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SUMMARY

The electrical impedance tomography(EIT) is an imaging modality that reconstructs the resistivity or
conductivity distribution of an internal object through various image reconstruction algorithms based
on measured voltage at the boundary of the domain. This technique has been applied to medical,

chemical processing, prediction of two-phase flow behavior and others.

However, there are mainly two difficulties in analysis of the EIT as followings. The first thing, there
are limitations of the application to realistic problems due to difficulties in generation of complicated
geometry. The second thing, mesh generation and arrangement is very difficult, and in case of
generating the multitudinous number of the element the generation time is quite much required. On
the other hand, it is possible to conveniently describe complicated configurations and to easily

generate the mesh if using commercial softwares.

In this study, unified algorithm which can be applied to the EIT technique was developed by linking
COMSOL Multiphysics based on finite element method and a self-developed computational analysis

system in order to overcome these problems.

At first, for the verification of the reliability of the computational analysis system this study
developed the forward solution was compared with the exact solution, that of EIDORS which has

been widely used as a analysis package for the EIT, and of the boundary element method.

For the assessment of the easiness for two difficulties which were mentioned before, at first
comparisons of the mesh generation time with that of the QMG which has been widely used, and also
the validity of the proposed computational analysis system for the complicated geometry was

evaluated considering a geometry that has turbine blades inside the two-phase flow.

The developed computational analysis system was applied to the static and dynamic problem of the

EIT technique. That is, various image reconstruction results for static problems were obtained

vii
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applying well-known inverse algorithms such as Gauss-Newton(GN), Conjugate Gradient
Method(CGM), Particle Swam Optimization(PSO), Mesh Grouping Method(MGM) and others to the
proposed computational analysis system. Similarly, for the image reconstruction for dynamic
problems the analysis for the bubble motion was conducted applying the Extended Kalman Filter

(EKF) to the proposed system.

This study largely consists of four parts as followings. In the first chapter, the brief introduction of
EIT technique, in the second chapter, the mathematical background for demonstration of EIT
technique are dealt with. In the third chapter, technical parts and verified results for the proposed
computational analysis system are presented, and in the fourth chapter reconstructed images for static
and dynamic problems obtained by applying various inverse algorithms to the proposed system are

introduced.
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2. EIT BFEA|

m
_|
o2
o
il
o,
rlo
oX,
Bl

A (Forward problem) %} < <Al (Inverse problem), + &7 =

kv

B ok olR(EE TR A5 A 99 grelA 4 39 A7 AEE

TEE &3 AN 2 wet FE5 Al AR AV A

il
%
}d

ate Zle At dhvh whde] AAZA I AAEAA L A7)l e R

X QY74 st RS A E A (Inverse problem)z}t 3ttt EITolA AEAE 5

S 918 $HMOR o] TAE 49T Y mde welsor Bk EITE

&
iGl
ACH
iy
o
i)
rlo
2
_>|i
N
=
r 2|

gt B (Maxwell) WA S Tl 2 5 U

[Isaacson} Cheney, 1990, Malmivuo$} Plonsey, 1995].

21, £84 9 $AANA AR B9

= Al (conductive medium) 2 -7 A (dielectric medium)oll A & A7) Hu]

Mg A o] Maxwell M3 Ao 4 A uj),

vxE=-28B 2.1)
ot
VxH=1+2 2.2)
ot

o37]o -, E += Z7|%7%E(Electric field intensity), B i= A}7] X (Magnetic
induction), H &= A7 % (Magnetic field intenstity), J =+ %5 5% (Current density),
83 D+ 27]4 Y% (Electric flux density)©] t}.
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F9 AF7F F9¢ 0 A7F-%3F8(Time-harmonic) 2, 2 7] 4 24742
E=Eee" (2.3)
B =B, (2.4)

ol e zt=v) aglx, A8 S5 vl (Linear isotropic medium) ol A= thS- 9

D=¢E (2.5)
B=uH (2.6)
J=0oE. (2.7

oA71ellA, & & A& (Permittivity) x4 & =AS(Permeability), o & =d&

(Conductivity) 2 wj & 2] 7]%

Jlmt

A& UeEtdl= sdZsolvh @44 (25)~(2.7)

[e)

= ol&sta, 9 AF7F Al-xstekret 7HdekdE A (2.1), (2.2)+

VxE =-louH (2.8)
VxH =J+iweE (2.9

o] "t} olF WA el AA A iAol Zio] ¥ WA=

3 27 (Current source)o] EAFTHA AFUEE HAFdo 93 23 Ohm

A5 (Ohmic current)®= -&3te] AZFe 4= Qi) &, AR ot ARFEAEE
J° 2 &tz ohm AFol <93 AFUEE J°=0cE 2 A £ AFLEE

J=J1'+)'=

Fkl

dg 4 ok 1™ A (2.8), 2.9+

VxE =-lwuH (2.10)
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(2.11)

VxH =(o+iwe)E+J°
o] gtk 71N (o+ jwe) = i =7 E(Complex conductivity) 5= Admittivity
"kl o 21 =xH(Divergence operator) S 3 &Fal 9121 ME A9
LI R S = e
(2.12)

2} 3 & -&(Conductivity) 2} -7 & (Permittivity) = 4 ¥ ¢}
ek WE @524 V(VxA)=02S o]&shd A%

2] (2.8), (2.9) oFH o
(2.13)

V-(iouH)=0

Flo

76/;1,

o
Z(Static condition)o] 2H= 718 -S

V- (o+iwe)E=-V-J°
7 $1 (Electric potential) u 2} =}7] #HE %

o] #t},
EIT 7IHellA+= oo W ael sl 424
Tttt ddst QujeA 7 EE A4
€l 4 (Magnetic vector potential) A2] 3o 2 & F )
E-—vu-2 (2.14)
% A7]1%(Induced electric field)E oF7]sk= A7|F %
H 7 WA g Eo] FAET o=

Ty EIT 71l
(Magnetic induction)®] &¥}E JERE $

s

U

x4
ouol, (1+ﬁj <1
O
Ao 7bsstet 7)oM) L = Evt
6

s

I

o] [t
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(Characteristic distance)o]Th.  weba], 9] Zxlo] AHHW AV|FS BEF

(Conservative filed)o] v @717 =t A9 u Tull(Gradient)= %& ),

E=-Vu (2.16)

21 (2.16)= (2.13) didsta 9 QU AFde] EAEHA Za AA 0Q

g3

B EAQGTE o QoM VIS AMske wAle v Aol A

=13
=l

i
rr

t}.
V-(o+iwe)Vu=0 (2.17)

ou _{Js ‘non 09, 2.18)

oO——=
on 0 on 09,

oA71elM 0Q, &k 0Q, & 47t s elA =3} Al xHhomogeneous) G ol xFA| 3}

EoEWe ehge, ne E2W 00=00,U6Q, A4 ugdges Fas ws)

SR

b
S
SAC
Mo
o
o
=2
rlr
Jo
2
ftfo
ox
:ﬁ,
=
@
3
=
8

>

3]
©
fol
=
i
i’
rlo
b
)
o
=
=

o

Lf 1 (2.19)

(o2
AR A Abolel b shphase shify W ATk Agwst mukg RAY
G oore gdg avbe £8 FARD g olda Aol Ay
QIn<e
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V-oVu=0 (2.20)

EIT 2AE & o, A=l U o4 FAxAas FAslor dvh o8 e 24
= =71 Slall o2l 7hA A5 Edo] i itk & =l = Continuum FH,

Gap R, Shunt =2, 2+ 7= = 2 (complete electrode model)ell tfall 47l sttt

2.2.1. Continuum %4

9

AL ATl EANA 2o FY AFE ALFrotm Agac. o

Sof 79 AFE cosine FF Fo|9 ALTFE AT, AR DL G5

i

Ut 2ol 9119 der & 5 S

i

i(¢)=Cecos(kS) 2.21)

jE dFdxola Cx 5t Cheng 59 A3 ZAael &b, 18 21904
HiE ZAAY oF 250 JEo H7] AFe FdetA siAste RaE st

[Cheng =, 1989].
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Fig. 2.1. The continuum model and experimental result.

2.2.2.Gap B¢

Gap REoAM = 7 AFHEE jJE

P

j= | ) (2.22)

2
o

L R AR, Lo Ao Aol of Bd oA AFL sl Frhshe

Y

S % e Continuum R 2E ¢F7F Zfdets =9 a9k Qe Ao=w ¢
#2420t} Continuum E@oli} o] Gap E&e =2 Shunt &35 FA8kaL Q)
a, =48 A5 Alele] #7V|EEA adE dovle HS ¥ "X (Contact

impedance) & FAlt7] wlEel SAIE A FoR ot 4 Qi
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2.2.3. Shunt &€

Shunt 2 <12 =29 Shunt &3, = A=A e ALf7F A= A= 13

Rolt}, o] male] AAzA L Thea gt

o

| S Z£7] 9air s AAZAC] Neumann 7o) =2 constraint’} 2 Q.3}t},

w3 A5l shunt &35 wste] d=9] A9E A=A ST A=

2.2.4. &3 A= Ed(Complete Electrode Model: CEM)

4 A= RdoM= A=9 shunt &3¢t A=53 EA4 Abelo A= AdE B

7 st ek okl A= mdeA e AAXRAS the I 2k

ou
u+zéaazué xee,, (=12,---,L (2.25)
ja%ds; { xee, (=12, L (2.26)
aa—u—O XGOQ/Ue
on ! (2.27)
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stol, sel EAYI FAYS wFHY] Akl e B FY AR 5

L
>1,=0 (2.28)
(=1

L
dU,=0. (2.29)
(=1

=
-z
il
o
T
1o
zl
)
et
=
oy
=2
b
¥
o
o
o
o
rlo
Jo
<
to
[
E
’_ﬁ
m
<
S
T
@
D
3
1

method)S AF-8-3}$1 T
FEMol M= AME 99 Q& v 22 A4d o4 Awsta 24 a4l A
EE ghol dAsttr Zpgske], Ui At uE v 2ol AR

uxu"(xy)=Yaid(xy) (2.30)

1714 N 2 F node, ¢+ i ®A nodedl A= 10]3 YA nodeol| A= 0<1
71 A &< (basis function) o, &= i A nodeol| Ao Astoltt A=tollAe] 574 Ay

& o5 o] ZARgH
h L-1

U'=>gjn;j, (2.31)
j=1
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714 n; =(1,-10,---,0)"

n, =(10,-10,--,0) ,...n_, =(1,0,0,0,--,-1) e R™ < vehi= 714 B4

2] (2.29)F WHEShrh. HEgh mapping matrix Nerb Ve wojsm oy 2

Ay

1 1 1
-1 0 0

N=(nl,n2,"',n|__1)= o -1 - 0 g‘l N(I,j)z(nJ), (232)
0 0 -1

P

webd, ATl Aeke APz b gol & vk

.
u" :(u{‘,uz'?,---,uﬂ) =NB. (2.33)
Weighted residual % ol 5] Weak formS th-S-3F 7to] Fojxit},
jwv-(aVu“)dQ =0 (2.34)
Green theorem < ©]-g3lo] 21(2.34)S AAstd ohS3 2o}

JV~(WOVUh)dQ—IGVW-VUth=O
Q

Q

J.OJVW vu'dQ = jV deu dQ jWa—VdS

ij(w W)a—d3+zjwc—ds

(=lg (=g,

12
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javU demz j(u ~UM")(w-W,)dS = Z|w (2.35)

=1 ée,
o171 w ek W, 499 Weighting <=5 debdith o714, wek w, & z2+7

g 2 (mp), T A (230)% (2312 ©l&3HH Weak form thE o]

i{]aw V¢dn+2 j¢¢ds] “{z f¢(n)ds}

j=1 Z, e EIRERRY

N L-1 L 1 L
Z Z J(np)£¢1ds Z ZZ_I(np)Z(nq)de qzzlf(np)f
q=1| (= (=1

j=1) =1 fee =1 fe[

fat 2

B>

SLRHE e 7o MERAAAZ o

o

% oltt,

Ab=1 (2.36)

1714

b= (“J 1) I= (Oj (2.37)
p g

29 a=(aapay) e®Y L B=(BL e B ewEDT

0ec RN,
A7 WE = oy go] g9 g &

C=(lg =1y, 1y =lg, - =1 ) =NTTeRED4 (2.38)
A71M AFHE =

13
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i:(ll,lz,"',IL)TEiRLx:L (239)

o] a1, Stiffness matrix A = T3 22 HHE zh=t)

B CN

o714 A B 7} HRES theat 2k

L
B(i, j):jowﬁ. -v¢jdg+;zij¢,¢jds, i, j=12--N (2.41)
Q = le,
c(i,j):-zi_j¢ids, i=12,--,N, j=12,---,L (2.42)
Jej
D(i, j)=1 [ds = 130 JJe;| =120l (2.43)
oA71M ;= i=jold 10]aL i jolw 0otk HF AR Fojof & WA A

= ohet a2,

((Ci)T N(TjgNJ(;) - [Ng ij (2.44)

24. AF 94¥ "

HoAgoA AR AR F gEogE O9 22004 ®iE= ulel o] Adjacent,
Opposite, Trigonometry S AHE-3FIth Adjacent W oA AFi= o] %38k F
A& Fstel U=k Opposite ®WHelM = A77F A= AP F A=L F

sto] =9 ® o) Trigonometry W2 ZF Aol Adolst AR{E sty dAH L
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2 AR AV BEES AAET

s

2 == Zojt), B Ao Apgd Azt

i
4
o
1o,
2
il
H
(T,
flo
o>
~
~
9
to
iy
=

{IOCOS(ZMI(ann)) at 2/-1, /=12,.,L, nn=01..L-1
(2.45)

lysin(2z¢/(Lxnn)) at 2¢,  ¢=12...,L, nn=01..L-1

-1
/

(a) Adjacent (b) Opposite (c) Trigonometry

Fig. 2.2. Three current patterns.

2.5. Jacobian

Jacobian> 7] AE==of ofst A9 WstES Ao sttt. o] Jacobian Al W
oA o] AEgES W3ld wE HAIF [ WAEE AYs= Aot Yorkey 2}

Webster, 1987].

E AT Ag(U) 2R 59 AF049 A¢ Ue vt gol 73 F 9

o

.ﬂ

U=M"U"=M'NB e RE" (2.45)

4714 E % P 27t 54 A3 A% A9 Folw, MenUE L 54

3
s

0%

d

48 e

b p oAl A

£

QoA ¢ A dFe] SHAGE ok
M(/,p) s ‘U2 AAHT 29 gow oz AAHAt 222504 UM

Extended mapping matrix N2 29l5t] b25E A& 4 Q)
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N=(0,N) eR-“ND 5215 yh =Np
714 0e RN whebA,

U=M"U"=M"Nb=Mb

o] 7] 4 Extended measurement matrix= T3} o] o]},

M :MTN eiREx(N+L—1)'

Jacobian>- p WAl HAF T HEo] FoIFES W, m¥WA FEM 249 A%

Akl o (A d50 AAE Ak Mstgow Fojdrt
P
‘Jepm:aug
oo,

m

£ PAFHE g 2ol vhehd 5 glvk

ou; au; 4y
do, Oo, ooy,
ou; au; Ay,
do, Oo, ooy,
oUz our  aug
do, Oo, ooy,
J=1a0? aU? oU? |e R

do, Oo, ooy,
ouZ Uz Ui
do, Oo, ooy,
ou¢ ouf  auf
do, Oo, ooy,
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1719 M & FEM 249 7|5 vebdit) Jacobian 3 d S WA

2

_l_ol

P

25y 72 .

Ab=1

U=M'U"=M"Nb=Mb

whebA,
_— ) g
U &b & 0 (A_ll):MaA -
9Pm OPm 9Pm OPm
_1 . .
OA T _ A 1O0A (\f_ A1 0A
OPm 9Pm 9Pm
C ~ ~ YT ~ YT
U __jatoa b:—((A_l)T MT) oA b_—(A—lMT) A
9Pm OPm OPm 9Pm

t}S3 o] A ol&] = Pseudo-resistance matrix7} o] A A

R=AM" e g(N+*LDE r AR=M"
Jacobian matrixE A4t 4= 3l+=d], ©] ¥ Pseudo-resistance matrix+
CENE A & 5 Arh

AR b)=(M" 1)

F
R, @ 0 0
A(iiz BJZ(NTM NTij
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49 =g

Al

(2.51)

(2.52)

(2.54)

A 2~El A Al

(2.55)

(2.56)



P 214

R;=R@:N,)eRME @ R, =R(N+1:N+L-1;)eREDE

AeEo] Tt Stiffness matrix?] LE thSy gk

1714

aB(i, j)
0o,

=0, [ V4-V4dQ, ij=12N
Q

m m

webd, e} e BAE etk
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R T( OB 0 OB " -
o ~ ~ ~
RlJ oo, (sz_(RI R;) oo, |=-R;| rwl
2 0 0 0 m

(2.57)

(2.58)

(2.59)

(2.60)



3.EITE 93 AAIAAA N

3.1. AE AT EQ0]

= E9°] Inverse heat transfer ¥Au} EIT 4|9 22 dEAE Z7] 98 A&
AZEYOE AEdte] Fi= 97} ol Fti[Petra®l Gobbert, 2009, Huang¥} Lo,
2005, Oh, 2009]. ¥ =%°4+= COMSOL Multiphysics®} 9153Fo] EIT A5 3
213}8lth. COMSOL Multiphysics= thg 8] @4 dl4S 913t 48 2230t
[COMSOL AB, 2008]. ©] Z2 e AL Hge 750 gk sf4lo] §olst
ofg] 7kAe =89 A EES FA
A &3 5 Qb= Zlojtl. 53] COMSOL Multiphysics?t MATLAB ¢1%S %
3 AIHEE olgsty REE sty H5AHA AEFYANAE TFHFE F

olth= Aol 9tk MATLABY But~Z o ajo] thed & 458

b

2 THCOMSOL AB, 2008].

- WHolE o]gety FxA, BA, AAE 4
- A 2| (Post processing)ell A dlolE F& 2 gdd A3 ¥
- & AlEHelHA F3yst A4S COMSOL Multiphysicse} -5

B oA COMSOL Multiphysics®t ¢153le] 7fetet A AAS A5 3t

7] 918l @G el #AT A5 MFAE 9ol UM FREAT Exn slE
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AE En A §o18E mYom A4 R YolH A o159 =
2 noth EF R oA FueFel Aol 1 A% AFHAh

3.2. AAAA AT

Booqto A st

ro
L
>
:(I)é

>
2
)
1o
kit
1>
flo
[

A
w
-
o
s
u)
[
o
w
e
2
>
f
rir

=

=

0% 10
o[

L

HL 4o

[
>

1o > A 10 g
M £ 02! 4>

It N oA
0 22 Al mo Jp =
4>

to
>

ADJ, TRI, OPP, OPA

mE=lEl
H2op 2Es | 29| node HE
Node H & 32l ol

System Matrix
24

| Forward solution |

| Inverse solution |

Fig. 3.1. The flow chart of a computational analysis system for EIT.
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dM A=

AN

ukel ol EIT 7IWZ o4& s o=, 38+, o o
of A&¥ 1 i, 2 MATLAB 7]®t 317]%] Q] EIDORS(Electrical Impedance and
Diffuse Optical Reconstruction Software)”7} AAFs] &2 AFE-% 31 Q) tH[Vaukonen
9], 2001]. EIDORS: #1714 ¢l Al &1} Diffuse optical A1 ZZFE JA-S E-H3}7)

95t 2zmEg o] AAHo|T @ o] AXEel EIT 4e Jg TR0

s @AZE 9lo] d(Solution)o] FEFel F FFE F £ AS BN o}

°
=
d
)
ok
N
Ol
ol
4
BN
i
o
oX,
ol
ol
rlr
=
52
Mlo
2
A%
o
o
30,
O
o
=
z
o,
O
O
<
)
O
r

BN
il
oflt
2,
st

T Aa, Az 9 g ATl 3o AREsrl7E Helst.
ANE =

geo{1} = circ2(1,'base’,'center’,'pos',{'0",'0'},'rot’,'0");
T T4 #H3E7F (00)0]1 WA Fol1Rl A3 F2E 1¥E AIYHET oA
COMSOL with MATLAB®IA A& 38t £8 5 AME3IA 7st+x2E A~
EE o|gsto] A +AE & Aok B3 AA AN g T oo vad 2
o,

fem.mesh = meshinit(fem, ‘hauto’,meshlevel);

=

o714 meshlevel- A= 24do] 7hesta AL &S 22U AXE W

i

St} mesh?] node FHE.S} element A HE A7) 98 ~agEE &7 o)

nodes = xmeshinfo(fem ,'out’, 'nodes");

element = get(fem.mesh, 'el");

Tk EIT ZAE 7] 93l AFEs AAZXEAS o539 #2o] Neumann =13 A
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for ell = 1:num_elec+1, fem.bnd.name{ell} = ell-1; end
fem.bnd.type = 'neu’ ;
fem.bnd.ind = bg;
node 4K 9} element AHZ o] gl EIT A& = uf H3t 2 (2.40)9 A

AH matrixs A SY A 2EH matrixs 74 2 Wl B & Cmatrixs oF2 3 2

-

o] AAHEE FASIA IS 5 th A2 matrixe] YA matrix & {FeEs)H

2AYMES A e Uk
B(i, j) =onv¢,v¢jdr+izije 49,08, i,j=12,..,N (2.41)
=4

B matrix= 2] (241)S AEIZ 20y AN oy g WHow A

b

5

Atk 9714 B matrixs 7ASH] A= T N Fel Ui AAHEE

@alop Ak [ ovaver ol Algehs 22 Bleldt sta Y[ gyl 9

rir
2
L

L 3P B29 obd mdstnA st AAREE e 2

- Blmatrix

Bk = sparse(zeros(num_node,num_node));

for elmi = 1:num_elem
Bk = Bk+cond_in(elmi)*Bm{elmi};

End

elmn = element{3}.elem; % element nodes

for elmi = 1:num_elem
x = pt(1,elmn(:,elmi)); y = pt(2,elmn(:,elmi));
elm_area(elmi) = det([ones(1,3); x; y])/2;
phix = [y(2)-y(3); y(3)-y(1); y(1)-y(2)]/2/elm_area(elmi);
phiy = -[x(2)-x(3); x(3)-x(1); x(1)-x(2)]/2/elm_area(elmi);
Bm_temp = zeros(size(pt,2));
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Bm_temp(elmn(:,elmi),elmn(:,elmi)) =
phix*phix'+phiy*phiy")*elm_area(elmi);

Bm{elmi} = sparse(Bm_temp);

end

- B2matrix
fem.bnd.q = cell(1,num_elec+1);
forell = 1:num_elec, fem.bnd.g{ell+1} = 1/cont_imp(ell); end
fem.xmesh = meshextend(fem);
Bz = assemble(fem, 'out’, 'K");

Bz = sparse(Bz(Ul,Ul));

c(i j):—%jgoids, =12 N, j=12- L (2.42)
] g

C matrixx= 2 (242)°|2% b5 2 AIHER ZdT F Qlvh

- Cmatrix

fem.bnd.weak = cell(1,num_elec+1);

fem.bnd.g = cell(1,num_elec+1);

for ell = 1:num_elec, fem.bnd.g{ell+1} = 1; end
fem.xmesh=meshextend(fem);

C_temp = assemble(fem, ‘out’, 'L";

C_temp = sparse(C_temp(Ul));

ac| B N (2.40)
“|(eN) NTDN '
olZA T3 matrixES ZFEA A (240)7 L A AE matrixs WS S QAT

A 2AE matrix® 7ol AP EE ey 7o)
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N = sparse([ones(1,num_elec-1); -eye(num_elec-1)]);
D = sparse(diag(elec_area./cont_imp));
|_tilde = sparse([zeros(num_node,num_cp); N'*1_current']);
CN = sparse(C*N); NDN = sparse(N'*D*N);
A0 = sparse([Bz, CN; CN', NDN]);
Bk = sparse(zeros(num_node,num_node));
for elmi = 1:num_elem
Bk = Bk+cond_in(elmi)*Bm{elmi};
end
A= A0;

A(1:num_node,1:num_node) = A(1:num_node,1:num_node)+Bk;

Ab=1 (2.36)
oAM= o]lgA FE A AE matrixE £33 EIT FA4= & 5+ Q= 4
(2.36) A3 99714 b matrixs TEllA A= ALEE ke S0
EITS AEAE F& Bolzgk & 4

b=A"1 (2.61)

2l (2.61) Zo] 2 (2.36)2 WHWASH EITY HEAES F= Zol7] wio v

2ol ~AYNES A4y At
b = A\F_load;

R1 = b(1:num_node,1:num_elec);
alpha = b(1:num_node,num_elec+1:end);
beta = b(num_node+1:end,num_elec+1:end);

U = full(N * beta);

I= [Oj (2.37)
‘ .
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ooy T A (2373 2ornz gy e A9 ES o] &3}

R_load = [zeros(num_node,num_elec); N'];

F_load = [R_load I_tilde];
T AT e dddsRER At AAAES Eety] Sl AS5AEe Ay
ato] AIAED FHS FASIATE 2 ATl et AabsAAAIE 2S5 W

g e el 71&sharh

3.3. st AASAA ALY AF

At AAAAANAS HEe7]) 98 #NYS P72 (Homogeneous) st 7
-9} H]+F 2 (Inhomogeneous) 3t F+ 7F4] A-g-of #ste] HASsIth A5 WH o
2 AL Aes A SE Vo ® A HA Q4% (Boundary Element

]_

off
32

Method: BEM) 7]¥te] &due]&3 f3te 4y 7Hte] dugFs 2ol vu

oM A A AAEe Ak gone dMA e b & Axse 3

e

ALAME 7IF S E sto] EIDORSSF COMSOL A& vlwstich 7dst

]_

32
=

ol

#aFdol #Ag A AEAE 7] f8l & 319 2L 1S AR
1% 3.2¢014 (a)= EIDORSAIA AM&-st 2z Fx2E5 yetdl=d o] AATtxs
27} E= 3 ek 24 AXE Y T 4 e QMG(Quality Mesh
Generation)Zt= 9= AT EQo]E AF&3le] AAs Zo|tHMitchell S <], 2000].

39 32 (E B ATA A%E AWAAAA ol§¥ AATEEH
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COMSOL AZE o] Az oz A= A Fxu}h st

drka] A A

AL Asst7] f8l AREsh 249 /4= 13,5987t} EIDORSOA] AHE-$F 4
Ae) A% 1395270 HTkE 2F o A& £ A
Table 3.1. The conditions for the homogeneous case.
A2 | A= 5 AT 2 | HAE5AF AEAEE THAF
1 2 0.15 0.002 3 0.2

)
0.5 1

= 0.5 0

(@) QMG (13952) (b) COMSOL (13598 elements)
Fig. 3.2. The comparison of QMG mesh and COMSOL mesh in the homogeneous case.

= X 329 £ vw

Table 3.2. The results from forward solvers in the homogeneous case.

3 A 5 BEM FEM (EIDORS) FEM
(COMSOL)
A okt 219.7091 220.5608 221.1604 218.3076
QAT - - 13952 13598
9 ZH(%) - 0.3 0.66 0.63
E 3204 B F %ol F3LAH(FEM) Hubs FAI QL AYM(BEM)OE A F-7)
= FE= Zo] Ao o A= AMAS & S ol aga FE LAY
Ql EIDORSS} COMSOLSE 74-¢ A9 Hlxxd AapE Holil US55 ¢ & Ut

g8y ddskA vlwslH COMSOLS] 7-$- EIDORSH.th ©F 40070
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T T o .
. B 2w
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ot o ~ a %W_
{ MR m N

o AL
ol 3 ~
0 i _I_HL —_— ;OL
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b X wy
o1 o} =
i 2 - ok
Ak a ~ 9 %o
ol W TN
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o M- = Y >
I A TS e e
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W X
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(c) COMSOL (4700 elements)
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0.15

@jeju

0.5

(b) QMG (7424 elements)
Fig. 3.3. The comparison of QMG mesh and COMSOL mesh in the inhomogeneous case.

Table 3.3. The conditions for the inhomogeneous case.
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Table 3.4. The results from forward solvers in the inhomogeneous case.

BEM (Reference)

FEM (EIDORS)

FEM (COMSOL)

7 okgk 308.2310

316.4469

306.0085

QAME

7424

4700

2 2H%)

2.67

0.72

34004 &=

o ¥ E2

o

3.4. e A AA] 7873

34.1. 3= A A7 GF

A

pua

& ATrellA TR A

71 °f

=
_léi

o

KN
=

e

o
s}

2

H]

i"é
o

[q1

A%E

i

LoME=E BITE &

& dAlAM A=

p=:H

L s

Aol i

o
i

of dist AA =74
Optimization) 7]¥ S o] g3fo] vl
&}tk EIDORSOl| Al AR-g-3F

P

53 Al Ahg

T

@ jeju
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Table 3.5. Computer system specification.

T A} <F(Specification)
CPU Intel(R) Core™ 2 Duo 2.93 GHz
RAM 3GB

Operating System 32bit Windows XP

EIDORS A4tz 7wt & dAbs| A A A o] Axt 21 FL&A 7] 18] % 35

TAE AT AMEE o] gdte] FAARE FHR

Flo

oF

A B AAbsi A Al e AR A Abe e 112 ARV A9 Hh

QMGE &Fdll AAE AAsty] sl = ARM483x)RH Jds] d3 dve=
73

>

e g 7 Atk B3 % 34904 He ZAE QMG

ol gl i, B Avelq Awa AddAAAdE AFow w2 4

T
NNANZA R
A

0.8 (118

\
\A
o .
ANIZ 2t
%
05
ok 2
PO
A A AT A A A VA VAT A AT AP
R RIS o
RS ERRRRRRN
PSS

55
.

‘A KK
OSENT SRR
RS SRRRRRRSRRRRARARA
S ROOEERSIRRRAN
SN K 5!

7

s
o
)

#
Y

S
>
%

0
e

4.
St
v Kl
o
250

i

g

]

O]

v

aezas

a5l

DR

o

S

a6

oy
5557

X

NS
ZRNSNSN
NN
L

a8

0s [

(a) QMG mesh (b) COMSOL mesh
Fig. 3.4. The mesh structures of QMG and the computational analysis system.

a9 355 & AFelA st AasiAAAEE A Eete] A2 JAAEd Ao
S = 0 o =1~ |U _V” = = =
ojt}, 7|¥2Q WIXEL 19 3.6 HA T ‘P—Wé‘ A A3E B
29

Collection @ jeju



T Zolth 1% 36904 X ZIx 7 ¥ =0.00040 o]t}

Conductivity Estimation

K L . , E . . )
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

(@) True (b) Estimation
Fig. 3.5. The result from the computational analysis system.

0.45

0.35F B

0.3r i

0.05 B

O Il Il Il Il
0 5 10 15 20 25 30

Iterations
Fig. 3.6. The object function.

3.4.2. 3% Jeze F&

2 Ao st Aatsi A A= AE AZEYe]9 A

offt
i
N
%0
N
)
i
2

Wi AR sk 49 @7k 2R Hwow Azee] JeTrx 9 ARE
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RS AL ARSI BN TeE s A (3.1)= AMESH] REE STk

r=acosnéd (3.1)
oA71M a=25% A4 vt no]l A A Af = 2n7l ol FF
3% n7,
3 : 3 2 ¥ ¥ -: E 3 i 3 i 3 ) ) ] ;’}g‘i T 3 3 ] + (b)
() Mesh structure with four blades Mesh structure with three blades
Fig. 3.7. The geometry and mesh structure of test section.
Mgt Aare A A S Fabgk Ylskat o] A8AdS B S8 a7 373 22
718 7zl ol= ol g AW7F EA S Aok 2 7F EAlel A sk Aol
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Conductivity

Conductivity

(a) Target

Conductivity

(b) Reconstruction result
Fig. 3.8. The result from an inverse algorithm for one target (4 blades).

Conductivity

L
‘V

"%
NS
gVA

R
N

o

Lo
2
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RRPK]
RSLRSE

VAY
SR
DIX)
IN
NN
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hé'r'
A
YAVAVAY

Y
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V\/

\/1

VAVA

\/

</
<k
R
<]
Y

i

A

Vavi
Vavas

A

(a) Targets (b) Reconstruction result
Fig. 3.9. The result from an inverse algorithm for two targets (4 blades).
Conductivity

Conductivity

XN

K
s 455"

(a) Target

(b) Reconstruction result
Fig. 3.10. The result from an inverse algorithm for one target (3 blades).
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Conductivity

Conductivity

A2y
\ A\
s

SN
YaVAVAVY

YAV
NS AV
\/

(b) Reconstruction result

(a) Target
Fig. 3.11. The result from an inverse algorithm for one target (3 blades).

RMSE = ”O-esti _O-true”
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0.1 0.14
sl i 012 T 1
0.08 - B
0.07 4 0.1H 4
0.06 | 4
L Ly 0.08f J
g 0.05} i g
24 o 0.06 B
0.04 - B
0.03r 1 0.04| 1
0.02 - 4
JL‘A 0.02 L B
0.01 B
00 10 20 30 40 50 60 70 80 90 100 00 :‘0 20 30 40 50 60 70 80 9 100
Iterations Iterations
(a) One target (b) Two targets
Fig. 3.12. The RMSE value for 4 blades.
0.09 0.12
0.08 ]‘ T
0.1 4
0.07H B
0.06 r| ~ 0.08 4
W oos 1 w
0.06 (| B
E 0.04 B E
0.03 - B 0.04+ 4
0.02 - B
0.02 4
0.01 4
00 1‘0 2‘0 30 40 50 60 70 80 920 100 00 1‘0 20 30 40 50 60 70 80 90 100
Iterations Iterations
(a) One target (b) Two targets

Fig. 3.13. The RMSE value for 3 blades.

Collection @ jeju

34



4. A A A S A&

4.1. B4 5L s
4.1.1. Backprojection

Barber?} Brown-> backprojection -5 EIT ool 2483} ch[Barbere} Brown,
1984]. o] WL EIT FofollA 71 g 2ol JAF 59 9

H
Santosa®} Vogelius:= backprojection ¥ 48+4 &z /jAd HEES 2}

. =]
Atk wkeF backprojection AAMAF BE W AAkxl J, =diag (Vll,V21,~--,VLK) J

o wfekAQl FAtetar &, ot 2ol & 4 QlTh o714 J & Jacobian 3
ol .
BJnA—G:Bﬂ (4.1)
o \

—=(BJ,) B~ (4.2)

dd (BJ,) o migAG o Qe LS ok AN regularizations 3l
of gt} 3T Tikhonoff regularization= AF-8-31H, filtered backprojection .2 =2 &

A thewt ol Hrh.

Ao 1o AV
= —(BJ 1) B— 4.3
o ( n T ) V (4.3)

o] Ay} B=J/W & T weighted regularized least square®] 3+ FE|Z of7lT},
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{714 W= 7tE 3doltt.

4.1.2. Gauss-Newton H

o

=
a

o
o
o,

AHEQ ekyE]lFol= = backprojection, perturbation ¥, Gauss-Newton

e
R

Z]

tlo

H] o

ofy

Folal 1

=1
M
2
ol

5ol 9lom Yorkey 9][1987]+= °]¥ H

N

i

Gauss-Newton o] th& &ug]Fel vld 3 %, 7 22k 59 SHofA

& Ase s 222 U3l Gauss -Newton W oA H A3 A Aok & &7

et ot ol exbel AFe) Fo= Yelwh

7|1 V&= 5% A wEolx, U(o)x Axtd A= gt WEeln.
2 (4492 HA3LFE Hasgtelr] A8 e 2 210S RS sjof $ith

-[U'(e)] [V-U(o)]=0 (4.5)

2l (45)= H|AEol P& Taylor 3545 ol &al Ad3}ste] Fof

q)'(ak”)zq)'(ak)+q)"(ak)(ak+l—ak) (4.6)
o714 @" L Hessian o} F=2v, o}y go] FHH
" =[UT U +[UT {1e[u-V]} 4.7)

o] 714 ® = Kronecker 334 Folt} U"L Axtslr] ojgm Auyoz zo of

ez, 9 AelA T A

U
odk

< HE FAEY mebA Hessian 3 E2 o

ol ot
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"=[UT U’ (4.8)

Ac* =" " = H-l{JT v-u (ak)]} (4.9)
o] 7] 4] Hessian & HS$} Jacobian 3 d J= thS 3 o] Aol® ),

U/
oo

H=J'J and J=

(4.10)
i

th. 53], Hessian B2 AN 49D AR A RS AE b4

@(0)=[V-U ()] [V-U(0)]+>a(o-o) R'R(c-0") (411)

a 2} RS Z+7Z}; regularization 91 AF(parameter)®} sy o|t}, whebA], WHE Al %

& WE Y FRe The} Lol Folur,
Ac* =5 ~o* =(H +aRTR)‘1{JT [v ~U (ak)]—aRTR(ak —a*)} (4.12)

#H A9 regularization AAE AR o= oy A7 Yk AR A=

e WHo® ZAAH regularization Q1A= AME tE A3E FT} Simulationo

N

M A AEE B35 43 ong 7 F2 94 59 A9E e we
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4.1.3. Conjugate Gradient Method(CGM)

CGM= o] &sliA AwAls A & o, =3 22 5455 AREEh

q)(ak ) :[ -U (O'k )T [V -U (Gk)] (4.13)

o714 V 9k U & 7247 54wk At gtelil o+ HEE(conductivity) X &

Ueldith cGMe HHE Ak

S
of
%
i
k)
o

Ars Hasl sb] 9E e 2o

descent directionS &3l WA AlS ALE-3H}
O_k+1 — Gk _ﬂkdk (414)

o] 714 B* = search step size©] i1 d*¥= descent directiono]t}. 12l ¢ HAF k=
kil A w2 2 A4S on s}, V(D(o-")ﬁﬂr A @A 9] descent direction(dk‘l)ﬂr-"ﬂ

AT T 2 Aow e & gl
d“ =vVd(*) +y*d*? (4.15)

o171 conjugation AIFQ y¥E F 7A thE whyow w#@3 4 vt Polak-

5

Ribiere= th&3 & Aoz = Algstglr)

 [vo(o")] [veo(c*)-va(s)] |

yo= , 7 =0 (4.16)

[vm(a“)T [vcp(ak‘l)]

Hbi o] Fletcher-Reevesi Tha ¥ 22 2] S AFE-3)ith

(4.17)
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o

PN
zk 4

<9~ Polak-Ribiere?] Z 3 o] tf
Polak-Ribiere2] 212 A}

]

Daniel> EIT9} #2 w43 A4 4
= A3 AyE WE &9t Daniel, 1971]. ¥ =50 A
g3t 72 APS TP
-8 ¥k (gradient direction) V(D( )% oS 22 Ao 3l
vo(o)=-2[3] [V-u(c")] (4.18)
o714 3= kWA @142 Jacobiano] Tt
21(4.14)°l 9= searchstepsize S thgat 2o A8 Ea 92 5 Qlth
min® (o) =min[V U (¢**)] [V U (o 4.19
10 (0" =mn[v -0 (0] [V -0 0] a9
2 (4145 A (419l uidebd e 22 As dE 5
min® (o) =min[V ~U (c* - gd*) | [V U (" - p*d")] (4.20)
B~ B
st e 2 Ag 98 ¢ Uk
(4.21)

o] A3%Z Taylor A/NE o] &

PRELRICICORT

[J¥d ] [J¥d*]
I %o gradient direction V(D(o-k)% & 31, conjugation 7|
ol gt AL

Tk 2] (4.14)°] x71e] ol & w7t

s

Jacobian s§H- Ak
=

¥* 9} search step size S
Ea s e R R

ok

flo

3}

uu

=]
i
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Step 0: SH%k V E A4k
27] 3 o° & 4%, o] W W&+ k=00|}.
Step1: %71 § 0°F ol &3lH FEAE FojM U(c*)E dith
Step 2: AlAHS HEA @(a“)«s% o] gall A HEgH.
e=PLxvar(ME), ©1714 MEx 373 ofzjo|t}.
MJacobian(Jk)% 2 Easia=s
Step 4: J*\V 3} U(ak)% 7FA a1 Vd)(a")% Axbeth T’ o conjugation
AF e At
Step 5: Descent direction d*2Z -3},
Step 6: T3t Jk,V,U(ak) 7 d“Z o] &34 searchstepsize S & dEth
Step7: 9 o, fH dE oS YuoE &t}
Step8: K= k+1 2 F7FA7]3L step 12 =0} 7FA] whHE AlAksic},

HE dubEel o

Al

il

=71 #

i
(o

dag]Feol+= inverseE A= o] E
sk &) Qlal, regularization S1AFS A AFFA ALgsfor sl ©ES A1 QT

F= 37 ZFolA inverse AlAFS 1A

ol

CCM darzlFe] FAE Rby Aits 9
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4.1.4. Gauss-NewtonZ} Conjugate gradient ] H| I

B Ao A= Gauss-Newtond} CGM2] FxalA Axl AxES vlwsdtgich 348

Ne o AL ot vt

o Aufele 1: AHge ol & 7 ol=dol e A%

I

- vjo]3z o] WA E:4/ 71E 9] HIX]E:0.8

- 7]

kd

o T4 $14:(0,2)
- A5 I8 Trigonometry
- A=9] Ji 16

- A=) #:06

- Noise : 0%

(a) Forward mesh (2016 elements) (b) Inverse mesh (1244 elements)

Fig. 4.1. Mesh structures.
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t} o]#l sk EA = inverse crimeo] 2k sk},
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Conductivity Conductivity
4-
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1k
IR
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A
-1HOALS
CNAK]
% DN
20 K58
7
3
-4
-4
GN (50 iterations) CGM (40 iterations)
Conductivity 3 Conductivity

V%
7
iy
v
NAAI
IR
RN
AR
ANz

Q)

N <]
AVAVAVAV v d%ave
SAVASAY
\VAVAVA
S YAV

X

</
KR
A é'

GN (25 iterations)+CGM (25 iterations) CGM (25 iterations) + GN (25 iterations)
Fig. 4.2. Comparison of performance between GN with CGM for single target.
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% 42 71E S 7 $A Fe el S W GNO A9l coMe] AE
UEbdth 3t GN¥F CGMe 838l wel Ay dEhfa 3ok GN¥

CGMS &83% uj:= GNg WA 253 ¥FE3ty yUmx 503 714 CGMS HE

S % F vk 293 3P WPHoR Iy 429 AAE T@H) A9

0.1 T
—+—GN
0.091 —6— CGM
GN+CGM
0.08F | —%— CGM+GN ||
0.07+
0.06 -
0
s 0.05+
@
0.04 -
0.03+
0.02+
0.01f
0
0
Iterations
(a) Iteration is from 1 to 25.
x10°
4 T
—+—GN
35 —6—CGM
GN+CGM
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0
2 |
=
[
15+
1 L
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O L L L L
25 30 35 40 45 50

Iterations
(b) Iteration is from 26 to 50.

Fig. 4.3. Comparison of RMSE for different inverse algorithms (single target).
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1Y 432 2 (422)5 @ A4S GNY CGMS] RMSE #S uERdth 19
439 (a)x= Wb 3|57h 2538744 9] RMSE A ¥hE dEhdl= Flolal (b)) WHE 3
T7F 263] oA 503]7kA1 2] RMSEA#E HE= Zojth IdHelA & F Q%

o] CGMo] Al&eA a7t FoErke

Y
ftlo

& 4= Qi) o37]A = CGMO =yt

ARHE o g T AoE e o
RMSE 1761~ Tael (4.22)
[

o b .
= T AEE X, o, 2A AEE FEh

o Nuge 20 & Wiel 5719 oj&dol & A+

- AN 712 T4 $1A:0(-1-2), (1, 2), (-3, 0),(3,0), (0, 0)

- 71ES] HEA]E:05
- AF 9 W™ Trigonometry
- Noise : 0%
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Fig. 4.4. Comparison of performance between GN with CGM (5 targets).
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et gl
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RMSE
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0.02 -

Iterations
(a) Iteration is from 1 to 25.

x 10°
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w
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. % B
2t GN @\@f—@\g i
—c— CGM N & d
2 GN+CGM AT B
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15 Il I Il Il
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(b) Iteration is from 26 to 50.
Fig. 4.5. Comparison of RMSE values for different inverse algorithms (5 targets).
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Fig. 4.6. Comparison of performance between GN with CGM for two targets
with different conductivity values.
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Fig. 4.7. Comparison of RMSE values for different inverse algorithms
(different conductivity).
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4.1.5. Particle Swarm Optimization(PSO)
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Vk+1 — a®vk +b1 ®Wl ®( prest o Xk)+ b2 ®W2 ®( prest - Xk) (423)

X = X TVia (4.24)

A7)l v, eRV = HE wEo)a x e RV d7F H wET ggla N
& JAte] Folth V1E @& 7 271 WY wE ousth a¥a w7
W, = [0, 1] Wl s FA 5 vty k+19A 9w dAe A &

Vip o AA £57F 7k 8 dEHE duelE" Zlolth 971N teAlE THE R
A1 a gk #A YA HA B (P ) o Aol A HAH (Pyy) HOE
ol11= el el AR Zlolrh o] W, b b= A7 P ¢ P & ATl
Tk PSO dwelEFe] A5 ab, 281 b9 APl wpe}l JFS vt} Trelea
= o] QAEe W HES A AT Trelea, 2003 a=06 181

b=b,=b=17 2 Attt PSO LE]F9 =M= tad #o] Qo F

20
=

Step 1: A1 FolM FALAR f1A 9} Seo B AEY 2VEE FE
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iy
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B RN AgE W=
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Current Pattern:TRI (Noise:5%)

True
—— — Estimation | |

Fig. 4.8. Comparison of the true bubble with estimated bubble for trigonometry.

Current Pattern:TRI (Noise:5%)

Global Best

0 10 20 30 40 50 60 70 8 90 100
Iterations
Fig. 4.9. The estimated parmeters for trigonometry.
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Current Pattern:TRI (Noise:5%)
0.6 ‘ ‘

0.55 i
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0.3 -
0.25- -
0.2 -
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0' 1 1 1 L L 1 1 L 1 1
0 10 20 30 40 50 60 70 80 90 100

The number of iterations
Fig. 4.10. The object function for trigonometry.

Current Pattern:ADJ (Noise:5%)

True
—— — Estimation | |

Fig. 4.11. Comparison of the true bubble with estimated bubble for adjacent.
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Current Pattern:ADJ (Noise5%)
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Fig. 4.12. The estimated parmeters for adjacent.
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Fig. 4.13. The object function for adjacent.
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Current Pattern:OPP (Noise:5%)

True
—— — Estimation | |

Fig. 4.14. Comparison of the true bubble with estimated bubble for opposite.
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Fig. 4.15. The estimated parmeters for opposite.
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Current Pattern:OPP (Noise:5%)
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Fig. 4.16. The object function for opposite.

Table. 4.1. Parameter values from PGbest.

X y r ¥
True 0 0.15 3.6
Trigonometry -0.0012 0.1608 3.6058 0.1498
Adjacent 0.0051 0.1053 3.6437 0.1613
Opposite -0.0014 0.1464 3.6116 0.0822

9 4894 4168 747 AF fEl HE PSOE EdA] FA3 AAHT s
o w HAG] AN das adZR HoEth % 412 ARdES

opposite ©. = ¥ A thE AeEY o =55 & F UTh
4.1.6. AA} grouping
Newton AlE EIT g4 94 5 WHolAe 71 & wA8S Agld 249
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3t noise 2 1%°| T}

Table 4.2. Numerical Scenarios for grouping method.

AluhE e 1 Al e 2
target A HEA & 1A WA &
A (-1.5, -2.5) 0.8 (-1.5, -2.5) 0.5
B (25,1) 0.5 (15,2) 0.5
C (0, 0) 1 (0,0) 1

AluE e 18 1% 418004 B ZAE 7 otarget Akolo] b0l W2 A9t

-

S = olth A Eol A (¥ 4.19) 3709 targeto] FEEA A7 YA =
T8 vk @& T4 targete] A ReFE] gi=ro] les & 7 Utk True

u-Vv
T A= ERR:” ”E AR 33 18 4225 3 E 4 Utk Ay

M

22 29 A= 2709 targeto] M E QA A9 AlEHolAS 43 3 Aotk
(29 4.21). 19 4217 232 groupings E3t 94 Hd Al eAE e

o,
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Conductivity

Fig. 4.18. The location of true targets (scenario 1).

Conductivity

Fig. 4.19. The estimated targets using PSO and grouping method (scenario 2).
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Conductivity

Fig. 4.20. The location of true targets (scenario 2).

Conductivity

Fig. 4.21. The estimated targets using PSO and Grouping method (scenario 2).

62

Collection @ jeju



0.8

ERR

ok me@h””

O

Roooo

10

20

30

40 50 60
Iterations

70

80

90

100

Fig. 4.22. The RMSE value for the grouping method (scenario 1).
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Fig. 4.23. The RMSE value for the grouping method (scenario 2).
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o F4 EIT 945 Lugdass A8l LKF= 22k 3%

22
o2
i

(error covariance matrix) 2 Kalman ©]53 & (gain matrix)= 7| 2] off-lineS. = A4t

JE. _
2 % 9 3

rlr

Aol sloy, AAl AaelM dgststr] fd

_Ilm
[.

P
krt
o
=
tlo

7178 f4A FaL, Algbell mE
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Ao AEg P

ke

o Wast A A 4 A

o] Aatelt= o] glvk

e, AA AdRelM BEIT FdEd daglse vAdY 549 AFste wE B

of #H% % it o] F Hessian FH] HFALEAE A4

wk
t}okdlk regularization WS AAlE] gkow, olHE AL =49
o

ﬁg
B

. TR A 07 regularization MH-S Hessian B H Q] Ht 117X

P
=
Jo
N
1o
R
i
oX,
10

o)

+ condition number?] I7|E FoJF0 X HFEAQ <
ad Axe BHY AEsHA d=d, Murai S[Murai®t  Kagawa, 1985]

SVD(singular value decomposition) - AF-8-31 ©™ Akaike[Akaike, 1974]:= Hessian

rE
tlo
>

]_

oo

gHol mle 2 78HE5S AASHA condition numberE o= HF

4
o

gt} Levenberg[Ovacik®} Jones, 1998]= SVD W ET ¢ 1} A 5d&
3= 3 E AlS=(matrix coefficient) W& A703F3ith. & 2o, Cohen-Bacrie [Cohen-
Bacrie &, 1997] 5 variance uniformization constraints ©]%3% T &
regularization 515 A|<F3 3, Vauhkonen ‘5[Vauhkonen, 1997 ; Vauhkonen -5, 1998 ;
Vauhkonen ‘s, 1996]< Tikhonov regularization % ¥} subspace regularization 7]% =

ALgEle] REA o R 2L ARE A
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(element) =0t} olwl, F =1 o] random walk Z¢o] At} A, w, e RN &

g3 2o FEAS zb= @A 7k X QK (white Gaussian) ZEA A F-golet 7}

Ty =E[w -w] | (4.28)

ks Fd%E AFAE 1, eRE(L; 14 AAAY A= P)ell A8 {715+

= [e) L
=4 A%e U eR 2 54,

B\

A ogRAe et gol XA YR A

X WY dR Ve 3

o

U, =V, (o, )+Y (4.29)
1714, v, e RS b e FEARS ZHE WA Ak SAH5olE 7H
Fias

Ty =E[v, v | (4.30)

2l (431)2 WHE AT AA AAEHE AeE BX

T - D

&k
%7l (Taylor’s expansion)st™H th57 Fo] A& shst o+ it
U, =V, (O-k|k—1) +Jy (O-k|k—1)'(o-k - O-k|k—1) Vi (4.31)

o714, J, e RPN & T3 Zo] A2l i= Jacobian 3 Holtt.
[3],, == i=12,L, j=L12-N, (4.32)
2] (4.33)°1 4 pseudo-measurement y, & tha¥ o] A s,
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Yo =U, -V, (O-k|k—1) +J, (O-k|k—1) Ok (4.33)

Pseudo-measurement= th&3} 7t}

Y =J; (O'k|k-1)’o'k +Vk (4.34)

uebd, EKFE A8 S1%t s P2 A(4.27)9 dH 8%

O
oL

213} (4.33)9]

pseudo measurement= -4 ¥ t}.

e

78 GA

1
G, :Ck|k—l.HkT 'I:Hk'Ck|k—1'HlI +Fk:|

(4.35)
Cy =(1-G,-H,)-Cy, (4.36)
O = O + Gy (Vi —Hy -0y ) (4.37)
- AR B
Cyak = Fo-Cy R +T% (4.38)
Tk = i O (4.39)

21(4.35)2 Kalman ©]5 G, eRV(M & 3= iAo, 4

T o

e FEA FE C, eR™ & AH@INE FAAAY HAEE F4 @

7
AR @ A4 S48 A kS ol sl AxEth W, @38 A
AR AEE) F4 G o, cRVE Tahe Bgolth o F Ao AL Az
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Fellr At 4 57l 249 g vExE FAs] A% EKFE 78,
271234, oy W Cp ' At k=1%8 rK (K; Fd5= Afaade

r; e )74 Wk Fas

4.2.3. Spatial Regularization
21(4.27) E (43402 TAEHE 524 Edo U EKF= oy o] AAPE+«=
H -85 A3 (Minimization)st= o, & T8l 7te HA4AS 57 (weighted

least-square estimation) *H 0.2 Qok= 4 gt}

J (O'k) {Ho'k O'k|k 1 Hyk O'k|k 1)” } (4.40)

A71M, Cyy e RN & b3 Zo] AoEE 94 FEAk H(error covariance

matrix)©] t}.

Cus =E |:(O-k - O-k|k—l)(o-k ~ Ok )T } (4.41)

s, olw AAIE EKFE Kalman o] 534 AxkAel &d o] vl XA A7 2
Astez wgded gy 32 AeFEZ(constraint)s  F7F3E  spatial

regularization 7]3]-& AFg-3tu},

J, (o) = %{Hak — O H Y, — Jklk ) o H +a|Ro, ||} (4.42)

Ck|kl
o714, a & regularization T2l Eo]al Re RV = regularization Ho|r,
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AT A= LnkstE Tikhonov 7]% (generalized Tikhonov technique : GTT)S AF-&-3}
ATt GTTAlA = FEME 2143 2+ @ &5 Abo]ofl smoothness 7182 HA|= T}

23} 7+o] Regularization 34 -3hu}.

Fig. 4.24. Generalized Tikhonov-type regularization in the domain.

R =[0101"'101_15Ol"'J013501'"501_1!01'”!01_1101”"0] (443)

o714 RE 34 RO iHA rowel, 32 i ¥4 columnel] $143}H, -1 FEM
mesholl Al i WA 249t QIFS: Q4TS A A Frh(2¥ 3.24). 7Y
j oA 227 FEMO TRt el glxlehd QAlshe Qago] 27jeo|nR §]

o A& (3417 ol WAl B},
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R;=[0,0,--,0,-10,-,0,2,0,-+,0,-1,0,--,0] (4.44)

A7 % wxb7EA 2 25 jAA columnell $1X]5HH, -1 FEM meshol| Al j 1A

QA% AASE LAEY XA AA HAH(1H 4.25).

%% (augmented) pseudo measurement ¥, € R“™* = pseudo measurement

H, eRE-™N S thgst o] A ejsim,

V. = (Z; ) (4.45)

H = I 4.46
kK = \/ER ( )

U5 e g pseudo-measurement WA S A 5 9tk

Y =H 0, +Y, (4.47)
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oA71A, VA M kA o], BRA @Y, T, eREMVEY e gex

o) 7 of Sl

E [Vkak ] =T, (4.48)
o171 A,

I', = BlockDiag [FK, Iy ] (4.49)

webA, 21(4.50)9) B §3= thSat 2o madh

J, (O-k ) - %{Hak ~Okk1 : +H7k —H, (O'k|k-1)"7k Hrvl} (4.50)

Cuka

4.2.4. EKFE ©| &3t 7|x 9] $-Fo #st g4=d

2 5A AL NE FHoR 45T W, 5 949 wHel S
ANA ABE ol gM FPRAS HAvh 1Y 4262 T VLS ek
.

)

Fig 4.26. Spherical gas bubble.
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t}23 Zo}D. D. Joseph<} J. Wang, 2005].
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Table 4.3. Reconstructed images for rising bubble.
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Fig. 4.28. Comparison of RMSE values for different current patterns in case of increase in
bubble size
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Fig. 4.29. Comparison of RMSE values for different current patterns in case of decrease in
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And now these three remain: faith, hope and love. But the greatest of these is love.
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