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Electrical impedance imaging for cavity detection

WU Zeyu, LIU Zuogiu, WANG Li
School of Aeronautics and Astronautics, Sun Yat-sen University , Guangzhou 510006, China

Abstract: Electroimpedance tomography (EIT) is a typical inverse problem in karst cave detection,
which is ill-posedness and very sensitive to measurement error. In order to overcome the defect of ill-
posedness, the regularization method should be introduced. In this paper, we mainly consider Tik-
honov regularization and sparse regularization. Then, two different methods-linear approximate direct
solving method and iterative solution method is used to solve the problem. And, EIT is used to detect
underground karst caves, because of some advantages, such as relatively simple equipment, conve-
nient data acquisition and insensitive to material inhomogeneity. Finally, a numerical example is given
to compare the effects of these methods.
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Fig. 1 Diagram of electrical impedance imaging for

cavity detection

i H AT LA A BR T AT IE RDEUR R, 45 3]
R

Ku =f, (5)
Zuk =0,
Hhw=(u u - u | OEFHELESEE, f=
LA fo o LI SRAE R S 6, R [R) A F AR T 5%
AL, g (2) heytEE, aTLA
1, les,
Ji= 0, otherwise. (6)

WIS BE K 5 4% o0 i M B R e =
e, |"ERMEASG, Bl

K = K(C):

E¢&ﬁ$&%@%ﬁ%$
1.2 &g

WU s AL TR (Y
CEATS NS LTS LR
Tﬁsﬁ%mﬁﬁﬁa%ALmﬁﬁomﬁmm

[cl c, vt

Ms

cK;, (7)

W EE RE RS o

E‘H~

D75 21 B s 2 F

B (5), SR RHL R e, AT LR R R
ERGEE ,ﬁﬁmwﬂ;oﬁﬁe%&m@

R, BB AR Ry R o f 7
SR {u (o)) SRR (4] AT A
A

mlng(c)—. H “E_R(C)||2’(8)
,\EPg(C)jilEEKﬂ?}L/z*iE’Jﬁﬁl%lﬁ, R =
[as, a3 - a5 ] R(c)=[us (c) ui(ec) - us(e)]'s

|KW%%WE%2mﬁo§F$,M%&Eﬁﬁ%
A BB BRI (8)



102 ilReasE R (HARERD (Fh3E30)

%61 4

2 FPBHPTRUR IS 50T

I E w (c) T PH AR ¢ U AR LM
., [ (8) B Y £ M A/ R A Ak )
B, R TR EAOR A . TEM R, R
T RS S(¢) = VR (¢) LA K W) tE Al
BN coo
2.1 #MESFHEE R AT

FESE PR IR R, a] DL I A5 31 5 s
AR B R S8, SR JE MR AT A B 4 1A
FEARALE BELRAG T, T PLCAE B UE ¢00 (H IR
B, FREEARREERR, BEESEE -
fb, FEOA A RZE, Bl —E .
SEBR R, AT AR I RO A T T X
SR B, SRS DL AE e, SR X 3
B RE L B o0 A o AT SR, R X
HLBH R IG5 0045, Bl e = e,1 (1 R a5 (0 A i

BHCELEN 1) . BCR T LA i (0) = i (1),

ma:}gmoﬁAﬁ<mawmﬁu

R'R(1)

[lc,]= T . (9)
R()'R(1)
BEES, ATRLEBERIE R ¢, = ¢l
2.2 RYESH
. L R (c) . o
T 53] e = 1,2, m, TP TR
BEVEST T . XPOTFE (5) SRCT o iimS:, w1s
ou K
K?q - (:)cj u = _Kju, (10)
Jdu,
=0.
i, de;

BEXEs LTS S ORI B A ¢ T A

. . R v dus
B, KT (10), BETTAT LAS)— 2
J
o R
6u§“ au‘l-" E)u;
de, dc, o dc,,
au; au;‘ au;
S(e)=V.R(c)=| de,  be,  de, |. (1D)
dus  Juy, dus,
dc, dc, o dc

ROk, KRR AT BRI ¢, F1 SR B

PEAT SR 5 AN f E WA T (Tik-
honov 1E W4k ' FNAR B 1E W4k ) LA R A AR
R, FEZa LISk 4 F 7 Tikhonov B 8T
. BB AL . Tikhonov UL | Wik Rik.
2.3 Tikhonov B HiE

X AR BHIE ¢, SRFRNGE R ¢ lLESELT, M
AT LAXT R (¢) 8 Taylor BT, 1593

R(c) = R(c(,) + S(co) (¢ = ¢p)- (12)

SRIG, TRl (8) SLUTAIAS hE

min gle) = HI% - [R(co) + S(co)<c - co)] |2, (13)
B Sy — et e D AR LAl In) 8, 25 pE 3] S5z [ 7t
Al b CRIGE I S (e0) S (o) 1 26 PR KR 3
K, WEGIAGENACIEA TSR AR . — ] (R X I
N AR L B AR LU ), BRI A Y ¢,
(ST (c — o) BN EL O BER20) 0 e, 7L
5| Tikhonov 1E Wbk e iR AR & e Pk, 153

|2

aza%mmMﬁ_[R@Q+S@Q@—cJ

MW—%H, (14)

Horp IE WAL AR B A > 0 Al 3 L-curve J5 36 1 gF
Tt o
2.4 WHEREHE

FREE R A (12) ~ (13) AR LAY
TE AR, (R IR O 0 Ak Ak B AR S M . SRR
I 00 ] S e, 8 3] ) A 7 R G 0 X
BRI, B L RA —EfmeitE (80E
Bk (e — ) RRRBLAY) , DRI AT LA RS 5 10000 4k
HEFT AR BT R 1) SR A ) Ry

r

Jza%mmmg_[R@0+S@J@—cﬁ]
Al e[} (15)

Hefillo|ll = Y7 o [Femmfkio 1 ik, o> 0%
MR EIE AL SR L BRI (15) Bk
AeLk b, (EAT R AR AL 40 BT R O L
PR HSR A
2.5 Tikhonov &%

16 LA B Tikhonov STt MR BETT i eh, 4
Pl R EIRIE (12) SEATSRAE, 30RE A0 ik 7
P, A S AR S PR SRS R A
TR A L B (e - o) EdEAN . SRR,




%2 1) REF,

s FLBEORC BRI o R ) J LR T % 103

%
@—Qﬂ%ﬁk,wmmm%ﬁﬁ,ﬁQWM%
FHR T 0. BeB, TFEIEITKRM . Tikhonov
ERIERINER | ECE H Tikhonov 5L 12K
it e, B, 2558 ¢, # IR R S TIET

= -} 56 e ]

+/\||c—ck_l||2}, (16)

HEWS. ERE—LEAT, ENLSEA TR
Hi L-curve {ENHI E o
2.6 WmEIERE

5 Tikhonov EIEZERL, gk Ak R
FAMEEFLEEL . EAKRMEH TR, ER
AN

2

¢, = arg min {||1a ~[R(e )+ S(e ) (e - e )]

+)\”c—ck_1||i}, (17)
Horb g 45 5 W g L AL 2R 8

3 BER

PEHUHEIE XK FE 250 4 mx4 m, Fil355) %)
I3 8ANFRIT, AR 4 DX 4 R H BH 3R 14 5
1, BUER ¢, = 10 5 AN 2 v = Ff 75 3 155 20
(P83 A 1) HR Fi, BEL A8 5528y 3, AR T 4K 19 10,
HKREPrIR), Hod Case 1, Case 2 h HA I
MITEOL . Case 3 HZMFTAYNOL, FIHREIE S5
F BEL 38 A X 10 6 R A LA I AR T

B, TR B AL S EOR 107,

(a) Case 1 (b) Case 2 (c) Case 3 10
9
8
== ol 7
o | 6
5
4
3
M L] etk
P2 R PRI Y = Ah L
Fig. 2 Three cases of cavity detection
B NI 1A S I SR B L —
25 78 W HL U S A F B AR O A A B g R 1 10
9
539 H Tikhonov BBk . Mg 4712 . Tikhonov E 8
N N 7
IR 2 AR SR 1 = A R AL 3 m j
6
i Tikhonov H (9 IE WAL 280 3 L-curve J5 #3107 . .
5 3
(d) MBEAE ’

T8, IR ZEAAAEN S TE R H S
M ow=u,(1+fr-Randn); HH, u, by EHIHH,
Randn /25 HL 3598 M [ B A BEAIL ARG, e
FARIE -1, 1 LAIES AT RENLE 5 fr A Y
FEC, XHEUr = 0.001,

Case 1 TETCIR 22 A DR 2216 0 T Y45 2R 7
AN 3~4 Fi7R, Case 2 7E ToiR 25 A IR ZE G L T
A TR A5 SR 3 B B 5~6 s, Case 3 78 Joix 25 Fil
ARZENE LT BP0 an 18 7~8 s o A&
Rl LUE

1) Tikhonov B #7k 7E TG 15 22 11 50 T 1R 531 B
AR (EI3FES) I, 7R AL E AT LA )
P HL BE AR A4, (H 5 B SCF OO e, P B

& UL o 9 ® ©

K3 JCiRZENF Case 1 HTR A4S

Fig. 3 Results of Case 1 without error

TERUE EAZEBOR, S REON MR ; A 1R 22
ST (E4FIE 6), el EdRiER HLm
B2, (H5TEIRZENG AT EE, 25 R A 22 51
BOR s AR R B 2R RS L (17 FIE ),
Tie B A RE, WHEHERNGIGENRL, £



104 HilReEs R (AARRRARD . (FR9E30)

%61 4

(a) Tikhonov ¥ ik - (b) Bt 5% -
10 10
9 9
8 8
7 7
mmm| = ‘
5 5
4 4
L] 3 3
2 2
(c) Tikhonovi%fti%: (d) R %k

A L & 9 ® ©

18 10
16

14

12

10

s |

6

4

2

K4 AiRZER Case 1 TR NZE R

Fig. 4 Results of Case 1 with error

(a) Tikhonov H % (b) Fn BT

EEE
0 IEEEEEE
(d) Fasiis ik

9
8
10 7
e mmm| )
S5
4
3

E5 JTCiRZR Case 2 TR BI45 R

Fig.5 Results of Case 2 without error

(a) Tikhonov ¥ ¥ii% (b) Faibit S B
10
8
- 6
] 4
| 2
0
(d) PR
10
9
8
7
6
5
4
3

6 HIRZERT Case 2 (UTHIIZE R
Fig. 6 Results of Case 2 with error

Ab B AR e, F B AR R(E B B B
AERZEN, To U IER AR AL
2) M SR AR O IR 22 B DL U AT

I (E32NE6) w, Al IR A )% R A & A
Y 0 P R P LSRR D, T LA 7 5 Y R v B ¢
TERUE 5 B O 40T RAARAR R 2
PR B U (BT AP 8) , BRI T A A AL H B
AT, HARESE AR R IR, UE b
W IO BOR 2N 5 HAB/INE AL B A
R BE AR A o, A A O A B R S LS
DA —E 225, (H A5 AR B AR Z (R AR 22 AN K
HIGRE A R ZELRA

(a) Tikhonov HE ik (b) i %
10
9
8
7
6
5
4
3
2
(c) Tikhonovi%f{i% (d) FRBiL AL
- 10
9
8
7
|| 6
5
4
3
7 JCiRZEH Case 3 AYTR N4
Fig. 7 Results of Case 3 without error
(a) Tikhonov S #fi% (b) i Tk
15
10
5
0
-5
(d) Fgiis iz
10
9
8
7
6
5
4
3

K8 HixZEH] Case 3 M 45 R

Fig. 8 Results of Case 3 with error

3) Tikhonov #E AL TE TG 1 25 B I B0 T TR 1] 5
A (B3 FES) i, e A E T AU 3]
P HL BH R AT, At 7 Y O H B R S S
OUTEEE EAFTEROR 225, H AL HL B350 A AN 1
5. ERRZENBRT (K4FE6), WHLFHA
LiTRIZAT W S A ez ¢ SR AN NN RS e
TovE U H R AL B 5 TR TC IR 22 B S BN PR



2 4]

RET, A EBHGURIR TN R A A LA T % 105

AT (E7), AR AR ) 2 7 R 457 B Ak )
PR BT, LAt B A A0 FEL B Rt A o 250
HEARZMERT (F8), A5 X 8 11
LB A TR AL, JETA R B B T 5

4) Fgnk ATE I BRI SR AR R 4, TE TR
ZEME LT RS 5 200 (B3, &S5 FEl
7) B, GRE5ELEHILTE R e MEA R
ZWEHT (K4, BleME ), S5RbIEAMR:S

A
4 & ik

Tikhonov B F i i faj B8, Al AR ) B~
WA E, (A5 SRS, MHRER U, H

SE

(1] WL, VBT M 55 . H BT R B 1 J5 B K
FR L] LAt as ALK R 22441, 1998, 24(2) -
137-140 .

(2] EEZ4H, 250, 55 . BHHTMZ BURHOR SR ], b
Tl k22441, 2004,33(2) :35-40

[3] LOKE M H. Tutorial: 2-D and 3-D electrical imaging
surveys[ M ]. US: USGS Workshop ,2001.

[4] LOKE M H. Electrical imaging surveys for environmen-
tal and engineering studies [M]. US: USGS Workshop,
2000.

(5] KO, JRIKZE, /NG . 2k vl BELA0 BT J2 AR 30
FE[D]. L. R, 2012.

(6]  HREME. i)l EE s (M), dbat: Bl i it
2003.

(7] Dt , XA BeEy i B M. iR INZRER:
TR HRAL, 1993.

To U AR GBI 22 SV 5 i BT I L AR TR
B, U BNV IR I 25 R, RHR ZEHURE D
BAK, ABAEPUIARAR A 2 I A E e 5t e 5 Tik-
honov A2 Lt Tikhonov B Fiik &2 2% , 78 Joix 25 B
RE TR AN B 2 AU A, (BRI 22 1 Uk
FREEAE W K, TEARZEN O 56 20 U %
Tz E ;s Mgk Ok TR R, HIR 4 RS
Uf, XU 2E I BUREWARML, iR A A RE,
Tt B AN IR 2R, # RS 23R 3
MR

B HZ, WER EAE, JLR Ik T
(HEFEIR) e Mgk A5 > F g 3007 125 > Tik-
honov B #% > Tikhonov 1%t .

[8] TIKHONOV A N. Solution of ill-posed problems and
the regularization method [J]. Soviet Math Dokl, 1963
(4):1035-1038.

[9] ZHOU X Q, XIA Y, WENG S. L1 regularization ap-
proach to structural damage detection using frequency da-
ta [J]. Structural Health Monitoring, 2015, 14 (6) :
571-582.

[10] ANSEN P C. Analysis of discrete ill-posed problems
by means of the L—curves[J]. SIAM Review, 1992, 34

(4):561-580

[11] MORE]J. The Levenberg—Marquardt algorithm : imple-
mentation and theory, in numerical analysis[C]//Proce—
edings of the 1977 Dundee Conference on Numerical
Analysis, Lecture Notes in Mathematics 630. Berlin:
Springer Verlag,1978:105-116.

(RfEHE TR



