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ABSTRACT: Electrical tomography is a non-invasive method that is used to visualize the internal
structure of an object by applying voltage or current and using an image reconstruction algorithm. One of
the main drawbacks of this method is the low-quality of produced images caused by the proposed image
reconstruction algorithms. In this research, the idea of image reconstruction by solving the heat conduction
equations instead of solving electrical equations is used and the thermal conductivity distribution is
calculated. For this purpose, the temperature of the active surface is changed and the generated heat flux
between the active and other surfaces is measured. The Levenberg-Marquardt algorithm is employed to
estimate the geometric parameters of the unknown objects. Three different test cases are selected and
showed that the proposed algorithm has the ability to estimate unknown shapes. The results of sensitivity
analysis show that with increasing the value of noise, the shape estimation error increases, but the shape
has a good agreement with the original geometry. Also, results of choosing different combinations of
active surfaces to create thermal flux show that in addition to the effectiveness of active surfaces in
increasing the accuracy of shape estimation, the unknown geometry can be estimated using two thermal
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1. INTRODUCTION

After the discovery of x-rays, physicians and treatment
centers turned to the use of this method for imaging from
inside the body and diagnosis of diseases. This method is called
tomography which is used to determine the internal structure
of objects. The electrical tomography method is popular due
to being non-invasive and contactless. Electrical tomography
is one of the methods used to identify the internal structure of
objects. Contrary to methods which employ the transmitting
signals or radiating rays for imaging, this technique examines
the internal tissue of the body by using the difference of
electrical properties in the material. Compared to the X-ray
method, the electrical technique has several advantages such
as low cost, eliminating harmful radiation, and etc. Besides
these advantages, the method also has some drawbacks such
as low quality and low resolution.

The main components of an electrical tomography system
include mounted sensors on the external surface of the
test object, a processor and a data acquisition system. The
schematic of an electrical tomography system is shown in Fig.
1.

In this system, by applying the electrical voltage or current
to the mounted electrodes on the external wall of the object,
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the distribution of permittivity inside the object is calculated
to determine its structure.

One of the factors that affect the quality of produced
images in the tomography method is the reconstruction
algorithms. Previous investigations introduced and
categorized the image reconstruction algorithms into two
groups of iterative methods (Landweber method, Newton-
Raphson method) and non-iterative methods (linear back
projection, singular value decomposition, Tikhonov method
[1-3]. The reconstructed images by previous algorithms have
low quality and accuracy.

The inverse heat transfer problems belong to the category
of inverse problems. The inverse heat transfer algorithms not
only determine the unknown boundary conditions but also
estimate the physical properties [4, 5] and the geometrical
shape of objects [6, 7]. Therefore, the inverse heat transfer
problem is applicable to the electrical tomography system in
order to estimate the distribution of thermal conductivity and
to identify the internal structure of the body. The governing
equations of electrical capacitance tomography are similar to
heat conduction. Therefore, instead of solving the electrical
equations, the governing equations of heat conduction are
used.

In this paper, an image reconstruction algorithm based
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Fig. 1. Electrical tomography system

on inverse heat transfer problems is presented to identify the
internal structure of the objects. For this purpose, the image
reconstruction process using the Levenberg-Marquardt
algorithm and the method of changing the physical properties
are implemented in the unstructured mesh.

2. METHODOLOGY

The Levenberg-Marquardt algorithm is a parameter
estimation method and based on the reduction of the
difference between the measured and estimated thermal heat
flux according to Eq. (1).

s=3[r-0(n)] 0
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where Y and Q are the exact and estimated heat flux
vectors. The Levenberg-Marquardt equation for estimating
unknown parameters vector (P) is presented in Eq. (2).

Ph+1:Ph+(XTX +,uU)71XT(Y —Q(Ph)) (2)

where X is the sensitivity matrix. In the iterative algorithm,
the unknown parameters which include the coordinates of the
area center (x, y ) and the distance of the control points from
the center of the object (R)) are estimated in each iteration in
order to determine the shape.

3. IMAGE RECONSTRUCTION ALGORITHM

Steps for reconstructing the images are as follows:

1. Choosing a circle in the center of the domain as an
initial guess.

2. Estimation of new parameters P"" using Eq. (2).

3. Drawing the initial shape using a spline passing through
the new control points [8].

4. Smooth the initial geometry in step 3 using a smoothing
algorithm to prevent the formation of a curve with sharp
edges [9].

5. Changing the physical properties of computational cells
inside the curve

6. Changing the temperature of the active surfaces and
calculating the thermal heat flux passing through the surfaces
and the determine S(P"*!).

The steps of the introduced algorithm continue until the
convergence is achieved.

The winding number w is used to determine the points
inside the curve and change the thermal conductivity
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Fig. 2. Changing thermal conductivity of computational
cells inside the curve
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Fig. 3. Results of the presented image reconstruction
algorithm for considered geometry

according to Eq. (3).

1
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Fig. 2 shows the schematic of changing the thermal
conductivity and estimating the unknown geometry.

4. RESULTS AND DISCUSSION

In order to evaluate the accuracy of the algorithm, several
test cases are considered. One of the test cases is shown in
Fig. 3. To create thermal heat flux inside the object, first the
temperature of the surfaces 4 and 5 and then the surfaces 6
and 7 is changed. The image reconstruction results show that
the geometrical shape is estimated after 10 iterations and with
the maximum error of 4%.

Due to the sensitivity of inverse problems to input
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Fig. 4. Results of sensitivity analysis

parameters, the second geometry is considered to examine
the effect of the input errors in the shape estimation. The
geometry shown in Fig. 4 is considered. Two surfaces 5 and
7 are activated sequentially with different temperatures. The
measurements are changed by adding random errors with an
amplitude of 10 % and 30 %. The results of the geometric shape
estimation show that increasing the measurement error, in
addition to increments the image reconstruction error, leads
to an increase in the number of iterations.

5. CONCLUSIONS

In this paper, an image reconstruction algorithm for
the electrical tomography system based on the Levenberg-
Marquardt algorithm is presented. For this purpose, the
method of changing physical properties is used to identify
the geometric shape of the unknown object. Therefore, after
estimating the geometric shape in each iteration, the winding
number is used to change the thermal conductivity of the
computational cells inside the closed curve. The results show
that the proposed algorithm is applicable in the tomography

system in order to identify the internal structure of the object.
Furthermore, the results of the sensitivity analysis show that
despite increasing the image reconstruction error due to
increasing the noise in the measurements; the unknown shape
can be estimated with little deviation from the exact one.
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Fig. 1. Schematic of an electrical tomography system
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Fig. 2. The unacceptable curves during the process of
geometry estimation

OU 00 ) (yhol (Ao
Silw,lged Jol al> o
SR (e

3l aiaT 3 (b 50 0l 00 (st dwssid (g3l lgen ig, . ¥ S
Ry
Fig. 3. The smoothing process of estimated geometry
during image reconstruction

s S5 SBaSd )l by iy e 09 - F S
S Bl 3l 5590
Fig. 4. The schematic of changing thermal conductivity of
computational cells inside the curve passing through the
control points

algiul ghaite 3550 5l b j5ee b wgilo)lsen Jsl al> e sl ¥
D go 3wl Wy alads gl cadgl s
adgl adadi a4y Cnd LSS g adtiie 45l SO o3l 4y blas sl Y
J.ug...usa L %) \ dl:-).n).b 03l 03] (eSS UL (69,
3 0 ettt bl sl oolanl b pgo als o 0uls jlgen govie ¥
‘)9’“(560""‘")? bﬁ)oowobul)\wsow@a»;fa
b agl e w50 5l ksl lsen pgs al> e ol P
dolol alads ol LS g Jovie 50 L oyem p B yao agly b
IRV Epgs
adgl alads & Cos LSS g asiie asgly S ojladl 4y blds L Y
..\45...4(59 Ao A 4.1:>).o)o oAl 08 (ymeST S0 (69
Al 1o ;0 0dd s LS Sl oolaiul b oled 00l Jlgen Jovie A
.(\‘J.i.i;)eg_i;)sfl Sor) Sgu g0 (yastive Y
O3S (S blas Sl (gy5ee adgl s (gilelsen S
el 00l ¥ J.iw O 0dd 03]
S 4 ool oS5 awain Sl (bl s polate 4
abaly Bllae ' Snaly sas 5l IS bls 5l 690 jlgen S
sslial dYO] cul e J5Is Llis (40,5 aseine slp a5 (VF)
S b g 00l attioe Jlgen Sowie JS Ll (V) alal) 0000 0
blis &)l bl oo bogliie oo poar J)l > oble, oo
070 T Sl 098 oo ool Oiglaie sloole b awais « govie (95w

a3 oo lid |y eole sl (sl (> (oble ) o o oS

(v (1)=x, )y, (1)~
.b (l//y(t)_yo )l//;z(t) dt d)
1% (Wx(t)_xo) +
(v, (t)-y,)

1
w(xo,yo)zz'bdéz
17

V9 X cu plsen Somie Bire cudp 4y g 1Py S

> o 38y lxil jo a8 L 050 abaki Slatses (X, 1) el
el Sl J S

o sloml dsdid Cenl 0 ol Lis T USS o 45 jslailen

Slr o G lgen o » (Sl @bl jei5 ) b
1 Winding Number

£AA



FAA LAY doiuo AFe v Jlo o oylad AT 093 pusS pual CSlSlo (nties & it

2905 §Hw3l 1 ool a3 ) S5 50 GUiuaSeul g dwaie L B B
Fig. 5. The geometry and considered mesh for image reconstruction

c

bis jslaie 4 5 alides wiin JBA eSS @ 4z b
s Al goue Jo glp Toloslu o (g0l 5l ki oS
Jb3 50,1535 (55, (65 p0 b i byl o0 osliil ol allics
Lol &) o, B s o (KT (gloo b 5L 090 llad 0,5
Jbd s ool dloul (gles ST o 4y 9 by oo dnlol @3lo
Slp ghion slml dwain las e g9, (Sl LS s nlas
ol iz o 7SSy 0ad oalo Lid Jagzme sladwais JSis
Jlyes (ot my by 3l Allie nl j3 ou i85Sl ) glaanas
AKM/W 5o ol 6l Jsgzee mm «ansl 00 solicial
aid )3 L5 o gla el ) sl 5 diges Plue cwdins Slascive .ol

R PR W 00)5]\ de& )dé\k.w.o).‘bks‘ﬁ IR

(=)

i <l
Y awaid (Z ¥ awaid (0 awaid (Al paai 5ilwil gl onds 8,5 (a5 jo il digod . F S0
Fig. 6. Considered test cases for image reconstruction a) geometry No. 1 b) geometry No. 2 ¢) geometry No. 3

gy 9 Jo Vb & slass 53 allie el JSie o0l &,
ool b g 5 oo aSeds 3l oolianl (g allie ol 48 o0 B yme
dwdid 0l JSad S5 b gillhe Sl oble; oo i )

WS e ol Iy Jotzeo

aWlio 320 -F
b Wil ) ek s Tsey Al lat jshiie o
Al as e il Yoo ks 4 \Km/W & )l > UL,
a0 S il sl K+ o ol sloo b )Ly Jgbo a4 b
S Sl L @8 Al jslaie 4 el ol s S
el o oolitl by dgae ool 45 I Wil obas

2 Unstructured Grid

A4

1 Structured Grid



YA B FAY dscis OF e Jlo o 0)lad OF 093 yueS ool SilSlo i 4y 3

Wgod Jiluwe (gl oo 4id 5 55 50 i gl yialyy. ) Joun
Table .1 The geometrical parameters of considered test cases

bl sl | m") cols
Y “feeN\YE
2 ofe XY
\e. ol e dd

(x,y)@aw;;n 449.@44.!1..@
G1Y,+ 1+ %) ) dwdi
(=+1+Y0,+/-Y) AR ST
(+/+YV,*) Y awse

Initial guess

" Tteration 1

Initial guess

al

Y awaia(z ¥V awad () awssd (A s’ gl g el (55wl oo oSl gl . Y JSCs
Fig. 7. The results of image reconstruction algorithms for estimating a) geometry No. 1 b) geometry No. 2 ¢) geometry No. 3

YNV PR RIPVRRVE-YE VI LI P URRCE LA IS WA VEJC S E SRR
Aie e JS Sl (58 L e Cuxdse (eed jslate
owu;)b)bw‘J%pmdrf)‘)ﬁu&njaﬁjw‘
RGPS N JE I YRR A0 § JRGIVEL PO PN SN S DN NI CRG
o dbe sl o Alacs ¥ 5 0 mhaw g0 slod i b
Wl ) dusin Caxdge meds Glp s o @b Syl L
b o alginl alaiie 5550 50 adsl uas Sy QLRI L ugSian
jl)ﬁf)oJﬁwwwydfmo@um o..\.n]w..b@l.u
ouuls ool QLW.: -y JS.‘Z)..) U‘M &g, Ll 00l 03] (ywot
sobie 4 Cowl ol a3 )3 Jlai o san Djgod a5 Y dwaie

03l 13 (mo ey YOI Y) ConByn [0 e (owdid S0 padd
ouds oolawl Jopzmo dwdid yuesd (gl p )M‘)Lﬁ A IR PR
ahss L alols 5 awsie mhw 35 e Slaixe Jold a5 col
Jds as 58s Sl L oyl awais maw 35 0 5 S8
5o wdloads Jd Jlgie Ojgods a5 F 5V mhaw g0 glos s

e Coadge eSS 40 (hoy S8 (liee (owyp ekie 4

Ol sy Sl i a5 (VF) 5 (V0) alal) g0 51 Joeme

alginl ghaie 13 e gl 550 g Colue (edS )0 by, 80
Ll 00l oolaiw! el

/ coles Lgua:> _ Areaexact _ Areaextimated X 100 (\ a)

Area

exact

2 2
\/(xexact B xest) + (yexact - yest)

circle

x100 (\#)

I s 38 0 sl =

alginl adaie 21 Joaome gz mlaw 35 0 Slaize Y g X a5
ol gl s d

b
Ao did peesS E8S —0-)

Aigal Al ¥ avain Cyed 0 p-’l-g)sﬂ CBS gy skaie 4

£4.



FaA U FAY axawo NF- - JL» &y D)lA») HY 0,93 ‘)Ms)ml L_i.AJKA L;“’J‘-e(" du).a.m

Wigod Jiluno (cuodid S (ot 53 pguad (553l iz 95 B0 Y Jgur
Table 2. The accuracy of the presented image reconstruction algorithm for estimating the geometric shape of test cases
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Fig. 11. The considered test case for investigating the effect of active surfaces

Table 4. The results of the estimated geometry for different active sensors
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Fig. 12. The results of the image reconstruction algorithm for the estimation of unknown geometry for a) activated sensors
3 and 6 b) activated sensors 4, 5, 6 and 7 C) activated sensors 3,4, 6 and 7.
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