B AL R SO K 7 R R M = i, ey
758 M ERIE A, AP A& 2.8 B =R, WK ARIRIRE 2N
24 m, JKVREATZ) 2500 mo 5 R R IR 8 T = 4k I th 26 RS A BR 22 73 1E
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U7 (Zhang et al., 2006, 2012) 471 . £S5 BGIISFE T, HU T g2
[EE =5 ) B3R k)43 41 AP s, IR TR 20 m
N T B SES BINT I BUS E A T E R BT, AR SR =Ry vk
e AL g AT L, (D) ARG BN (2 RBIFHTKE I IE R 5 S5
2/ (Anikiev et al. (2014), FXXHE A “ RN (3) R EIEHLH]
BRI G585 B0 (Liang et al. (2016), F X4 —fiifxA “ERBM”),
BT EAE, FRATLL 307 FEIBE R X 4B U 1 = A BN S BT R
FERXANMA, FATH—DNRIENLHIZECN (4,6, 1) = (807, 107, 140°) 7= Y5 E
7E (0,0, —1500) m Or & &, {F B RR A b i B 20E, Wik 2.9a Fios.
FRATTHE 2 B TN 1) () T S5 M 7 % TR — 52 L 4 JBUR N & G T, ] 2.9b Al
ANo 1% FLAE 0 SR A O R T AR H PR W] LS BT R 2D 4 BN IR A
Ko UNSRTRATHEAE W L e SOA PR B S5 5 A 75 s KRR LL 3 5 R, B4 %
R FE AR S L 0,020 FRATTAT UE S 5 58 AR AR g 75

) e
— | Flos
= 4t
£ 0.5

s
(6}
O F
N

100 200 300 400 500 600 700

b) t ' !
—_ 0.5
ﬁ? 0.5 .
m
= 05

P g i RN | T i O e S SIfRS RS, TR abia \':-:? _1
0 100 200 300 400 500 600 700

KRR S
B29 GREMRER: (a0 ARERFENEGHRETE; (b) FINSEhrme K& BREs .

Kl 2.10a B TGS S e g R, X B 72, E8nE N
() 2l 0 P B K 8 VB B AN A s B R o B T 38 AT AT AR PR A O
AT LASE AL 45 P42 7 K40 345 m (iR 22 (IX B 28 58 SONE AL 21 H A B AN I
SR E 2 I EIREE o B 2.10b A1 2.10¢ 23 5l Eon 1 I & i AE R & i
Prgh i, X B IURTEA S R R 21— MR & TR BT & i g it
1T T IRMERRIE, BT LUIX AN E AL 7R A3 2 7 SEINHER K R IR B, AR ZE
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850 5 SETSRuh BN MO AR AT IR
A 20m M 44.7 me B 21188 TS ST e 4 R, EARZEN 20
mo b4k, FIE 2109 B = MOk RRIR UG S5 ARG, B 2.11b PR iR
TV AR I A VE B /N, BT DLERAT 1A A& 5 0 T B B B i fE A B
U ()53 il e

a) b)
-1100 -1100
£ 1500 £ 1500
N N
1300 ~ 400 “100 400
0 @ 0 @
X(m) = 400 -400 YO X(m) = 400 -400 Y°
1
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R 2,10 Ry e AR B e A A, S B 0 TESE U R 7 3
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R, HLBHRMEN (0,0,-1500) m, BAFEEKFSHR, KR TERREMNE
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1 -1100 1
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D £ 1500 D
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0 0 <
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O RXfE O REGE - DARE

B2.11 FEEHFENSHENTEREHBMAER. (a) RENZILSE B INERK
%B; (b) 5 (a) MM ETERE. ELBIFEMEN (0,0,-1500) m, 1B AEZE
RSN, WEFERRBEERBERKREGENME.
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SRJETRATREIIN T SEBRIE S 1 100 ASA [ A7 B RH 72 IR AL ) A2 11 5 A 25 3R
BTS00, AR AR I 2.12a-b HH BB AR TR . BRATTHE SEBRME A5 1 B
KAE AR BNE S KA R 2 550 8 fi5, I B thGedi e b ik s &
N2 G e AL T VE R E LSS o M TR GG B e A g5 R Gt hns), &8
BB IN T RS EALEE R (LR D MBS B IR A B S i, B4
J5 50T DA R IR S AT S vt e A . B 2.12¢-d PR 7 VAR AN [ 7 K
R EM G RIRE A E T B 0T LUE H EIRGH BN T 10 BUG J7E  E A
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fEle 7= B R R IR A, IR FAE S 2T R S R . B 2.137)
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P 2.14a-b AR T 2 f50 75 IR R IR S AF I s BN IR R 45 2R, T 2.14c-
d MR T RS R B 2.15a-b NI T 8 Ak A5 (1 R I S AR I SR B
RIRRR AR, B 2.15e-d NN TR LR . T H L RIRALE I BT
BRI i b, B LA T AR 2 (0 0 A 5 92 B0AT 58 A 3t s A7 217
VAL E o ERGEN BN REAR i R ) 1 M 7S T4, JF H SR S5 R Tk vr
LIRS AR AR 70 A IR, 22 218 T8 iR 2 Jm, XFRiE
AR R RER OAE, RIPUVEM B RIRALE . B AR E A SR
rxtbl, AT, BIRXTAFAFEIN T AFEKCP R SEbrbe s, ERAESN &
IR B R AT T BON T SAR AR, 2 T80 B A A 5 AR 3R
18 VARG B e hr 2
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& 2.23 EIEALEN (-1000,-1000,—1500) m FIBIERBER EMER. (a) RENZ4
KIS BINBERELE R (b) MMM ERTERESER.

E ORI T G50 B N PR 2 S 7 32 e A PR I FH 37 S5 A A FH K B e I 2 A7 b T
R, B2 AT RE2x TS PR R R, TG s R R e g . Rt 3k
AT S FH AN (7] B o I 2 1) 7 A 45 SR AT ke FRATT & Zef0 P w28 gk AT 1
¥, SR JE A AN [ ) 1] R SR e 2, LASRAS FH T 08 AL A iR A (7] 250 P e U 25
FE%1 o FHEUAS 3 2% [RIBE A 16, 8, 4, 2, 1 I, 18 2 A3 2 £ =4 A1) oh 48, 95, 189,
379, 758. KA E R KZIN 206 m, /NN 24 m. BATEFHE 2167
AN REVR DA 2R FEAR A 5 R, (5 50K A0 148 mo TR 8 fis S fm i /5
ZJa, FEHMMNEAEITR (RMS) AT E AL, X B ZF Tarantola (2005) $2
(0L 22 2 I AT B EOT VR ISR 25 SR b v SRR B A7 B DL R AN E 1t o %
TRDB IR I, SRR RN Z) 1 BT RUE SR ST, (x),

SI, (x)=SI (x,7=1,). (2.22)
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WRa, M ARIE ST, (x) BRI AG Prob (x):

(2.23)

ST — ST 2
Prob(x):w.exp[_( to(x) max( ty (X))) ]

2072

b, o ZRIA—EEL, o Ron ST, (x) M7 2% BAAEMEAR LR e A AL E T bl
AN 2 R

Xo= Y <x - ) Prob (x)> , (2.24)
R4

X

y

o= (x - Y Prob (x)> : (2.25)
zo= ) (x - Y Prob (x)) . (2.26)
X,y

KRS B 10 AL R AU 2 PR AE R 70 (A% s Lo B4, S mT D@ Ry
Z2 N N TE AL VR ZE VG B BEAT BER A 1

o, = i\ > ((x = xo?) - ). Prob (x)>, (2.27)

X

o, = i\ > ((y — %) - Z Prob (x)>, (2.28)

y

o, = i\ > ((z —zy2) - )" Prob (x)>. (2.29)
X,y

T Coy, 0,00 BUIAREMSROAFENE. RIS R L
AL B AN SR IR AL B R R B R 5 SONERLIRZE . E2.24 4t T A B R
A o LR RE AR 7 DA S RE AL 5 SR AN SE 1

M T 5 S BT BRAE B AL 5%, BN TR S s S B
SE L ANHERA 1), XA AR B e LR 32 ORI T BY DI AL I ot iR 24 1T
KPR SRS RE T, R T BIVIRERZ A, I ik R, JEHRAEK
JIEZRYIY (M 44 45, 2016). M0 KRB AR BRAE RO R AR, AafEi
13 By B Rl sk o AR SR, P LR G & 5 T2 m] DA 3L
BEATHERRE AL IX BLIRATE T — IR, A SCHR SRS B T80 BB €
AL IPEAE T B DB R YR R HERA 5 67, T EL R X 5 57t [RI A 2 5 2K
i
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bR I 1B 2.35¢-d U5 AN SRR N AL B Hh R T AN R L E AL 4
BEATIE R BL1 JA HOIE, W LA AR S B S i A MG P gl AW & (5
P, i AT e EE PR I T B B, R T E M
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REE S TGS BN E AL TR FE AR P M S I AR, I Hoxh A%
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Xt Gt B N LA SO () — e T R AT B . SRR 3R AT IR R OR A el
P S T R ) G B T80 AR E AL T i e AT VR IR ANE GRS B N Z 1T AN X 38
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FE XS G5 B N3 B E BT W BEAT BB AR RE IR, JRATTIE XS 1207 i T3
BORHEAT 0T, S5 R RO S I e 2 (B T30 i 7, Rt se
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AR T, BAT S T SRR, SRR N 1 e S T et 2 S s 0 Ay g
RETE

BE— AT — R0 G A, BT EATIER R0 BN T g e Ay
IR EARBIS RPIE, IF HASE B RU A HERR B8 A B R S L T, SRS
SRAEMEAR I IO SR A o bAh, 2 7 V2t FH T~ AN RhAROUL I i 0L 0 28 e s 5 1)
FR

fJa BATE S B Sedt B0 T8 A& e A 7 vE N T 52 bk 0 I 2R ot =
S IHCHE T, I ELAR AT DU F St 28 0 7 V5 A5 1) 5 SRR 28] F) S 2 AT
JR AR o AR T ISR (R R AR AR N TSCHL, R E R
TIEA, IR AERAIIE KR B S SR SRR BT
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B3IF ETAIEREBGRINNHMREME

IR, NLEGERARCEP Z NI E 2RI R . AR
e 00 ) AT N, R B A BN TR R SR TG T M R R AR B R, 451 4
CDRP (Zhou et al., 2019). PhaseNet (Zhu et al., 2019a) VL 2 EQTransformer (Mousavi
etal., 2020) 5555 o 10X T35 2 A A 1) RR,  H AT BUREH e 802 30 2 e BRI Y
RAHBEAT KRBk, Zhang et al. (2020b) Bhid FAHFA UL, JE T4 £ (IR BB AR A
LM, ST R B AN B R VR AL B e A AR, AT I B A
e LR IR AL B O B i B o0 Af o #2231 R VR AL B X b SR g i N
R R E LTS, MR EM KM BA -2 RRE. B, Hilgd
FEMH T O BIHLRR B 3%, XAE/K ) I R = i vh 2 Je i 3Ry, m B
AN T T IXC ) T 58 A RS AT e P A A AR K 72 5, AR T X N I RCR AR G i 4
P28 AR M BT 2 5 — A TIXHEAT R K, R T RAE e b i ot 72 S 4,
FAFRIBIE LT 58 R AE R A b, ARMEAE 2 10 b W B 52 51 P AT
£, IX ] RE S RO A P 250 FLEAT B TN RE 7

3.1 MR ELLEIEEE E G IR 7 a)@

I8 M R PO LR B 32 B AL Km0, il P BT R IR A
G T BN SR e RE, TR 22 (12 5 LRI A O¢, DIIER B a1 4¢
Ve TORIRATAT DU R, N TR B e 22 0 5 1 N e S e R U
T, BN AR i U 2 A5 45 R

HATC LS —HmPRE, LGB RIEA BEAE H L AR AL B AT %
KB NNE, TR AE R IR AL B B 23— BAT X RR AR A SRR S TR o 3
AN A2 5 R PR LA O (K AR S AEAE A DU i i IR 1 HE R € 1, 3 R I
FAEZ A BB ARAE B el L, T 5200 R SR A o PR FRATT mT Lhad e 2 () -3
(5320 H AT AR e R AR R, (S —J5 T, TR TR & R A S &
INFEZACFRI TSRS, 5—J7 i, HAIER S RARM R R T M EE, &
A — B RATIIRAFAE 22 A A TR0 L i ELX T — S i B R A MR 75 i, AU
FFEMTEIAT AR LR RIS —F & 2.6 R 0 2L R UK 2D AR
BB, Gt B e 15 B SR IR AR S5 R I B 3.1a Fos, AR IR R 45
RG22 IO FRYE A SRR S AERE . L a0 & 3.1b Bros B2 18] 20 A
&, FTRAHEX B A e R R AR DAL E, BORE R SER IR B 3RS T
KRG, HRRIRERBG L REIN L AL AR, IR e R E.
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T FATH A B RV R 45 R & 3.1¢ Fros, AMXAT DR LSRR YA B 3R I
I KHIRARAE, T HIEER 7 Se8 BNA T30 BA& T i 2 i E 1. PRIk, A1
JEALFH N L BE R T E S G 4 B N AR AT 2 K SER S AERE EAT IR . T2 45
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AU SRBA PR 22 (8] T R A R — N IE B RE, IR AT FRYE AT i RE R
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WA B G IR, PTLLEB A RIFAE SR, RIBEEARE S &R, Mk
T ANLEREMREMEMNE T LB Sa Ea A E ETANS RN E R IE
Bed, ISR AP RE EIA B 56 R R AE

BEAh, BATAESE — 5 P 4R ST BN AE SE RN A R] ARy — R AR
B B H] T B ERWURMREE N TR A S BN I 8 e & BA et 2y
ATRFE,  ToBE 2 R BRI N T BAS o T A5 FH R B2 48 22 ) 2% 0 IS 20 S AR AR
g JUPRT LAASE P I 250 ) 0 268 DU B AT B SR A, IR AR T A A AR o
Et I pU S R N )5 N

3.21 ML

XF B 3.1a Bz B AR S AEAEBEAT VU, 5 B0 SRAR S e E B R A o A
FREREATHEIC, B LLIRAT AR 2 H U-Net X BRI B4R T B 28 SR figd o ix — o]
R U-Net s o e A a2 H B R34 T 40 i 145 73 %1 (Ronneberger et al., 2015).
AL (Long et al., 2015) AL FAE SUR R K ¥ U-Net, w] LA/ &1
WIZRREAS R, SREUTE RS A P 4 45 51 o %0 4% 17 S 0o i AN B 3047 R A S D
SRBEATRAAESR I, SR 5 2 Al R 0] 15 28] B0 5 A RAFAE BEAT LR BEMRAD, SRIREX
= PR ARG RZRFAE,  H HAE ARG RS PR [R) 2 B 70 R A A LR ARG 2 1Y
FHIE AT RFAERR G o 28 75 4 i e 12 Hh A FH e KA AT DU IR 172 TR SR
RN R AMANEIRE, BN ERERHAE D valid” UREHERIEM
‘ReLU’ Wufek%. HTMEHRRZ ‘valid® BB, B LB RS 2B RRR
BRGNS, PR AR [ 42 2 AT AL 2 RS HEAT I, SRR IEAS ) 2 1
PIANRAEZ RT AR TR o FEMRAD I AR b, A R DU IR 2 ) EoRAE, BRI ESRFEZ 1]
RMNERZ, BNERZFEFEAE A ‘valid” BFIGIREIEN ‘ReLU” #
TERRAL RG] 1 x 1 BT 22K, JFEAEM ‘softmax” B & HOHHMEE .

T U-Net BARUFHIRERR ISR, I C 872 N T sk B &4 7
W, BlansEAFAE (Zhu et al., 2019a; B4 8H 25, 2019; Wu et al., 2019a; Mousavi et al.,
2020; 5kiRAC 25, 2021). HoE B s LM (5K2E Jv %5, 2020; Li et al., 2021; Meng et al.,
2021). JHF A (Yang et al., 2019; Geng et al., 2020; FZ:5%, 2021) LA S E %k
it B (Wu et al., 2019b, 2020a,b; Li et al., 2020a; Wu et al., 2021; Shi et al., 2021) 2§

Vir’
i

H T SR 55 8 0 FR IR AR 45 SR — AN B TR R 2 [ () DU 4 R B, i AFRATT
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