5545 B4 5 W) Y R
2021 £ 10 A

5 & #®

GEOPHYSICAL & GEOCHEMICAL EXPLORATION

Vol. 45,No. 5
Oct. ,2021

doi; 10. 11720/ wtyht. 2021. 1586

Ay n] SR TR B8 A B HLRE L1 ERC A ISR E AL S [ )] RS R, 2021 ,45(5) £ 1338~1346. http://doi. org/10. 11720/ wtyht.

2021. 1586

He K,Guo M,Hu Z R, et al. Semi-airborne transient electromagnetic inversion based on L1-norm adaptive regularization[ J]. Geophysical and Geochemical

Exploration,2021,45(5) :1338-1346. hitp://doi. org/10. 11720/ wtyht. 2021. 1586

e fj 23 RS PR L1 S0 3 R O Ul B

T RO R S E M, B4

(LERFEAF HEELLATS, W) #5

KA 610059)

637002; 2. R AP T A MR ¥ e, 1)

2 KLU S DR F R I D) A S 3 T U 5 R L2 e, s S RO 6, AN REAT ] i 2 St 1
Bo BFXTZRA BBEAS KR SCBLE W 0N L1 Ju B S i R A AU SIS R/ — SR ik i It IRl AL A 1.2 1F
DUk [ RBR g, ke L1 JOB 7 AEAS IT S 00505 SR OpenMP A AE T U (A7 31330, B i 1 Bl 5 %
T AE U PR 70 Bk AT (9 18 B8 SRS HEA T 4047 I st | A F 9 1 35 7 1 D) PR 9 e SR s B 5 5 2 2 i A
LB L1 IE DN R . SRk H B R R T RO Occam FUBES SR LA, 25 R L1 1 B s 78 43 26 AU g
055 HA A5 5 L SABRL B VL ST 30 LR S MR L S T T

SRSRIA): L1 Y G I IE PR3 A s L v 5 iR AR A/ — 3 ;. OpenMP JF47

FESES . P63l ERARIRAD: A

0 3l5

25 BFA5 FEL R 5 ( semi-airborne transient elec-
tromagnetic , SATEM ) 2% FH ¥ 1< 5 28 it 1) b T it 25
W R AL, folf FH T ABILEE Bdsedi 2 el it A7 2 ot
Pel =kt P BRAS G S S R AR
WEAREG HA IR L i IR R KR i s 5
b T B 72 R LA, BAT PR R T AR A2 Z I
ATHRIN A RE T, 6 RS R I AR A 2
2% ik 72 R R 1 A R AR T A Wk F R
CDI PR AR, T % A IR | i B8 B 55 52
M), S RME FE R T =448 S 3 ol T ) 4, H
HARMETE S b T DA 3 rp 080 Ak 2475 LA
—HERCEE R A M IS L S AT AT FE LA
Rl S A ATk R AT A SR
UL, E A E I R TAES B i A RE R {2
JEAE R, B DL BBAE e 9. ik s £
ABHLE 5/ 31 FILL Occam S22 5] AR
Y TE DR ) AR R 32 B fee /D — R ik 3 i ke

s BEA. 2020-12-28; f€EIHHA. 2021-05-12

XEHS: 1000-8918(2021)05-1338-09

75 BHLJE PRI R /I B0 32k 1 s 072 0 ) g d o
[N TS TV i a5 4 NI 39| & & N s Yl O i i
T TESHIRARE AT SR A 42 e LR, o B A B ]
RE LS ARSI LS 5 Occam S & T —F L2
Y TE AR RO A, oA E (B EZEA A
TR, — &R A | AR %A 75 23
1 2R E TS R B A Y 1 U PR T, R R A i
Tt B R A AR, R E IR
DA PR ) 3 BUAE H e It — S5 ik, an 2R
FHAESARE I ik 4L A B A I U R T4 R
AR LE TR R B/t 5 4 MDD R CMD 1 Rl I
WIAR IR [ 3 17 8 3% 5 %8, B R 12, W RLE
D P 2 35 B I U030 >R P L2 30, R 12 4
0T Eit L AR A A T AR S A AR 25 i) 3 A 3
S, OSSR 2 55 A0 0 58 AR B v BT Y o B R
71, BEANCHFETEE S MR RS = 4k s
HR L1 IR DI, [ P 7 A s v R A S i =
PR b LR S T A A R LD O T IOk 2
o BT B AR LA 2 A A R 1A
L1 S — R, SR A2 i ) B T K

EETB . FRARBARETH 5808 SR CFL MR A9 307 FR 25 20 B0 b T AR TR (4 = 241 22 i 2 157 A FRU R AL R 7 (41974158 )
FE—1EE . (7] (1988-) , 5B, TR, A5 2 AR B 35 1E SO 9T T . Email : hk812760098@ 163. com



5 3] ] A5 2 2s AR RS L 88 1 3 R A

- 1339 -

M HLRES N AT W O ) L 3R
FERTH R NLCG (ARt T ) H K i B AR
PRI, SR M E TR A AN 1T 58 255 b A\ BT S R B
“BaBE 2

AR SCIEMIUR Y L1 Y54, o0 br 1 RSB 7 fige 2 (]
AR RIA | I PR T TR/ — T
Ji Il R AR A L2 TE Uk (R UK A | A e L1 4K
FAEAT] S @, JR IR AL 5 Occam J 8 B3k
SR IEAT LUEE ; R H OpenMP F-17 5 W& X 7 o Lb AE
WEFEAT I ATIB S, B i SO A8 s o 7 Bk AUk H i
T L U A PR 0] R SR s AR AT o3 A O Bl etk s Y
I 327 1 DU PR~ 8 o S s 52 2 W A H
%, il 5 Occam KNS EE, L1 1E I Rz 3 45 5 ) A
R HERZNT Occam LTSS
1 2 as B8 F 4 1 T

PRI 25 B8 F R T DAY PRAS 2l T 2k
YRy St i , AN BB HELAB R T B | 75 250 2k
HEATRRR R XY Z =AY AT H AL 2
HHE Z Gy BRIRZE T L R IR AL bR
FRIF A x WO LT ), 2 Bl B IE  KF 2 AR
PRI 0 i A R

Lr T[Ty AL OR)dAdy
4 -, 0 Mo
(1)

ey NmBEEE (W 5 LB ) 1 A
SREE L MR E — 2, R= (v ) +y" ,yy N
TE f30F RS R B, 7 2k V8 3 i =, T,
LB DUFEIR pRE, A AR AR R SRR (1) T2
GR35 WIEFRH 47 ST R AR Rk
fife—WBr DL FE IR pRE; @ AMZE R AT 12 s By 45
RS T T ROR TR
390N T AR S A A A5 B T Js

2 L1 1EN) s i B

2.1 L1 ENREERFE
HHL L2 1R WIE S H bR R AT sl
(M), = | W,[d” -F(M)] |5+
Al w, M -M] |3, (2)
K. d(M) |, e AR RE A7 3 55— 300k ) ) 35
ARSI, d* Sk LA 1, F (M) S EE I
AN, M ONRTISE A 0 DT R, B IR

Y50 B B AR Bl W, SR B ISR ¥, — Ay
BEVOPEV U SIve SR YR 46/ L S DR b G |
A L2 IEMBRIZ s, M 25 AL AT CDI
UG EE R N 275 R R Bl 3 LA 2] 2 25 ] 2 5 A
BB R A A N 7, F A il B Je B At ) T
WA S SR, W, S BB R, — T
AN SAPAE VAR DI S S PG
JERT) RO BRI (P PR ) ARSOR

FHAS A ) Gy
1 -1 0 0
0 1 -1 0
W"l = o
: : : . 0
0 0 0 0 1

L1 1E 0 s i H A sRECH
D(M),, = | W,[d" -F(M)] |5+
AW, IM =M1l (3)
X (2) Fal(3) , AU F IR .
D(M),, =[d" -F(M)]"W,W, -

- PO ]+ A, (4)

i

d(M), =[d” -F(M)]"W,w, -
[d™ -F(M) ] +,\i (P (5)

L2 JBCE M & TT RV A Ty BRSO
TR XA R AR AR R4 S 2
PR I e 2 285 R S i 2L Ak, AN e W I 220 i 4% )2
S, L1 JEEURTE M AT R m, AXHEZ A, R
PR “Hi i AU 5=, ) it rh i o e R e A
B AR OC R B S HEAEATT AR B, FT LA AR s
I RAEREA . Be/ME B bR R B T m, X
SO AR B SR AT LAARAS e /iR 22 | (HUR K 3 43
TeHIMRE B it 25 | (75 X 4SS AU 348 8 (%) ) W 5 T i
2% WA ] AR e G B R A %

it — LU L1 A 0 B, (B 4R T
WK L1 {EEOEMIR R R Im, | +1m, | =C, 1.2 JuL
WEWITA mi+ms =C ,7E (m, ,m, ) T L im a1
BIAFELZL , 1E WA A 29 o Ry -1 B2k
(FEEK (norm ball) ; FCHE 4006 30 5 1F W) 29 A3 78
SPTH L E RAHAS ) R R A (1), B bR ek gk
PR FOL AT | 1 DU AR R 24 SRR B, e A A 06 S
A H R -2 BRAE BAR R B A RRIRIE IR, &
W5 22T 052 5 R ME R BRAE AR AL (R — 4 ) S
B o) W EAFRE M, 1 L2 Y50 A 23 () Sk (7]
B, BAAE— DU AU R RGO T, VI i A
S TRl b, FTUAE IRTEZ EEO0 T L1 4k



- 1340 - w5 £ B 45 %

(@
%/@\*

p
\

(b)) L21E NIt =S (8] A [

(a) LIIENIfR2S [ A28 17

1 HEUEMSRBEARIIEESL
Fig.1 Contour plots of data fitting items and

model constraints

TE DU 24 S50 55 B R 405 T 2 i HH A AR bl 1Y
MR,

AFTJEVRD, L1 B 2 X (e A7 e AN Al S5
TR, L1 JuOE I e T By ) G
PARE], ATH—AME £, (5) S

d(M), =[d” - F(M) }TWTW,, .
| + f
%TXTIEJH\UIﬁﬁ?’—TTEFI'ﬂELﬁ,*ﬁﬁl%’ﬁ]ijmﬂ
He/N ek (IRLS) K 1E NI 5 R
Z | x, | +¢&
(M - M)"W.VW (M™ - M) , (7)
K, VORI, EXTAL LT R R .
1
:l x, | +&°
X (6) KT HHE Am, ( FREITIH) )RS
[(JIW\W, ], + \W'V.W,_]Am, =
JW,W,[d" -F(M,)] + AW, VW, [M" -M,] ,
(9)
K (9) A7 3055 — WA B U6 6 BE T, 55 3500 IE
DA BETT, J, Ay e ] L R (55 e T DT ZE 2R pR TS
K)o
2.2 BIERMNIENEFREE

KT IEMAL R 1 IR 3, B/t 45 4R i T

MD F CMD Fifh 7 %

[d’—FMD]+AZ

~

6)

=X"VX =

(8)

k-1
MD 7. A1=A°,M=j;;_] ; (10)
2
k-1
CMD H %, M=¢170 (11)
O+ Py

Al o AT b B
DL 0N IE U 24 0504 H 145 1 PR
PRt R A T AR RO, V2 0
CMD AT T A 2 2 K5 DR 2 L A
AR ) 1E 12 TE RS e AR T
AT IR BB 4R R A B 5
T B FE S L (R 3R, 7 4K
WA R OR . SR B ML L1
T U0 52 3R PSS T EL L35 S 4 1
U A0 2 B, 2 AR SR T 00 1 T
BRI/ 406 2 TR AR F I

54— RSB BN TE A K 1 25
FRABHTSER ™ . BN B by T 4 B
SEW B A KRR, FLRER
N, B R s B AL TR 8 (R A, =
'wﬂiﬁ*%=uwwnwwwmanwﬁﬁ
WA BRHEDL 1=n - £:k>0 I #55
| Wl - F(M,. )] |, = | W,Ld™ - F(M)] |

| W,[d"™ -F(M,)] ||,

> 5% (12)
WA A=A, , B =2, /o, XEFIATH—4
HEH 0™ o THGE 4 A E A BE L B LI 3L
R, HTAERARRGEEEN T RES BB
M P g Ay 2 23 A R R A LE U] R T B R K
RROALSE 55/ N | 9T DA LR 2k AR A TP AN & 2B ek
A Bt AR S AR B N, %o AR — s et 1
FIUG IE W PR F-Ab F— A5 /N, P4 JRGE 2 L
PR, AR,

SEE B TR AR O A=
lgo .+ 1 go Il s
g =W, VoW, [ M“-M, ], L1 JEECENRE R, k>
(O 2 T s B L 3 L R O B YR A S R R (S
DN A = - A (lal <1), 8B A, =
A /o XBEHHIHF a=0.85,0=2, RIZILK
FELA I S R BSR4 1 )
XTI URBET 29 5198055 , N — A8/ N B T U 3208
WAL ARG 3 5 SRR B2 Y S H R
b5 L SAR RN 22 B A KR, T D30T R 124 3R 7 3858, DA
BA 1 JFUR 0, R o B s 2 I A a2 S T R
fé@% AR

W RO A AR (DA B B Rk AR AL @
AR LA 22 /N F 24 € PA G 1R 22 ( Rms1 —Rms2 <
Rms) ; DRms2 INTLHENEE, MEEN.




5

A ] 6 L A IR AR LR L1 SR 3 Y 1 DA S

- 1341 -

Z I:(d;)bs _ Fj<m> )/d;)bs:IZ
Rms, = = N . (13)

2. d™ WL 1) 5T, F(m) S IE
e WAL, IV A SRASE B[]
2.3 OpenMP H1TRBE

OpenMP J&—FiILZ N RGN S AR 2 26
FEIFATIE S P SR fork-join (73 X—& IF) 4144
i, FLBERITEE, YBR I T A
FHICAl I ZEFE L) B AR AL, [ B 17 (] L2 A7 X
PATATS AT IR ER Bk AT X, Ak SR AT B A T
4, OpenMP JfA7 Mg HA ROR = BT IRE A,
&G PR

AT

AT

M2 R H R S T FE I o AR T v b
SK AR B 22 U FH TE T8, SR F 4R B0 A AR P
PR RS P B — AR, 32 508 B (R 4R TR e AT
W(H—17) S IEETTE, S B FER K
OpenMP A LIXHRENE AN ZATEA 171718
AR SCR N 2 s 7 2, RO R AT R4 T
BT XA P PN A2 AR TC G b B 4% 2 AR X 4L
it PREAY IR AR A S A SO 3 AR T
LWIAE 15 18, WA R 30 )25 2 A 1)
BHLALFEES N Intel (R) Core (MT) i5-8265U, T4
1.6 GHz,4 #% 8 Z#%, /5l iE47 5 ¥k 15 ¥ .30 IX .60
WA T [ X L e 1 s, SR R T2 5
J&i BB 4556 374, BOR B

HRATIX

‘ i

Tkt

Tkt

FOd INO VINOVId

TATIVIVd dINO VINOVId#

ANA THTIVIVd INO

)

E 2 OpenMP iE & H1TH MK
Fig.2 OpenMP computing parallel strategy

®1 BIHTIHERER

Table 1 Comparison of serial parallel computing time

BARUKEL
5 15 30 60
AT RS 69 203 407 807
AT/ 15 44 91 194

3 BRI S

WM B RS T. LEKE 1
km, LU 20 A, 2R B0 BE 20 m, ZR BT AR O 1, i
FEBE R 250 m, BTN s A8 45 2R (0,250,20) 5 B0 4R 1
K130 )2, 0628 R 2 m RN | A2 L BHR
50 Q0+ m, XF BRI AR M O (R R I 3% 114 e 17 1 Mg
7,915 Occam Sy 45 AL
3.1 ZEEAREES
3.1.1  H BURER 7 3

H RUA A7) f L BE 3 v IR 5300 100,10,
100 Q - m  XF W JZEE S350 50 .50 m, i Je — 2 25
WRHTCH K, HAF T REEE R LA 3,

H & 3a AT UL, Occam J2 7 25 S48 Rt i, X 41
S 20 5 A | R HUBH R BRI L
AHmE ., B 3b L1 I i 45 R 4% )2 o A
T 220 0 Y AT, b, L (R J2 JEE B 4 3 L S A [
3¢ Wn TR A A A 25 FE W Ak X 7 3 ke e
WAREN TR, B 3d AW B s 5 R A e
(X LG B 005 i, 2 i FUSC A, 8] 3e HRT LA
B S UGRCHT T 12 U S R B 1k
ARUEEE I, X A InBUERE v AR5 52 2%, J2 AL
ZIH I HHE W, 55 15 Wk AT H BH (R 4 3 15
R | 2 LT 0 I R M 5 35 YR K 341
G, 5 R AL
3.1.2 K IR v

XK A B BH 343 0 10,100,10 Q « m, Xf
N2 3128 50,100 m, i — )2 8 055 K2k as
4], & 4a & 4b B8 Occam Fl L1 JEECX A A E
HBREA WU WL = BEES 3, {2 Occam J2 J87F J2 JEE 48
TRHS T 22 5 T 1 220 B R 51 5 — 2 RS =2
FA BHL R AE 5 LAY LA R IR /M 22, T L1 S



1342 - w5 B 45 4%
0 - 0
~100 ~100 =mmme
£ £
i i
—200 “ —200 |
—— g ' — HZEHW
_____ Occam ----- LIEMEE
-300 —— r——— -300 ——r r——
1 10 100 1000 1 10 100 1000
HLPHA/(Q - m) HLPHA/(Q - m)
(a) Occam I ## (b) L1IE JU| 2 38
100 10
10-175
] >
= 1 R
& 1024 5
= E E:id
= ] =
%
103 :
3 10-7—E
----- TR E AL 2
Emerns (1 ql----- L1 1E 5 i B
10+ : ‘ ‘ ‘ 10 -
0 10 20 30 40 10-5 104 103 102
FEAIREL A/
(ORNGE = ¢ 21 (d) MINELAF5 BB T
‘ !
,-Hﬁ,—:.:
~100 LL
£
i
18
-2004
— W
|| —— rsw
—— JERISK
----- BRISK
-300 — e
1 10 100 1000
HLPHE/(Q - m)

(o) A IRARE 4 R

B3 HEERERELER

Fig.3 Inversion results of H-shaped model

XoF J2 ST 22 T T, e B SRR O 42 0 FL SR A DA
Kl de AT LI 20 20 YGEARET RS R S e R 2R
AT FEAS B R ;3 0k A 1Y AR B L B
AT LA X e BE A LA ARG PRI, 26 AR
3.2 [ME HK &R g EEG|

DY 2 IR AR FL B %2 1% 4 100,10,100,10 Q -
m, KR JZIE 4351 50,50 .50 m, fk )i — 2R AT

55 o WA 5 Fron  BARER 518 4 g5 R 0L, AT LA
H BRI 14 5 2 R E 3, ik AR B dL B 2 4
ARUAUA 2 B ST AR S AUE 60 K724, Occam
S ARBH AU G Bl W5 = R 1 s B AR A AU 5 4 2% 5
L1 1E D0 B J22 5 v o7 B S B -5 LSS R W) 5 A
G-, Tl v BEL AR 2 0 PSR R ] L1 TR
T ARXT T Occam Sz {8008 o5 BELA B2 AR X R A



5 AT & L 2P A AR B L1 YE K 1 8 N 1 Ak 2 3 1343 -
0 0
-100— e -100
E o E .
o i —= o : .
~200 /| ~200
1 — HEHm ) — HEHN
----- Occam ----- LIEM R
-300 — -300 —
1 10 100 1000 1 10 100 1000
HLBEER/(Q - m) HLFEAE/(Q - m)
(a) Occam (b) L1TEJU J 3%
100 3 1043
10 1
10-27% 10'5*E
] 5 ]
-3 5 i
- 107 g ]
1 1
B 107 2 10°7
€] 2
103 = . ‘ﬁil 4
= ~ B
10-6 - 1074
107 |- R ] iz
ERALET i ELESRR:
108 : ‘ : : 10 —r T
10 20 30 40 50 105 104 10-3 102
ERIREL i /s
(ORNGE = ¢ 21 (d) MINELAF5 R s R
0
~100
£
M .
®
200
—— HEEE
] e SHERR
e 200K
- - - ASGEAE
-300 —rr ———t—————
1 10 100 1000
HLPHAR/(Q - m)

(o) A IRARRE 4 R

B4 KEERRELER

Fig.4 Inversion results of K-shaped model

W AT ) A2 A A vy | Bk AR B i 9

IENEH FRON 2508, G 2 WA lsg., 4 B4
IR, S PR AR A P I AN R R 52 B v P45
oA AE L TR B A — s AU T LS ke BEXTE A2 BRAZ HL G L2 1E 0 3 2= B 22 m

AN TR TG TR AL, $2 T MIAT L1 TR JEE Ak B A
23 1B P G A T T 7 L DU PR 8] o S s 3
frofge il , I =J2 09 H K 3 e B8R DY 2 1Y

JEMRA TR EAGEAY | Fir LA AT DAHS 4 52 B 5175 14 1%
A WA



- 1344 - w5 b &' 45 %
0 - 0
-100 Lo Y0 i EE—
£ o £
it = i 0
—200 , 200
— HEEm — HIED
_____ Occam ----- LIENMR#H
-300 e S S -300 — ————
1 10 100 1000 1 10 100 1000
HLBEEE/(Q - m) HLBEEE/(Q - m)
(2) Occam [ i (b) LLIEJU i
105
10'5*E
Z .
e g 1
B 1065
]ﬁ 1
jid
: I
10-10 1
Al----- iR . LU
= ERMEET 1l----- L1 IE J Wi B2
10-12 : ; ; ; : 10 —_————
20 40 60 10-5 104 10-3 10-2
B [Al/s B [Al/s
© DRAZHEAL (d) DLIUBCR 5 5 B R M

0

-100— _J ______

R ¥/m
'—'—'—;- - “h
._I_!_!I

—200
— HZHRH
— SIKIEM
— 200kiAfR
=== - G0KRIB
=300 — T maR R
1 10 100 1000

HLHZAQ - m)

(o) A IRARRE 4 R

E5 HKEEIAREER
Fig.5 Inversion results of HK-shaped model

HK 7 b e 452 780 %65 PR b s vl vk itk AT Tl 5 L
B, TR R LTSS

1) 3T L1 e 800 15 b f 3 5k L 12 3
FTF45 BIH5 B A, Fo /155780 i BH R AR 25 [A] 0 A A7
FESBE 5 X 2 SRR B S WA -, AER A2 2% 1) S R A
JE AR A BB A5 B A e 1 2 i A58 SR 5 b v BEL ) 43 o
RN

2) L1 {ECE IR A 1A A e /N 3l ik

itk Y AN S () S Y 4 R ) T L2 YR
TSGR B SARUCEE I, X2 FU 1) 7 PEZ G
W7 5 TE DU PR 743 Bk AR v L 491 DR 1 e B 25 B2
e S SR B2, PR 8RR AR |, (B S5

3) IEMAR R 7R FH 4 B 47 25, Fil OpenMP J:
TR ATAG S AL, SR AR T Occam 8 1 R
T3 A5 B E AL R A J2 S DL 1 TN 52 A AsE Al
{18 S T T BB 2 H A S



5

(ERIES S Bk

GRS B L1 Yu %k A S

o 1E Ak 2 1 1345 -

2% L #K ( References) :

(1]

[9]

[11]

FHAR RPEIR i, . TE LA 2 8 o W R AR K
HGHI[C]// 2019 4P E R BL ARG 2 R 4E 22, 2019.
Wang X B,Zhang S M,Gao S, et al. Semi-airborne transient elec-
tromagnetic detection technology and its application [ C]// 2019
Chinese Joint Annual Conference on Earth Sciences,2019.

TR AR VR S A I ] 3ol R R B — 4k 1
ML i [ )] . TSR, 2017,39(1) .1 - 8.

Zhang P,Yu X D, Xu Y, et al.

of 1D semi-airborne time-domain electromagnetic data [ J]. Com-

An adaptive regularized inversion

puting Techniques for Geophysical and Geochemical exploration,
2017,39(1):1-8.

Smith R S,Peter A A, McGowan P D. A comparison of data from
airborne , semi-airborne, and ground [ J]. Geophysics, 2001, 66
(5):1379 - 1385.

XUEE, AR, XA 4. %}\HHU*Jrﬂn YR g SIEA
RO B H B ()], Hb Bk 4 B0 2 3k L 2017, 32(5) 1 2222 -
2229.

Liu F B,Li J T,Liu L H,et al. Development and application of a
new semi-airborne transient electromagnetic system with UAV plat-
form [J]. Progress in Geophysics,2017,32(5) ;2222 —2229.

L7 SREERA IR EY & N O g i R vl = B van sy R
Jetm/N IR ENITE )], MBS R, 2020, 56 (1) : 137 —
146.

Yang C,Mao L F,Mao X X, et al. Study on semi-aerospace transi-
ent electromagnetic adaptive regularization-damped least squares
algorithm [ J]. Geology and Exploration,2020,56( 1) ;137 —146.
T A XA, A, TEM IR 0 R 15 4 JLA A% -
BAEBTITEXT [ 1], MRS AR ,2016,40(4) :743 —749.

Li F P,Yang H Y,Deng J] Z,et al. Comparison of several frequen-
cy-time transformation methods for TEM forward modeling [ J].
Geophysical and Geochemical Exploration, 2016, 40 (4) . 743 —
749.

EMER, EAB, 22K T AN HLI ] LR S v vk — Ak A R
SFEL )], MERIRE R 2019,34(3) < 1113 - 1120,

Wang P F,Wang S M,An Y N. One-dimensional smoke ring in-
version of irregular loop source transient electromagnetic method
[J]. Progress in Geophysics,2019,34(3) :1113 —1120.

ZEW, W R, B A Il 2R U IR S R vk — A S B
[ T]. 4 0 T S5 34, 2017 ,45(5) ;161 — 166.

Li G,Pan H P, Wang Z, et al. One-dimensional inversion algo-
rithm of loop-line source transient electromagnetic method [ J].
Coal Geology and Exploration,2017,45(5) ;161 — 166.

Huang H, Palacky G J. Damped leas-squares inversion of time-do-
main airborne em data based on singular value decomposition [ J].
Geophysical Prospecting, 1991,39(6) :827 — 844.

Bl AT, X I5E B 32 b I 5 2 U IR vl W VR A XL
BHL% 5 SCERIFL )] P64 ,2010,20(2) : 117 - 120.

Yang Y J,He Z X,Zhao X M. Research on the defining all time
apparent resistivity of the TEM method excitated with grounding
long line current source [ J]. Equipment for Geophysical Prospec-
ting,2010,20(2) ;117 - 120.

FERIL, B4R H 8. — R HVRAE(EE BT 5 MT RELJE s/ —
T [ 1], AR ,2017,56(6) :898 —904.

[12]

[13]

[14]

[15]

[16] &

[17]

[19]

[20]

[21]

[22]

Tang R J,Wang X B,Gan L. A damped least square inversion for
MT utilizing eigenvalue property [J]. Geophysical Prospecting for
Petroleum ,2017,56(6) :898 —904.
Constable S C, Parker R L, Constable C G. Occam’s inversion;
Apractical algorithm for generating smooth models from electromag-
netic sounding data [ J]. Geophysics,1987,52(3) :289 — 300.
TRE, BT, 208, A5, SO IR L T — 2k 1 Ak
[T, MU S5 EIE,2015,51(2) 1360 — 365.
Xu Y C,Zhao N,Qin C,et al. One-dimensional adaptive regularization
inversion of transient electromagnetic sounding with a large fixed
source [J]. Geology and Exploration,2015,51(2) ;360 — 365.
$IEME. Occam [ B HAEBRE iU B9 v, LD ] b
S ,2007 ,43(5) ;74 —76.
Weng A H. Occam inversion and its application to transient elec-
tromagnetic method [ J]. Geology and Exploration,2007,43(5) .
74 -176.
TOLWE, LA, 2SO, AT R JE () I S Y 181 5 3 A 2 B
AR — AR S ()] M ER PR, 2011, 54 (8) : 2136 —
2147.
Mao L F,Wang X B,Li W J. Research on 1D inversion method of
fix-wing airborne transient electromagnetic record with flight alti-
tude inversion simultaneously [ J]. Chinese Journal of Geophys-
ics,2011,54(8) ;2136 —2147.
R, BHAR B T SRR BT E Y [ E 3

%&%ﬁ’iﬂﬁﬂj[ J7. bk Py B2 30E R 2011,26 (5) - 1796 —
1801.
Qin Q Y,Wang X B,Mao L F. The fixed-wing airborne transient
electromagnetic response of a magnetic conductive layered medium
[J]. Progress in Geophysics,2011,26(5) :1796 —1801.
X0 MR WRAE , 5. — T Occam Sl H 48 R B4R B
HafeFiy vk (1], TR H Bk 4 3 % 4z, 2013, 10 (3) : 344 —
350.
Liu J F,Deng J Z,Chen H,et al. A method used for searching La-
grange multiplier in Occam inversion [J]. Chinese Journal of En-
gineering Geophysics,2013,10(3) :344 — 350.
/N, X i, 4. DR b F T8 1 7 T D) A e 8 B vk
[J]. HuERYPE2E 4R ,2005,48(4) 1937 — 946.
Chen X B,Zhao G Z,Tang J,et al. An adaptive regularized inver-
sion algorithm for magnetotelluric data [ J]. Chinese Journal of
Geophysics,2005,48(4) :937 — 946.
Gholami A, Gheymasi H M. Regularization of geophysical ill-posed
problems by iteratively re-weighted and refined least squares [ J].
Computational Geosciences,2016(20) :19 —33.
Vatankhah S,Renaut R A, Ardestani V E. 3-D Projected L1 inver-
sion of gravity data using truncated unbiased predictive risk estima-
tor for regularization parameter estimation [ J]. Geophysical Jour-
nal International ,2017,210(3) :1872 — 1887.
T B X S A, FET T SCRAL 2 T I 1) 3 2 He
B SOEBTFE 1] HhERY A4, 2019,62(2) :743 — 751,
Su Y,Yin C C,Liu Y H,et al. Inversions of time-domain airborne
EM based on generalized model constraints [ J]. Chinese Journal
of Geophysics,2019,62(2) .743 —751.
Booh, Pt , BRI, A5 = HE R LR 18 1 L1 S AR Ak
SEE[)]. HuERY B ,2020,63(10) 3896 — 3911.



. 1346 - w5 £ B 45 %

Ruan S,Tang J,Chen X B et al. Three-dimensional magnetotellu- ophysics, 1982,47(1) .47 —50.
ric inversion base on adaptive L1-norm Regularization [ J]. Chi- [31] 3, FL4EA, P 4. I 0a JR A8 46 (4 50 1 3145 5 05 B2 1 % Lk
nese J. Geophys. , 2020,63(10) ;3896 —3911. (7). YHE S0 2010 ,34(6) 1753 — 755.

[23] Last B J, Kubik K. Compact gravity inversion [ J]. Geophysics,
1983,48(6) . 713 —721.
[24] Portniaguine O,Zhdanov M S. Focusing geophysical inversion ima-

Zhang W,Wang X B,Qin Q Y. Research and application on num-
berical integration of Hankel Transforms by digital filtering [ J].

ges [J]. Geophysics,1999,64(3) :874 —887. Geophysical and Geochemical Exploration,2010,34(6) ;753 —755.
[25] Zhdanov, Ellis M' S, Mukherjee R, et al. Three-dimensional regu- [32] FMEZE, BT, R G-S B[R AR 5 i 130 3% 45 0 8 1 Vi [
larized focusing inversion of gravity gradient tensor component data ). BB A F AR | 1987,9(4) 1295 - 302.

[J]. Geophysics,2004,69(4) ;925 —937.

[26] Zhang L L,Yu P,Wang J L,et al. A study on 2D magnetotelluric
sharp boundary inversion [ J]. Chinese Journal of Geophysics,
2010,53(3) :631 — 637. doi: 10. 3969/j. issn. 0001-5733. 2010.

Piao H R,Yin C C. Calculation of transient E. M sounding using
the Gaver-Stehfest inverse Laplace transform method [ J]. Compu-
ting Techniques for Geophysical and Geochemical Exploration,

1987,9(4) :295 - 302.

03.017.
[27] BRED ZEHOAK G35 TR BRI 2ok RCR = ety (93] PIEHR BTG-S AR BT IA [V ]. SRR OB,
BT ]. WK ERAEERE  2014,29(3) 1133 — 1142, 2000,43(5) :684 ~ 690.

Luo Y Z,Chang Y J. A rapid algorithm for G-S transform [ J].
Chinese Journal of Geophysics,2000,43(5) ;684 —690.

Chen Y,Li T L,Fan C S,et al. The 3D focusing inversion of full

tensor gravity gradient data based on conjugate gradient [J]. Pro-

gress in Goophysios, 2014, 29(3) £ 1133 1142, [34] B, Vit B = A o 3 R E AT A 1 B
(28] M, BORAE. T3 R ) B e £ A S 1. PUBRCHLIL SAAIES 30, 2019,62(9) 3601 = 3614,

HEERYIBIZE . 2016,59(6) 2203 — 2224, Deng Y, Tang J, Ruan S. Adaptive regularized three-dimensional

magnetotelluric inversion based on the LBFGS quasi-Newton method
Qin P B,Huang D N. Integrated gravity and gravity gradient data

[J]. Chinese Journal of Geophysics,2019,62(9) :3601 —3614.
focusing inversion [ J]. Chinese Journal of Geophysics,2016,59 [35] S/NE B m. o HL REROIE B9 Occam R BHELHE] 1], HUERY)

(6) :2203 —2224. FR2EHR 1998 ,41(4) :547 — 554.

1207 KBETE - A HL R % LTRSS b AR v M. 2 Wit X P, Xu G M. Emprovement of Ocosurs inversion for MT data
FELCEEZE, B U BT AREE, 1992:226-231. [1]. Chinese Journal of Geophysics, 1998 ,41(4) ;547 — 554.
Misac N Nabighian. Electromagnetic methods in applied geophys- [36] %KM, 3k fi €. JEF OpenMP (135 3 8 3 2 B8 347 52 B0

ics [M]. Translated by Zhao Jingxiang, Wang Yanjun. Beijing: [J). TR ER T A3 . [ ARBRAT ,2020,39(5) 130 — 138.
Geological Publishing House,1992.226-231. Xu F Z,Zhang J F. Parallel implementation of peridynamic simu-
[30] Knight J H,Raich A P. Transient electromagnetic calculations u- lation based on OpenMP [ J]. Journal of Henan Polytechnic Uni-

sing the Gaver-Stehfest inverse Laplace transform method [ J]. Ge- versity : Natural Science ,2020,39(5) :130 — 138.

Semi-airborne transient electromagnetic inversion based on

L1-norm adaptive regularization

HE Ke'?, GUO Ming®, HU Zhang-Rong', YI Guo-Cai’, WANG Shi-Xing’
(1. Education Information Technology Center, West China Normal University, Nanchong 637002, China; 2. College of Geophysics, Chengdu University
of Technology, Chengdu 610059, China)

Abstract: The regularization term for semi-airborne transient electromagnetic regularization of long-line source usually adopts L2 norm,
and the fitting result is relatively smooth, which cannot effectively describe the layer interface information. Aiming at the stratified me-
dium steep change model to realize the inversion algorithm whose regular term is the L1 norm, the authors transform the original prob-
lem into the L2 regularization sub-problem by the iterative re-weighted least squares method to solve the problem of non-differentiation
in the L1 norm; OpenMP technology is used to solve the problem. The parallel calculation of the Jacobian matrix improves the inversion
speed; the adjustment strategy of the adaptive regularization factor segmentation iteration method is analyzed and improved. The im-
proved adaptive regularization factor adjustment strategy is more suitable for semi-airborne transient electromagnetic inversion algorithm
of L1-norm regularization. Finally, the resistivity is inverted and compared with the Occam inversion results. The results show that the
inversion of L1-norm regularization can highlight the electrical interface conforming to the real model after sufficient iterations, and the
inversion resistivity is closer to the true value of the model.
Key words: L1-norm; adaptive regularization inversion; semi-airhorne transient electromagnetic; iterative re-weighted least squares;
OpenMP parallel
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