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Fig. 1-1: The concept of Inverse problem
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| Measured electric potentials and the physics model |

< Tikhonov regularization
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< Regression analysis

A

| Estimated polarization curves |

“ Recalculation by boundary element method (BEM)
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Fig. 2-4: The procedure of the inverse analysis in the proposed method
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Table. 2-1: The combination of the boundary conditions to calculate the averages of

the electric potentials on the boundaries

Case The anode boundary I, The cathode boundary I,
1 Uniform electric potential Uniform electric potential
2 Uniform electric potential Uniform current density
3 Uniform current density Uniform electric potential
4 Uniform current density Uniform current density
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Fig. 2-5: The boundary elements of the electroplating cell for the numerical simulation
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Fig. 2-6: The polarization curve of Cu in CuSOy4
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Fig. 2-8: The current density on the cathode estimated by the proposed method

(0 second after the electroplating operation started)
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Fig. 2-10: L-curve (0 second after the electroplating operation started)
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Fig. 2-16: L-curve (40 second after the electroplating operation started)

900 . !
800 - .
>
£ 700
S
600
500 ' i
-800 -400 0 400
7 [A/m?]
u] Anode: 1st estimated
------ Anode: £, (j)
o) Cathode: 1st estimated
———  Cathode: £..(j)

Fig. 2-17: The polarization curves estimated by the regression analysis
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Fig. 2-21: The boundary element discretizations for the experimental setup
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Fig. 2-22: The measured data of the electric potentials in the cell of the masking pattern A
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Fig. 2-23: The inverse analysis solutions for 1.0 Hz of the masking pattern A
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Fig. 2-24: The estimated current densities on 2nd phase of the masking pattern A
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Fig. 2-25: Kullback-Leibler divergence for 1.0 Hz of the masking pattern A
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Fig. 2-26: L-curve for 1.0 Hz of the masking pattern A
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Fig. 2-27: The estimated polarization curves for 1.0 Hz of the masking pattern A
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Fig. 2-28: The measured data of the electric potentials in the cell of the masking pattern B
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Fig. 2-29: The inverse analysis solutions for 1.0 Hz of the masking pattern B
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Fig. 2-30: The estimated current densities on 2nd phase of the masking pattern B
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Fig. 2-31: Kullback-Leibler divergence for 1.0 Hz of the masking pattern B
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Fig. 2-32: L-curve for 1.0 Hz of the masking pattern B
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Fig. 2-33: The estimated polarization curves for 1.0 Hz of the masking pattern B
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Fig. 3-1: The analytic area of the magnetostatic field induced by Laplace’s electric field
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Fig. 3-2: The cubic model for comparison between the conventional method and the proposed method
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Fig. 3-3: The cubic model discretized as elements
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Table. 3-1: The calculated results at N = 6
0 0O O O O Number of elements = 2160

Vector potential Ay [uTm] A, [4Tm] A, [uTm]
Exact 0 —11.530430036 0
. 7.23 x 10714 —11.715146105 0
Conventional method
(+7.23 x 10714 (=0.185) (£0)
—6.43 x 1074 37.450299140 191 x 107
Present method
(—-6.43 x 10714 (+49.0) (+1.91 x 107
Magnetic flux density B, [uT] By [uT] B, [uT]
Exact 0 0 75.005399221
. 3.62 x 10716 —1.66x 10715 74.685693632
Conventional method
(+3.62 x 10719) (—1.66 x 1071) (—0.320)
-3.38x 10715 4.87 x 10710 74.855297648
Present method
(-3.38 x 1071) (+4.87 x 10716) (—0.150)
Present method 3.16 x 107 1.17x107° 74.855297642
(Difference of A) (+3.16 x 107%) (+1.17 x 107%) (—0.150)
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Fig. 3-5: The coordinate transformation for the calculations of the integral kernels
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Fig. 4-1: The measurement ranges of magnetic sensors [25], [40]

Table. 4-1: The electric potential measurement vs. the magnetic field measurement
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Fig. 4-3: The ordinary electroplating device for LSI fabrication
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Fig. 4-4: The ordinary electroplating device for LSI fabrication (cross-section view)
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Fig. 4-5: The electroplating device for the verification of the proposed method
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Fig. 4-8: The polarization curve of Cu in CuSOq4
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Fig. 4-10: The current density on the cathode estimated by the proposed method
—The standard deviation of the artificial noise is 1 nT and the regularization

parameter is determined by Kullback-Leibler divergence.
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Fig. 4-11: Tikhonov regularization parameter vs. Kullback-Leibler divergence
—The standard deviation of the artificial noise is 1 nT and the regularization

parameter is determined by Kullback-Leibler divergence.
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Fig. 4-12: L-curve—The standard deviation of the artificial noise is 1 nT and the regularization
parameter is determined by Kullback-Leibler divergence.
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Fig. 4-13: The polarization curves estimated by the regression analysis

—The standard deviation of the artificial noise is 1 nT and the regularization
parameter is determined by Kullback-Leibler divergence.
() =9.05x 10° — 28.2j +2.24 x 10722
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Fig. 4-14: The current density on the cathode estimated by the proposed method
—The standard deviation of the artificial noise is 1 nT and the regularization

parameter is determined by the reference variance.
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Fig. 4-15: The polarization curves estimated by the regression analysis
—The standard deviation of the artificial noise is 1 nT and the regularization
parameter is determined by the reference variance.

ga() = £, (u) = 5.94 x 10>
fu(j) = =3.71 - 0.135j
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Fig. 4-16: The current density on the cathode estimated by the proposed method
—The standard deviation of the artificial noise is 0.1 T and the regularization

parameter is determined by Kullback-Leibler divergence.
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Fig. 4-17: Tikhonov regularization parameter vs. Kullback-Leibler divergence
—The standard deviation of the artificial noise is 0.1 yT and the regularization

parameter is determined by Kullback-Leibler divergence.
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Fig. 4-18: L-curve—The standard deviation of the artificial noise is 0.1 uT and the regularization

parameter is determined by Kullback-Leibler divergence.
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Fig. 4-19: The polarization curves estimated by the regression analysis
—The standard deviation of the artificial noise is 0.1 4T and the regularization

parameter is determined by Kullback-Leibler divergence.

ga() = £, 1 (u) = 5.94 x 10?
ge(w) = £.7Mu) = =1.23 x 102
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Fig. 4-20: The current density on the cathode estimated by the proposed method
—The standard deviation of the artificial noise is 0.1 T and the regularization

parameter is determined by the reference variance.
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Fig. 4-21: The polarization curves estimated by the regression analysis
—The standard deviation of the artificial noise is 0.1 yT and the regularization

parameter is determined by the reference variance.

ga() = f, 7' (u) = 5.94 x 10>
fu(j) = 249 -8.57x 1072
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Fig. 4-22: The experimental setup
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Fig. 4-23: The measured data of the magnetic flux densities when the center of

the anode rod is located at the several positions
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Fig. 4-24: The current density on the cathode estimated by the proposed method
—The center of the anode rod is located at (x,y) = (10, 10) mm and the
regularization parameter is determined by Kullback-Leibler divergence.
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Fig. 4-25: Tikhonov regularization parameter vs. Kullback-Leibler divergence
—The center of the anode rod is located at (x,y) = (10, 10) mm and the

regularization parameter is determined by Kullback-Leibler divergence.
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Fig. 4-26: L-curve—The center of the anode rod is located at (x,y) = (10, 10) mm and the

regularization parameter is determined by Kullback-Leibler divergence.
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Fig. 4-27: The polarization curves estimated by the regression analysis
—The center of the anode rod is located at (x,y) = (10, 10) mm and the

regularization parameter is determined by Kullback-Leibler divergence.
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Fig. 4-28: The current density on the cathode estimated by the proposed method
—The center of the anode rod is located at (x,y) = (10, 10) mm and the
regularization parameter is determined by the reference variance.
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Fig. 4-29: The polarization curves estimated by the regression analysis
—The center of the anode rod is located at (x,y) = (10, 10) mm and the
regularization parameter is determined by the reference variance.

ga(w) = f, N (u) = 5.94 x 10?
fe(j) =527
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Fig. 4-30: The current density on the cathode estimated by the proposed method
—The center of the anode rod is located at (x,y) = (30, 10) mm and the
regularization parameter is determined by Kullback-Leibler divergence.
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Fig. 4-31: Tikhonov regularization parameter vs. Kullback-Leibler divergence
—The center of the anode rod is located at (x,y) = (30, 10) mm and the

regularization parameter is determined by Kullback-Leibler divergence.
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Fig. 4-32: L-curve—The center of the anode rod is located at (x,y) = (30, 10) mm and the

regularization parameter is determined by Kullback-Leibler divergence.
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Fig. 4-33: The polarization curves estimated by the regression analysis
—The center of the anode rod is located at (x,y) = (30, 10) mm and the

regularization parameter is determined by Kullback-Leibler divergence.

fa(j) =5.53 X 10° = 9.04;
f(j)=-2.98-0.177j - 2.71 x 1074 2
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Fig. 4-34: The current density on the cathode estimated by the proposed method
—The center of the anode rod is located at (x,y) = (30, 10) mm and the
regularization parameter is determined by the reference variance.
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Fig. 4-35: The polarization curves estimated by the regression analysis
—The center of the anode rod is located at (x,y) = (30, 10) mm and the

regularization parameter is determined by the reference variance.

fu(j) =2.02x 107 —3.41 x 10%)
fe(j) =5.20
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Fig. 4-36: The current density on the cathode estimated by the proposed method
—The center of the anode rod is located at (x,y) = (50, 10) mm and the
regularization parameter is determined by Kullback-Leibler divergence.
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Fig. 4-37: Tikhonov regularization parameter vs. Kullback-Leibler divergence
—The center of the anode rod is located at (x,y) = (50, 10) mm and the

regularization parameter is determined by Kullback-Leibler divergence.

103



—_ —

(e} )
[} 98]
=} <3
T

1

._‘
(e
S
T
1

[x=xo 1>/

10° 1

N el N L0l N L0
107 107 1073 107
|Ax—=b|?/m

Fig. 4-38: L-curve—The center of the anode rod is located at (x,y) = (50, 10) mm and the

regularization parameter is determined by Kullback-Leibler divergence.
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Fig. 4-39: The polarization curves estimated by the regression analysis

—The center of the anode rod is located at (x,y) = (50, 10) mm and the

regularization parameter is determined by Kullback-Leibler divergence.
fu(j) = 1.48 x 107 = 7.41 x 10*j + 1.24 x 10%j%> - 6.88 x 1072°
fo(j) = —3.84 x 10?
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Fig. 4-40: The current density on the cathode estimated by the proposed method
—The center of the anode rod is located at (x,y) = (50, 10) mm and the
regularization parameter is determined by the reference variance.
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Fig. 4-41: The polarization curves estimated by the regression analysis
—The center of the anode rod is located at (x,y) = (50, 10) mm and the
regularization parameter is determined by the reference variance.

fu(j) = 1.88 X 107 =3.17 x 10%)
fo(j) = 125
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Fig. 4-42: The current density on the cathode estimated by the proposed method
—The center of the anode rod is located at (x,y) = (50, 30) mm and the
regularization parameter is determined by Kullback-Leibler divergence.
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Fig. 4-43: Tikhonov regularization parameter vs. Kullback-Leibler divergence
—The center of the anode rod is located at (x,y) = (50, 30) mm and the

regularization parameter is determined by Kullback-Leibler divergence.
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Fig. 4-44: L-curve—The center of the anode rod is located at (x,y) = (50, 30) mm and the
regularization parameter is determined by Kullback-Leibler divergence.
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Fig. 4-45: The polarization curves estimated by the regression analysis
—The center of the anode rod is located at (x,y) = (50, 30) mm and the

regularization parameter is determined by Kullback-Leibler divergence.

ga() = £, (u) = 5.94 x 10>
ge(w) = £ u) = =1.23 x 107
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Fig. 4-46: The current density on the cathode estimated by the proposed method
—The center of the anode rod is located at (x,y) = (50, 30) mm and the
regularization parameter is determined by the reference variance.
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Fig. 4-47: The polarization curves estimated by the regression analysis
—The center of the anode rod is located at (x,y) = (50, 30) mm and the

regularization parameter is determined by the reference variance.

gaw) = f, N u) = 5.94 x 10?
fe(j) = =245
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Fig. 5-1: Magnetoencephalography brain imaging system (CTF Systems, Inc.)
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Fig. 5-2: The configuration of MEG sensors and the inverse problem in MEG
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Fig. 5-3: The flowchart of the estimation procedure
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Fig. 5-4: The candidate points and the way of obtaining the matrix A

a. DO0O0OO0OO0OODOOOOO0O

0G.12)0000AQ00 (5.13)000000000000000000
A=US VT

gbooooboorooooboooon

| A Owgum | (m < 3n)
S = | A ] (m = 3n)
[ A Oweonsn | (m>30)

A 0

[ = min(m, 3n)

0 A 2222420

vll=u", vit=v"

00000y 0i0j000000000
000000 6.12)0

b=US Vlx
U'b=5V'x
c=Sy
00000D000de=U"p, y=V'x0O0ODOOOOOODOO 5.17 0000000000
=4y, @=12,...0

gooooooood
yi=ci/d (A=1,2,...0)

(5.13)

(5.14)

(5.15)

(5.16)

(5.17)

(5.18)

(5.19)

122



oso0o0ooooooooogooooooooooogoooog

0000000 x=VyO0OOOOx0O0OODOOOOOOO
Om<3n0000yG=I[+1,..30000000000000y;,=0G=I[+1,...3n 00000
000000 (G.12)000000000000000000000Xx0000#00 (512000
000000000000m>3r0000¢G=I+1,..m)0x000000000000000
0£00 120000000000 [65], [66]0

b. c-cAICODOOO00ODOOOO

o¢yyooopooooo 4,000000D000D qOOO0O00O0ODOOOO0O0OOO00OO
gbbooboooobooboooboobooobOoobooooobooobooooboooon 0d
gooooooOooooobooooooobooo ¢G.yoooooooboooooooboo 4000
Oy 00O0000oooboooooooody000oooOo00ooooboo0oboDoboO0 kOOoOoo
oo0oooooody(G=k+1,...,000000000000000000O [65]-[68]0
gooooskOO0O0O00O0DOOO0ODOOOOO0O0ODDOOODOOOO0ODODOOODOOOO00O0 mO
00000000 x00000D000000000D m/k<4000000000 ccAICOOODODO
[69]-[71]D0000c-AICOO00DODOO

2km

c-AlIC(k) = mlog Z o+ pra—
m—k—

i=k+1

(5.20)

Oo@¢G2000 100000000 000DOO0O0OO 200000000000 00DODO0OOO
goooooOoooooOooooOooooO ¢s2po0o000bboo0g0skbOOoDoO0ooboboOobOoon
yii=k+1,...,) 0000000 x000000000000000000O Kullback-Leibler O O
gboooooboooboooooboboo

534 J0OO0O0OOOOOOOOOO

ooos3s 0200000000000 000DODO000DOOO0OODOO0OODODODROOO
gboooobooooooboboooobooooooobOobooooooboOobooobooono
gbbooooboooobobooooboooooboobooooboboooobooobooono
obooooboooboobooon
gbbooooobooooobooboboooobooobobooboobobooobobooooboboboonoo
gbbooooboooobobooooboooooboobobooobobooooboooboonbo
gbbooooboooobobooooboooooboobobooobobooooboooboonbo
gbbooooobooooobooboboooobooobobooboobobooobobooooboboboonoo
gbboooobooboooboboooobooooboOobooboboobobooo

535 0200000000000 00000O0O00O0O
a. Ward O

gbboobooobooboobooboboobboobooboobooboooaobooaoboo
200000000 [(721-[75]0000Oo0O00DOOo0O0OoOo0o0ooooooDoOooooOoooDo
gbboooboboobobooboobooooboobobooooobobooooooboOoboooboonog

123



000000000000000000000000
00000000000000000000 200000000000000000000000
0000000000000 0000000000000000000000000000 100
00000000000000000 100000000000000 1000000000
0000000000000 0000000000000000000000000000000
0000 (G2)000000 WardOODOODO [72]00000 C,00000 ¢z00000000
Ward(Cy, C) O

Ward(Cy, C) = E(Ca U Cy) — E(Ca) — E(Cp) (5.21)

Ubob0eom0bO0obo0o pOObOO0OO0OO0O0OOODObOOOOODODOObOOOODOODOODOO
000 4;00000000000000

2
E(D) = Z di - [Z d,-] (5.22)

jeD jeD
0 G2)00000000000000000000000O0ONONONONONONDNNONONONONOnonOnO
000000000000000 WardDOOOOOO
0000000000000000000000000O0D 10000000000000000
0000000000000000000000NDOOOOOD0000000000000000
0000 (@000 -M)O0O00o0o0o

b. 00O00D0DO0DOO0 WardODOODOODOOOOODOO

000000000000000 & ={&j & &) (j=1,2,...,»000000000000
000 §; =4y &j» 3" (G=1,2,....,)00000000A0000000000000000
000D0010000000000000d,0

T
& T ~ T
X 4
di=1 —,
Xave que

N - N N N N NT
:{ Moo MoK A D qu} (5.23)

A b A b ~ b ~ b ~
Xave Xave Yave Yave Yave

gbobooood

1
Rwe=— ) X'%; (5.24)

>

R IO, ra
Gave = — qjlqj (525)
n =

0000d;00000000000000000000000000000000
0000000000000 CC, 00000 C;00000000 Ward(Cy,Cp) 00 (5.20)000
000000000 52000 E@O0 (5260000000000

ED)= ) d"d;- [Z d ,»]T {Z d ,] (5.26)

JjeD JjeD JjeD

124



oso0o0ooooooooogooooooooooogoooog

0(5260000000000000000¢ 00000 ¢O00000000 1000000
000000000000000 AOO0OD0D0O000000000 200000 00000
ooo

2= Zx,- (5.27)
jeb

ooooo0ooooo g, 00000 DOO0OD0ODODO0DODOOOOOO
p="—— (5.28)

good
ggbobooabooaoboobooboooaoboobooboobuoobooboboabooa
Unen-NOOOOOOOOOOOOOOOOOODOODOOOO nOo0bObOOoO0bOOobO NOOd
goooooooooooooooooooobobooo 100000 obObO00OekOoO0ODODOONDODO
ggoaooaoo

536 U300000000O0OObOOOOOOOOOODOobObOOobOOobOOOnDO

0535 00000D000000000000000000000NDOOOOOOD00§*(=
1,2,..,N) 000000 & (j=1,2.,M)000000000 (5.1H000000

r=|lAx—=b|? (5.29)

0000000000004 00000000#” 00000000000 (62100000000
000000004 000&”00000000000000000

54 UJ00O0Ooooooboboboooboo

gboboooobdbooobobooooboboooooboooooobooboooobOoboooon
oo0oooogoooooossooo0gooooo MEGOOOOOOOoOoOoooooooooo
gboooOooobooobOoobooob0ooboooMEGUOOOO 200000000000000
goooooooooooooooooooboo 1oooo 20b000o0ooO0O0O0ODbObOO0n
goooooooooooobooooobODbOo0oooOoboO0oo20000000000

(h) 0ODOOO 20

g, = (0.0, 50.0, 50.0) mm, 0, = (0.0, =30.0, 30.0) nAm S
(5.30)
g, = (0.0, =50.0, 50.0) mm, 0, = (0.0, 30.0, 30.0) nAm

@ (Ho20000000000000000000O0O000O0OOOOOODOOOOODOO
o000 r=5mmO0000000 125000000000

0(x,y,2) = a{(x—x)" + (= yo) + (2~ 2,)" — 3 (5.31)

125



0000 Mm,.yezo) 00000000 0ODOOOOODOODOOODOODO eOOOOODOOOO
obooo@mooooooboooooooo

0000000000 00000000000000 129mmO000000 160mmO0000
000000000000000 1020000000000000000000000000000
0000000000000 0000000000000000000000000000000
0000000000000 0000000000000000000000000000000
00000000000 10%0000000000000000000000000000000
()0 000000000000 200000
00000000000000000000000000 (5600000 MEGOOOOOOOO
000000000000000 0ffT000 5fT0 Gause 0000000000000 O0OOODO
0000000000000 0000000000000000000000

150
@
100 @o
°8
50 | \ o3
g 0| L?§§®%
[N} 1
=50 | @ Coill
100 | o  Coil 2 .
+  Candidate point
150 , . <§1
Line of sight
-100
150
50 : 50 100
X [mm)] 100 100 =50
150 —150 y [mm]

Fig. 5-5: The configuration of the sensor coils and the candidate points of the current dipoles
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Fig. 5-6: The phantom data of the magnetic flux density by 2 current dipoles
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Fig. 5-7: The estimated dipoles from Figure 5-6 by one-time TSVD
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Fig. 5-8: The estimated dipoles from Figure 5-7 by the iterative TSVD
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Fig. 5-9: The estimated dipoles from Figure 5-8 by the cluster analysis

and the downhill simplex method
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Fig. 5-10: The phantom data of the magnetic flux density by distributed current dipole
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Fig. 5-11: The estimated dipoles from Figure 5-10 by one-time TSVD
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Fig. 5-12: The estimated dipoles from Figure 5-11 by the iterative TSVD
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Fig. 5-13: The estimated dipoles from Figure 5-12 by the cluster analysis

and the downhill simplex method
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Fig. 5-16: The time-line data of MEG when the coils 1 and 2 are activated
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Fig. 5-17: The spatial distribution map of MEG at 1.1 s in Figure 5-16
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Fig. 5-18: The estimated dipoles from Figure 5-17 by one-time TSVD
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Fig. 5-19: The estimated dipoles from Figure 5-18 by the iterative TSVD
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Fig. 5-20: The estimated dipoles from Figure 5-19 by the cluster analysis

and the downhill simplex method
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Fig. 5-21: The estimated dipoles from Figure 5-17 by the conventional
downbhill simplex method

g, = (0,0, —50.0, 50.0) mm, M, = (33.9, 0.0, 0.0) nAm?
4" = (0,0, —50.0, 50.0) mm, M = (1.0, 0.0, 0.0) nAm?
9" = (=3.8, —49.0, 41.7) mm, M = (293, 144, 17.9) nAm?
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Fig. 5-22: The time-line data of MEG when the coils 1-4 are activated
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Fig. 5-23: The spatial distribution map of MEG at 1.1 s in Figure 5-22
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Fig. 5-24: The estimated dipoles from Figure 5-23 by one-time TSVD
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Fig. 5-25: The estimated dipoles from Figure 5-24 by the iterative TSVD
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Fig. 5-26: The estimated dipoles from Figure 5-25 by the cluster analysis

and the downhill simplex method
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Fig. 5-27: The estimated dipoles from Figure 5-23 by the conventional

downhill simplex method
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