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29 : BA 3 Jite] YA HAAE (L 2—norm) HE 2 LAFe] WS 9 7EA ¥EgE=
7o) o}, o] ¥ksA  £P—norm (1<p<2)& F4 33 E = FASo AU HE B
ol HELE F ¢ BE Ailol eFdd. wEANFS HAA5H (Iteratively
reweighted least squares [IRLS] method) < ©]213 £P—norm A2 ZAIIE &&3
o072 T F JES HEL & =R E FE 279 FRE (P-normoE & 379
A EL 42-normo 2 A 45 sojB T ¢/ 42 H28E RLS Wil 47 A gsts
719 & AT 2O A9 AA dFA Y J LA F Feo] 2FE FS HAA
Slrc stoluglE W] Feo) XY 2HE BYE FAT F AU

=90 : IRLS, Hybrid norm, £/ ¢2-norm

Abstract : Least squares (£ 2—norm) solutions of seismic inversion tend to be very
sensitive to data points with. large errors. The £°—norm minimization for 1<p<2
gives more robust solutions, but usually with higher computational cost. Iteratively
reweighted least squares (IRLS) gives efficient approximate solutions of these £
P—norm problems. I propose a simple way to implement the IRLS method for a
hybrid ¢!/ £ 2 minimization problem that behaves as £ 2 fit for small residual and £
fit for large residuals. Synthetic and a field—data examples demonstrates the
improvement of the hybrid method over least squares when there are outliers in the
data.

Keywords : IRLS, Hybrid norm, £/ 22 —norm
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g2 g8 A8 JATAs AAZ S3E A59 RE2RE TR o3 &
Aol Aol Ql FAq & (residual) & HAFAT= BEE 78 BF o2 HHJFAZ F
AEdt ozl g HA 3 FAlE TR HAAFEAZR FAHY old HaslE oo & g
& Z94EY (% normell AFA o)AF HAaASHE 2 LAE B A7, T o)A
(outlier) o] o} Dz}H3}A ¥-§& 3= FFo] vt o]FAle] B UHAT e FAEY ¢°
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NZ33HA w-g3tA ot o]gld £° norm? H|E T3 HlE MEFIFE HAAESH
(Iteratively reweighted least squares [IRLS] method) 0°] E&A 0 E A}&E 4 9t}
IRLSWH 9 F&doll QojA &AL BB L uiAdtE 7FEX S AFE317] g Eo] Aol ¢ 2
norm?] o ZAME & F3HA Hi, AHFHCE & FojE Bl olye} 2 Foj o o
AME @ Uz &8st AEE BolA ot

ol& & £'norme F&ol YAN AR L AFsY] A8 2 &L L normoE A3

1 L2 AL 2normo 2 st B wyo] AlE H1 glen o]ES sloln

A= ¢/ 4% norm Wyolgt #ch )& E°] Bube ¢ Langan (1997)2 EX 1 70]

o]A slo]H & 4 Y 42%norm& H233817] 93 IRLSYH L ALstgon H2o] SolA

Guitton and Symes (2003) = quasi—Newton} 22 Huber norm& A3 7]& 7]
g A7 E o

2 =EoME stolB= £/ 0% norme] H438HE IRLSEHLZ A48 A5 4A 7
g £ A& 71YE A,

2. FAXE9 4 (Least Squares Inversion)

AAZAE 271 AsMe 4 E29E(m) & ARHE (P E M3t AFAANAH 9
IR AEZIE (adjoint) AL HTE T & okt

: d= Hm ,
o) ¢} o] FAX & AALALS] FA A ARt HAAF AL 23 o] AA Aw o}
2d3g A8 o) T E(residual) Y £%norm 7S HA3 AL F Y 2de
FeEyeoz
m = min,|d— Hm|,

AAAQD A4S &3 22 37834 (normal equation) & ZojA F3dct.

el H7'd

HTH

olg|gt A EAAS gAFAH oz AR EVE AW, AAR HE A7)/ & YREY
¥l conjugate grandient(CG) W3 22 183 Wio g 4 I}

2. BESFIIEO FHAXSSAHIteratively Reweighted Least Squares [IRLS]
Inversion)

HaAs G4 A dAke A a3 7)E ko] BHE (residual) & £ 2 normo]
7] gEo) A7l Ao, o]E3 EAAL AEY £ 'norm € HAFAPoZH MM
= 4 91t} (Claerbout and Muir, 1972). o]21& £ ' norm? &gl 7 (robust) 4&e|
E BF8%, £'normE H2FHA7E FAYo] da] A HE YA EPd FE ol
Ha AT GA CG B 7ol Lol AL gAabHo] AR o] F Aot 34
ok HZo] SolME= WHEAIFE FHAA S (Iteratively Reweighted Least—squares:
IRLS) gAY (Scale and Gersztenkorn, 1987; Scales et al. 1988)& A3 AAto]] L8}
o 999 2Pnorme HA3} A7) Wgol AR o g W) didt ATt s A
51 qt
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0/0* norm IRLS %4 -% A}-24) 2} & B4 5}x} A A

H2Ae A QoA FoA o] A IIFAE FAN HE FeA =9, 1 D7 go

A e A8 (Znorm o] obd = hE normd o AFsA At = e o)

HA3A 7| LA s il 7tEA 88 W, & F3 Fo a5 HAre 3 &34 94
_ = min, | W, (d — Hm) |,

Aoz dojA= e HHE AA Wd= WHn o did 2259 28 3734

Ao Q% 3=

m

_ H™WIWd
- HTWTWH
2 FoiAH, wofol] 7tFXZ AR $E W, o] o3} o] dwtAQ HaA5 oA 23
o] JAE(r) ol AZF3te= gEE 72 hZBE (diagonal matrix) o]} 3+
diag(W,) = | r| P=2/2

7158 H2AFHA2 AAFH o7 g3 o)

rTWIWr=rT|r|0-Dr=|r|P= |7,
ZAEY (PnormE HASAIE= HE T3 Zo] o oln), HF FJEL HSHEHE
o4 5 Qe HER °—"”€l‘i‘3°‘ CG L2 Qs & Atole, 4 s dAivitt o]d yi&E
GANA Do FAEE AHREA JHFERE FA HY, w5 o] AP wket o &
s AP olA MR BEd M T AF Q8 o= F£PsA doh

31

#E MEF Qe CG WS AFLste] IRLS B8-S Tast=d QolA = thAe) wx
o] ZH5 A Bk s FolA stEA ] Ut AARENE Fahs CoUY A4S %
i digoly, & o & dhte 715X WEE wrgstsE R 1;_}31‘.0]]:]- olgldt dng=e
Claerbout(1992) ol 9J3iA At® Conjugate Gradient 12 ZL ALg-3ted R@sH o
&3 2] pseudo code £ 29kd F Tk

r=Hm—d # residual for an initial model
iterate {
diag(W,) = f(r) # compute residual weighting
r = W, (Hm — d) # compute residual
iterate {
Am = HTWTr # compute gradient
Ar= WHAm # compute conjugate gradient
(m, r) = cgstep (m, r, Am, Ar) # update model and residual
}
}
7] A HEFRRI cgstep(O & o] A HHEA] Y conjugate ¥ G oA gradient ¥ E]
As = H(nz,~— _1)= 719383 2, Ar(conjugate gradient) ¥ As(o] A2l 24

NE)) THE ZrAa(descent) WEIE F31A Bk 3 FHE wrEQ A9 yi/93 wiE
3o Ao A A o] wjAo] EAE YA gon, REL AIFF/AEZU
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ol ALEHA Aot & AFelX+= IRLS 9 3o oM, jF 5 3¢ CGEH
o BAA FHENE 0188 T e HA2TY B 237 FH s WY& AHEE

|

3. 8l0122IE £'/2% normE KAE =X

IRLS ¥l £°Pnorme #4& AHEHE 7159 i 230, #9E9 £ norm
o] HA37t HESF dh= e T3] A diag(W,) = || ~2 & AHE3HA Bt o] 7
S FojRo] A5 B &5 (~1/2) °]2= /gx]] 2@ Ao A AL o gro @
AA gk(e) & Fo] ALY 24tﬂ Zrol 7 R FE ALl YA o] Ul FYHEE
O3 2ol 7HEAE FA 9o

: _ [ 1772 when|r| =€
dmg(W,) - {e when|r| < €

olg ¥ AA g dASE dlE A5/ 21 A= 7P 2 g dAuHS, A8 51 0.01 x
HAoizh, == A5 4% percentiled] FEHE ko] AFRHZ gtk T2 Ff-ell= o]
o] 2459 BAITE £t AA & B g H o] Bk HAFFA QA BF L
olgl & & Utk & AFolAM = ol 7 YA #e® RF ol 5 percentile o #FEE e,
Z Q22 37|02 AL Fol A2 AP0 2HE AR 5%7 TFHE Ao A
&= 2k, 9A oz AEE A

Aoz AA % EAE AFH L' normei Aol T3} o] FAAE FoEY AV
T HAs A7 dE T AAE A doh

hen|r| =2 €
M, (r)= .|'r|v'w’ =
(7) {E|’I"I2 when|r| < e

o] 2 FE 371 Y8 A Guitton and Symes (2003) &= 23} Zo] F0{ 2= Huber norm$
quasi—Newton HH 22 HAZA I & 71HE L8

. | 7| —§ when|r| = €
Me T)= 2
I when| 7| < ¢
2¢

Bube ¢} Langan (1997)2 ER &9 o] glojA thg3 Zo] FoiA &= A& A7 F
230 7= FolBd=E Y4 norm& IRLSWHS A 431509

M, (r)=+1+ (r/e)Q— 1
o]2|jt FAE 2 A7E 4 FFA 8 A7) dist AdFQA r2 A7) webq o3
Zo]

€

Al when|r| 2 €
M, (r)

%—(f)z when|r] < €

eV 9? norm 22 Z43A A}
QTN = HAZA 7= Zi R A7 E 9S37 2ol

| 7] when|r| =€
M.(r) = {r when|r| < ¢
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2'/¢* norm IRLS 4§ 15 ¥ 3V ¢ Y B2 294}

AFHOE FolA YAF e 71Fo2 ol b B oW 4Znorm 22 31 o] B} 99
¢ normo 2 ool AL HEE stux dth o] 2 YHME 4 dAte] tio] HE A}
BE FoI YAt e 22 UrolE Fol, th33 o] FojX) &= 7HEX 2 IRLSWH 3 &
FoEA FEE 5 gtk

when|r| < e
5 JolEol YAzt e Bt 3A Hd FE2 71FA o M ¢ normd A7 E FHL A
Ho, QA% e BTk A HH 7HEX 7 HLHA ol CGEHA Fataash= 42 norm
9 3712 HEHA ok Addo] FEE Foll oA AR 2 FoF] A5 Y 2
712 A B FAI71A dot. ol2l e S d normES AR HI)o tste] EAlSRA
a9 13 Zoh
~

norm types -800 400 0 400 -800 400 0 400

diag(W,) = {1“"' ~12 when|r| z €

0ffset(m) Offset(m)

(s)auxyl,

O_
0 04 08 12 16 2 24 2.8
residual
Fig. 1 Various norms' magnitude with Fig. 2 Synthetic data for testing in raster
respect to residual. format (Left) and in wiggle format (Right).

3. RoXtg HEAY

2 =84 &A% YE solBE Y/ L% norme A ZEE JAre &
g3 Baith a9 2004 & ﬁ*x}*wu Aol AHEE ZOREE B Y
714 AHgE EdY A8 E g FRY FLES BABY) g8 7HeA ZA(H
A7 AZ 8 Hd 32719 0.28)9] sﬂﬂo}m’l A (e?) #tol 0.19), FS9 = EdolAa
(Hd 2717 A58 Ao 2719 2uol s FshE), 282 2vto]|3 P9 &S (AF 9 7
& 2719 1099 Bt 2718 Z2e)o) EgE AL B 5 U

ISERE
Z31 itk o

|

-

0
il

% 3ol Haaks 9t é-‘—}ﬂ I Aol thd RdH e ST AP CMPAREEA,
w7 ol AR FF-AIQE g dAFe s & Xﬂﬂﬂ‘;’iﬁ.‘% Aztola el AV & F
SE2 &A3) wiAER %ﬂ* HAAFGA Y FAIE B F Utk I8 48 E R4
A28t Qe olBHE LY/ 8% norme AL QAL IRLS Wi oz A L3 A
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24 A SR oheh o4 (outlien £ o} F AATT Q&L B £ o,
SE299) ATHE h HFsH Aol e % & 9ok |
Offset(m) Sioth{sd/m?2)

Offset(m) Sioth(s2/m2)
-800 0 4.38e-07

-800 -400 O 400 4.38e~07
|

(s)owur,

12 remodeled data 12 inversion IRLS(L1/L2) modeled data IRLS(L1/L?) inversion
Fig. 3 LS inversion result (Right) and it's ! - ) ) )
& & Fig. 4 £'/2%IRLS inversion result (Right)

remodelled data (Left). .
and its remodelled data (Left).

EoAE solBgds ¢/ 2% normE HAsshe H4te IRLS Wyol 44 &8s

719 289, 22 R8s} AA @R8N ALZA T o]/ (outlier) 7} £8€ 7

% 2%norme H2FA I E HAoASsRG stolra= ¢/ ¢?IRLS BHe 9o AN

¥ Z23%E BYS I 5 AU
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