Journal of the Korea Academia-Industrial https://doi.org/10.5762/KAIS.2022.23.8.657

cooperation Society ISSN 1975-4701 / eISSN 2288-4688
Vol. 23, No. 8 pp. 657-663, 2022

"HIEZRStE M7|Zstn), “HEstn M|k, CHEstn MRS s

Comparison of 2D Underground Structure Earth Resistivity Electric
Image Restoration Algorithm

Chang-Jin Boo'!, Ho-Chan Kim? Min-Jae Kang®
"Department of Electrical Engineering, Juju International University
"Department of Electrical Engineering, Juju National University
3Department of Electronic Engineering, Juju National University

41

2 <% Xlﬁﬁi%oﬂ et AR = HAANAR AAY AAz7o £ =RolA= Aotz HAATES F4Ed

o] &5ttt dRtH o= YA AFJE BAS FA FIoh7] Asto] 12 T2 E 45
Y A7t 14_77_ 5 5] SHH 0= o]RojF 299 AL 77t Wol AR 24 tAAFERD2 A5t Fxo
gt AAIgE JRE AFotH FAALAEE © ALstA A 93t 712477t ok 24 WAATE JdED
% AAATES 7] Ysto] AA HEH 0T AFREL Gauss-Newton, TSVD, SIRT 123 TLS HEEL
HAESH. AAFE Hlold H{E5Z 91814 Wennertl@Ho] o]-&= 3o, EAH 47 AA 949 Hgde
244G 9 RMS AEAHPHS 0|85ty RMS 23} BEAZAmo|A RMSArt 7B &L dad g2
Gauss-Newton® ¥ o] it}

d

.(

Abstract Information on an underground structure is a prerequisite for grounding system design. In this
paper, a comparison of some of the algorithms used to restore earth resistivity electric images of 2D
underground structures is presented. In general, earth resistivity analysis is carried out in a one-dimensional
structure for easy analysis, but the accuracy of the analysis is low, and errors occur especially in the
analysis of a volcanic island area. On the other hand, a two-dimensional earth resistivity model provides
detailed information on an underground structure, which can be the basic data for accurately designing
the grounding system. Notably, this study tested the Gauss-Newton, TSVD, SIRT, and TLS methods,
which are currently the commonly used inverse calculation algorithms, to find the algorithm that is
advantageous for 2D earth resistivity electric image restoration. In particular, the Wenner array method
was used to acquire earth resistivity data, and the RMS error analysis method was used to analyze the
accuracy of the restored and actual images. According to the RMS error analysis, the inverse calculation

algorithm with the smallest RMS error was the Gauss-Newton method.

Keywords : Grounding System, ET, Farth Resistivity, Image Restoration, Wenner Array, RMS Error,

Gauss-Newton

‘o] =R 20218 % AFHty wPAIA LA QJste] ATE UL
*Corresponding Author : Min-Jae Kang(Jeju National Univ.)

email: minjk@jejunu.ac.kr

Received June 28, 2022 Revised July 27, 2022
Accepted August 3, 2022 Published August 31, 2022

657



AR &85 =22 A2338 A8E, 2022

1. M2

Aoptze] thigt A H= FAAATE A H A
oj4l Fa3%F atolth. @A AollA FAEolA A}
£l AR 1234 22 Ao 2H HErr}
R E5] SR o]RojX 2|99 HHALRE
otsh=t] offZo] WSt AlFH|E 5T AldE
9] £ 5&E GAdok= ol ofaleol sk Stk &
A o] Hopofl gt AAH] ATFH oL Hol SHH
I glom o] ZojlA AP glort Ashtzol of
g A JRE FES| IS5HK] 1ol et iEA

<+ Z37F Yeh A= Bk ok e dixjx
A2 F2 WennerH AMESto] 2RI qAAYE
< JHZE Yepd & 5 Z2 IS of8oto] B4
Sl Ao] tiFRolrt. ol2jgt AR BAUHL 5
U] S M)A 574% Hlol 7t wolof 20~300171 4=
$Oo8 AHHY FPA 0 T BR7] HRAAFEC]
tH1l. &, AAR JRAF] AFEE AR Fest
RPRAAFES A g F7g5H =HEa HAA
=& Alget SOl AT £ Rfolg Kol AUt
o} 12 AR oigt 2349 AAYE JAsh=
AAA] JALAE Agr 283 840l

2 =2 o= oK X9 hAAFE I
AR fEet AT EEE AAISAT Aok of
AAFEGLS H719%H(Blectrical Tomography)
< ol-&sto] BEUsIqltt. ol & sl EA 7 ] AME

He AV99H JAEalElERl, Gauss-Newton,

Electrode array data input
(C1-P1-P2-C2 wenner)

| Measurement data input |

1" model create
(forward model)

Inversion loop

1.7

| Data calculation

l # ”

TSVD, TLS 2183 SIRTHHES H2EY 5ict o
olf 42 SpIA| 9] ofg] oA o]FLFom, of
A A;AHANA 4749 HFE DAFOE ol FA|F|HA
Algstal, @A 71 ol Akgsl= WennerZ A H< o]
BotlrH2]. ¥ 4T AA 949 AFgEE #4
517] 93] RMSQAMEAHHS ARESHITHB].

2. WXINEE 23 ET gy=8

At A] o] wet wen|EE Yok A &
WFEA} dEAR FET SHFEAE HAA
E2 olgst] AHE Aikste Aolx, dEAE =3

A2t S5E A9 o7t HAaAFeAE 4t
T AEE TSR JAG T EEE o]-&sto] R4
EZ 49 Wte Aot

Fig. 12 A719HolA 234 F42 Aol &
A5 HojErh RJAXNTE 542 Wenner IFHEH
o met e 4719 ASE olsstHAl S5t
=4, 89 & 79 "1, C2)E BalA AFE FX
skl UHA] /E% T (Y] AP, P2)ollA A 573
gk Aeke] ZHolo] mE HAANTES Edotr] 99
of A=Y 1S 2EstdA SA3%h 4719 A=
9] 2HAL FL5HA sl &5k, 7H4o] HoldsE
Aote] Z2 2] hAANFES BHUT 4= AUtk Fig. 1b
2812 Ys|HA(n=1, n=2, n=3,

-

rr
)
4
=~
1o
N
) mlo

A ELECTRODE #14

Jrror calculation
| Error calculation | Resistivity o
model modify 12 |
!

Resistivity pseudosection

Fig. 1. a Flowchart of ET Algorithm

Fig. 1. b Inversion Procedure of ET

658



249 Az QAAFE 7995 EaEF v

o] A= JAAFE F4o] BEYEE HAE HoE
o} QAATE JAFHL HEygorg T2 X0 o
AYES FAlSIL Ze—ﬂﬂé WojAE 22 ALES
Uepdith Fig. 1a0lA & 4= d%0] AATE FAE
Y2 94 PAAFES 7Hgsto] 27|5letal o] 4t

41 EEL Edlo] I o] forward modelgkel 717t

¥ A wi7pA] vk gstEA diXAGES FAERRIT
3. @a=el oM YTAE

A 71 8] ARREE A7|GAREY galetyE]E
O 2= Gauss-Newton, TSVD, SIRT, TLSH %0] A
.

3.1 Guess—Newton 94t A 12|1&

24345 Eq. (DA d= &89 dolE, f(p) =
Poisson QA1 o]&sla] 2431 wdlo]y, DL T
ol 7L UERdCH4]

Eq. (oA, HiEHoz nd p& $43hdA 24
= glolg do 77k e Foptua s 2As)
sh= Ziojth

N dz'_ z( ) 2
%—Z( €f 4 ) =[ 1 (Dd=flp)I | 3:45;1
1 1

A Eq. (1)— F|4:5kA17]7] A5t §1 A2 1

wob ot 2
o, =[f (W' D"Dla—f(p)l=0 @

H|A39] Eq. (2) ¥HEAQ A¥slelo] Eajw 1S
I} o] & 5= Qlrk

?/ (o 1)~ 0, (p) +9," (p) o —p) =0 3)

o]7]A, Hessian @8 &, & thg3} o] R/
=
o,/ =1[f(p )+ 7 ( 1} @
olff ® & Kronecker I Folt}. of7|A f" (p) &

)I"D"Df (p p)1"{Ie [d—f(p)

24 753 e groluz, 91 42 Helshe e 2
o
o, =1[f"(p)]"D"Df" (p) )

659

7 9

12 A2 detue SR thet 2ol

o
Apk:pk-Jrlipk:Fl{ST[dif(pk)]} ©

oJ714 H = Hessian 3Eo]1l tf23} Zo] Foj=H

H=8"D"DS @)
S+€ ZAFHNJacobian)¥E-& YehlH, 2 748

2t et 2ok
s, =0f; (p)/apj ®

Gauss-Newton W2 033 2 EAZ o8&
< Zret], stue HAY B4 AFsiz Qs nEd

Q3}o| 7 thE s8Rl Hessian 3] u]zqiwo]q E
3], Hessian B¥E9| AL JFEYd5= ASHAl
. o] —“}Zﬂa 312317 {5 FAgro] Bt d=
HA .

b=, 428, = | (DA=F()] | 3+A] 1 (Clo=p)| | 5 ©)

A7IA py= IE] LA e VIEREelA O BE

7Fs¥Eolt. A= S1"A] $5(Lagrange multiplier)
old, dlolg g5 & =3, + A&, o] Agslo] ARgict

¢ & TSR T FASRY] 6l p,, =t Apy
2 YRESgsks b, 2o Aos & 4 9t
(DS)'DS+ACTC). Ap, = 10
(DS)'D(d—f(p,)) =ACTC (p,—p,)
2R §=Dset el d3d §'.C'g
Eq. (10)°] Histd oh3<] dats derh
"D(d—f(p,)) = C"C (p,— py) 1
o714 St =(8Ts+AcTC) ST o ¢f=A(STS
+ACTC)™ olm §TS+CTC =19 BAS W=
ot gt 29 p, 9 ZYE S| S no| 23E
AoZ 71Ashd, dlolg di ofEet 2ol yehd = 9l
ot
d = fpy,c) +n 12)

ol kAN wd p,0) WS mo] fAHAA
i AHe A8 Fq. (13)3 2t
d= f(pk) + S(ptrue -

ojojo

O 1+

p) £ (13)



el

R

2] A234 A8=, 2022

91 42 ojgal Eq. (1)) 24w p,,, & b2}
o] =},
Pet = P +8"DS(p,,, =) = ' Clp, = py) + 5" Dn

= p +§T§pm”, — (S5 ' Cp,+C G, +§TDU(14)

= RrMy,  +(I—RY)p,+ 5 Dn

of714 S e RM= 550t

FAR p = FREI FE
€}, o] i, RV 3}
FAEE] Jees Yok

3.2 TSVD g4t ¢ig|s

vlAGAA-O] APt 9 Hessian FZ9] v XA
o= By et EAeke B¢, folld d¥e Eq.
(11)9] LRHQl Ay AlkA] FAgeet Axte verd
% 9k TSVD W AM&shd Eq. (149 VS 4
Al A 5 9l

A (rank)7F Q1 mxn AAG FHE Ao| tisio],
8 AS A=UDV'E Befd 4 Qi od7]A BE
D= izl il A=A ot Eq. (15)9] 43+
qztggol, Ut Vi A

mxXm, nXnl ZuPFEo|c}.

HEZ5= m Xn

012 092 2 0,2

= T Or41 =

¢=min(m,n)

ALfgko] E=dl olE2
5L AA 7] yguE
odlElo|1, & V| I(EE V9 HES 4749
S| 247k PE 49 50| dEo|th

%45 SVD(singular value decomposition)& 4
HE7] 9J5f flolA Folx FE D, Ut VE vt 2
o] Eafstes Fith

|

V=(V. V), U=(U.t,)

oI ¥ V, 3t U 4z VIt U AL riY g
< Uehdch o] u, Vit Us Fo] EAsks FEo|n

RUst

9
=l

o

D0
00

D

r

), D, =diago,,04, ,0
16)

660

2 39 44 gA wEt

A=Upvi=uD Vv A'=v.D 'Ur (17
PANFES Foke oA TSVD WHe I
RY=5"52 A o AgEE), 02 SlsiHE WA

#g §9 5" = (875+ACTC) 1579 dis) svDE
St ol S9F S} kgt Zo] FolA LA

. f

§" = Vdiag—UT,
R (18)
S = Udiags;V '

By R thaat Zo] H FesHA ARket 5 ek

, f;
RM= Vrdiag?UrTUrdiagsinT
‘ (19)
= V.diagf,V,'

3.3 TLS gt ei1g|E

TLS(truncated least square) oA Eq. (11)9]
3 Ap, =B S, D, C, d—f(p,) % p,—p,°ll &30
2749t gvtgo = P S = (nonsingular)©l A
g, Dot C&= AZFHo] opd A7t EA4fota g niet
tlEly glolE 9] 77t WolA | FE) 7|7 AA

44 AP T3k GEol Ak o2 @S 9

TTH o2&

o dPLZ Lok thAl SHEAQ] HPEES ARgSie] o
PES PO E FrHol

AqAE  BEEAE o3t Zo]  conjugate
gradient FEIZ HEHTI]

(ATA+ADz=A4" (20)

71 EHg A9 UHAE EHN= B 2= Az —b 9}
AFTAA YRS @M= He r=A42 -\
ol- 85t AAFE p & WHEZA TLS HHE B3l +

I & gtk

3.4 SIRT Gt

SIRTHHS b Exey] 799
B T 7S THEAR 7ottt A
7|9 (algebraic reconstruction technique)< THHO|
3t AEo] tfsf BAHZE A4Lete v, SIRTE F01%
FIS Bl BE ool gk BAgE SAll A
Abetal RE JYof tigt HAgho] ALtEE 2+ FHof

e2E
_]

Stz ois



249 AsHE qAATGE A7198EE ¢xEE Ha

ohel Qalel Bt oleie 34 WEe o) oxE
Zolurhe wlel

28 steholent dolge] A4t e Aol ¥
o 277 A4 A4 APEL T 4 gomz
TLS 9 Ho] A8t o] HAHAS Tefstol
AT 5L EIT TLS S W] Sl we
ARBARte] WABHEE USRS w2 shelw SIRT
e ST SIRT WlolAl: 4ist 34 o] 9
2 g et go] JHEX BBS A8

248 AYE deld d, & oA AYE LE p(r) 2
olgstel Eq. Q1) Lol HAY 4 Yrk

dl-:/ m(r,p)p(r)dzr, 1=1,2, .V 1
1%}

o714 715 Ad(kernel) FE W zietulg
p(r) o t-gsh= BE7] HAXFE d, 9 Frechet 7]
BG5S 23ota N2 EFuolg Ak Uehdo
SIRT HHES ARESt zdol YAAFEY 34
p; (j=1,2, , M) = th3} Zo] yephdrt,

N )
Phi1 =Lt N smy=d, V]

Mo w; | (22)
i=1

M
(n) — J J— 7 ;
d" = E 1wijmn, m)=d, Vi
=

4. N=2H0|d A HE

HRAFE Hlojels AR FY o7 oA FH5St
Ak MEoE A9 TRV ERE ARMIAAE
FHOE olRF T A ITHS YWHo R AN
&= Wenner H]GHHS AR5} o2 HEH o
AAGE HolBE o]&sto] thFet A7 4t
12ES ALt AlEF oA skt Bt o
And EAZ Aote] o5 E1LRe} oS 4 L2
2 ERS Y=t JAdaEEe] deErke

o
RMSOAHLAMES AHgtoict.

2 o ﬂll

1 $BAXO| x| 2

472 O YARDL B4 stol AalT
Zol4 #2 wo UJehjE 35722 Aesioltt. Fig.
2 35720 YARERY AT Rojert A

=

+

E2 HEZoNA diZF 6[2 m]gEe]il As} 6mZe
oA oF 20002 m]FER EZE Q= AZ &
Atk BE GagEoA AR WHZd4E AXYE
o] A4 AXE AL HoF,  Gauss-Newton Ll
&9l A7t 37t AAC HE ol 7P fAkehH
SIRT L 8)&9] A% 33t AAHM= E21 159
gt AgEgte] 45E & 4 Utk

TLS ¥a1E9] H-¢ S0l AgEe] "t AsiA
eI 9ok ST 100014 SHHS 1541019 &
2 ATE 3o digt AAGE @l A5 Uil
At o]t Ak eak= A HH AlF SHolA
Al BEo] B9 S-S 199 S84 20 Atol9]
A1Fo] 7Fs oy G Aut2 = 2F AlFX]o] WA

et

L

[ H ]
T T R
©
o s o ; 2 5
1
2 ||
s [ |
.
5
| H H |
o 0 o 5 w0 o o0 =
(d)
Fig. 2. Analysis of the horizontal three-layer earth
model

(a) Gauss-Newton, (b)TSVD, (c) TLS, (d) SIRT

4.2 fEAR9 x| 2

Fig. 32 4 #2E& 2= 33 Wenner i€ HiA]



23]
=9

ARl & sl s| =2 A23d A8E, 2022

ARgste] AQAbE 7

Gauss Newton ¥&°]
9’\}01—4 S F20]| AR AA
= 1894 E78H= 27 Aol9] &+
Z0| HX]‘?} fﬂﬂ*ﬁl‘% P42 FFLE ZHH= 99lA
E4A= 18 Aol9] diAA}E py#tel EoHA7I= F
ou ndl FejoA 7P - THE FUYEES

E‘Q"ﬂ 47}11 ?a‘ ﬂ

O

% 2
237

2

=

QAAGE 0y, 0,2 FFOE A x| mdo] FH
YA st it

=

Fig. 3. Analysis of the vertical-layer earth model
(a) Gauss-Newton, (b)TSVD, (c) TLS, (d) SIRT

4.3 LTSS T3t RMS QA

Fig. 29 Fig. 3014] H0] 8910 o euerm
250l 953 A TR/ A Uk S5 Fae]
F2 FeHoR ] stel BUH Yt A B
7+l RMS &+ EARH-S ARSSIIT).  Fig. 4= ©]
ohe RMS 3 B4 238 depdc. zt2te] oy 7

662

2o A& Gauss-Newton € E|So] thE 418l
of v|a JeHANA L4=5HA YERLeH, TSVD &g
Z0] Gauss-Newton &118& t}20&2 253 A5
e
10 7
, N
10
£ BT
d R
10’
.
10'1 . L Il Il L v\ =
2 4 ] 8 10 12 14 14 14 2 2
seperafion
(a) ‘
[T o ; Gafuss Newton
SR 5 SIRT
e Tis
" N *W* STy

0
seperation
(b)
Fig. 4. RMS comparison of the three-layer model,

(a) the horizontal model, (b) the vetrical model.

-

8

Qe 714 %)
A A BEAoz A
= &, Gauss-Newton,
g ]J‘Jl‘ﬂ’sl Steict

2 A2 Hloto]

17

TSVD, SIRT 7181l TLS
7] R Eed
oz oMo

!

Ve =<t
92ie Tuslro) 497 Slot Boteg Pelo
2 BEA5] ¢Jste] RMSLARRATHE ARESHA.
RMSQ2} EA 270 4 RMSQA7} 718 2he jatar
252 Gauss-Newton®oldth £A7Z iz 24

AL TLS YSE 943 52 Yepfigod, 5
g T2 diA] Bdode tE darEEEol vis) A
o7 XHLo] Q551K E5hgict whdH SIRTHPHOo| €}
ool sl 4o oRh stk Askr
% AGolA HolHg IS W 4t °

=2 ==
Gauss-Newton¥'#H& ARE-5l= Ao] %E]@"‘% el




249 AsHE qAATGE A7198EE ¢xEE Ha

ATt

B =EolA HlwEARt FgEY Qidaels E4
> A7t B4t 2199 HA AAEE AAR R

(11

(2]

(3]

(4]

(5]

(el

References

B. Keon, W. B. Shim, G. M. Kim, G. B. Seo, ‘The
Variations of Grounding Resistance of the Vertical
Electrodes by Soil Models,” Journal of the Korean
Institute of Illuminating and Electrical Installation
Engineers (2012) 26(9) : 57~63.

DOL: http://dx.doi.org/10.5207/JIEIE.2012.26.9.057

S. Ahmad, T. Khan, “Comparison of statistical
inversion with iteratively regularized Gauss Newton
method for image reconstruction electrical
impedance tomography,” Applied Mathematics and
Computation 358, pp. 436-439, 2019.

DOI: http://doi.org/10.1016/j.amc.2019.03.063

F.  Dawalibi, “Barth  resistivity = measurement
interpretation  techniques,” [EEE Trans. Power
Apparat. Syst., vol. 103, pp. 374-382, Feb. 1984.

M. H. Loke, ‘Electrical imaging surveys
environmental and engineering studies—A practical
guide to 2D and 3D surveys.” Short training course
lecture notes, Universiti Sains Malaysia, , Malaysia,
1997.

M. H. Loke, T. Dahlin, “A comparison of the Gauss—
Newton and quasi-Newton methods in resistivity
imaging inversion,” Journal of Applied Geophysics 49,
pp.149- 162, 2002.

DOI: http://doi.org/10.1016/S0926-9851(01)00106-9

in

for

F. Bouer, T. Hohage, A. Munk, “Iteratively Regularized
Gauss—Newton Method for Nonlinear Inverse
Problems with Random Noise,” SIAM Journal on
Numerical Analysis 47(3), pp.1827-1846, 2009.
DOI: https://doi.org/10.1137/080721789

663

%t ZI(Chang-Jin Boo)

=]
.

+ 200349 29 : AFdEE A7E
st} (FE4AD
20074 2¥ : AlFstn
Sk} (FEERAD
20149 3¢¥ ~ @A : AF=AH

st A7)gek 24

TAEoR
HAA AT A, ArEISE, AojA2E

2 & Z(Ho-Chan Kim) (HalA]

r

- 19899 29 © AL Aol
23343} (B

- 19949 29 : AL Aol
=351} (FSp

+ 200849 2¢¥ ~ 20094 24¥ : "=

HAEO|E WEns

+ 19954 9¥ ~ @A : AFgtL
A7\ gkt B4
FAER
AR A, HAAAE A, R ag
Z 2l ®M(Min-Jae Kang) (&3]

- 19824 29 :
St (39D
19919 29 : vl o]y
B4} (FSAY

20034 2¢¥ ~ 20044 2¢¥ :
QeliolFYhet Yrus
19929 38 ~ @A) : AZrist

Aok} 3o

A&t A71%

7]

L

ol

(HAED
Hed, ERTE3E4,



