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IMAGE RECONSTRUCTION WITH ITERATIVE CALBRATION ALGORITHM
FOR ELECTRICAL CAPACITANCE TOMOGRAPHY

Stefan Gebhardt *, Gernot Scheinert !

IImenau University of Technology (1)

ABSTRACT

The article shows an application of the OIOR algorithm
for electrical capacitance tomography (ECT) with itera-
tive calibration sequence before reconstruction [1]. The
challenge is the reconstruction of several objects with
unknown permittivity in a square sensing area by using
always the same simulation data for calibration.

Index Terms— Capacitance measurement, Elec-
tromagnetic tomography, Image processing

1. INTRODUCTION

An Electrical Capacitance Tomography (ECT) sensor
is used to calculate and image a dielectric material dis-
tribution in an observed volume with measured capaci-
tances between sets of electrodes placed around its mea-
suring zone. For image reconstruction, several algo-
rithms are used [2] to image the dielectric material dis-
tribution in a definite volume being circular [3] or square
[4]. They differ in speed and quality of the recon-
structed image. While iterative algorithms may pro-
duce high-quality images, they are regarded as being
time-consuming. We use the OIOR algorithm consist-

ing of an iterative calibration sequence similar to Landwe-

ber algorithm [5] without concerning time consump-
tion to the subsequent reconstruction based on Linear
Back Projection (LBP). During the calibration sequence
it is generated an approximated inverse sensitivity ma-
trix D. The influence to the reconstruction images de-
pending on the material distributions used to calibrate
the matrix D is researched. With a 2D finite elements
package we determine the capacitances and mathemat-
ical software is used for calculations and presentation
of the results as 2D grey level images.

Typically an ECT sensor consists of a set of mea-
suring electrodes placed outside an insulation layer with
low permittivity material which surrounds the measur-
ing area. Between each pair of the electrodes are placed
guard electrodes. Enclosing the whole configuration
an earthed shield reduces external electromagnetic field
influences. By applying an excitation signal sequen-
tially to one electrode and measuring to each of the
remaining electrodes a set of independent capacitance
data can be determined. Considering the design rules
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for ECT sensors, where for example the electrodes length
has to be larger than the diameter of the sensor, avoids
the fringe effect of the electromagnetic field in the both
axial ends of the sensor. Under this consumption ca-
pacitance values computed by numerical simulation of
the 2D measuring area cross-section are comparable
with measurements [6], [7].

The natural relation between measured capacitances
and permittivity for each pixel in the resulting image is
strictly nonlinear. The coefficients describing the non-
linear system are united in a sensitivity matrix S. For
various image-reconstruction algorithms of ECT [4] a
linear approximation (1) is used where S is the trans-
formation matrix or linearized sensitivity matrix, € the
permittivity vector and S’ the capacitance vector.

C = Se (D)

The elements s;'; of the linearized sensitivity ma-
trix represent the sensitivity of capacitances C; ; be-
tween ith excitation electrode and jth measurement
electrode to a small change of permittivity in the nth
pixel. Capacitances are normalized by (2) where C'p,;41,
is the set of capacitances with complete filled area by
highest relative permittivity e*9". C,,. is the mea-
sured set of capacitances that needs to be normalized
and the set of capacitances with the minimum permit-
tivity distribution is expressed by C'y,.

Cme - Clow

A= —me” Zow
Chigh - Clow

2

A=Sg 3)

The measuring zone is virtually subdivided into a
definite number of pixels m and the permittivity dis-
tribution in this zone is represented for each pixel by
the image vector g = (g1, g2, ..., grn)” With minimum
pixel value g, = 0 (¢!°”) and maximum pixel value
gn = 1 (M9"). An ECT sensor with k electrodes
yields in a set A of k(k — 1)/2 independent normal-
ized capacitances A; ; that we can describe the system
with equation (3).



2. INVERSE PROBLEM

The goal of the reconstruction is the calculation of the
image vector g from the measured set of normalized ca-
pacitances A, Which requires the inverse of the sen-
sitivity matrix. However the matrix S~! does not ex-
ist, hence a common practice is the non-iterative Linear
Back Projection (LBP) algorithm which uses the trans-
posed matrix ST as a rough approximation of §—1.

For reconstruction we use the Offline Iteration On-
line Reconstruction (OIOR) algorithm which produces
in two stages adequate quality images in relation to the
reconstruction speed by calculating in the first stage
(calibration) an approximated inverse sensitivity matrix
D by an iterative sequence with adaptive step-length
[1]. The iterative sequence starts with the initial solu-
tion vector g, obtained by LBP in equation (4).

go = DoXin 4

The matrix Dy is the transpose of the sensitivity
matrix S and the vector A represents the normalized
capacitances of the initial permittivity distribution. To
find a more adequate solution the matrix D is itera-
tively improved by a sequence similar to the Landwe-
ber sequence which is widely applied in optimization
theory and gives (5) where I is the identity matrix and
k is the number of iteration defined in the range (0 <
E<z-—1).

Dy =T -apSTS)Dy, + a;,ST  (5)

€r = )\m - SDk:)‘in (6)
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A large number of iterations can distort the image
even with decreasing error ey [1, 5]. Hence the error
vector ey, in (6) and the adaptive step-length « in (7)
is calculated in each iteration step by minimizing the
norm of the error vector e; to reduce the number of
iterations.

gz = Dz)\me (8)

In the second stage (reconstruction) an image is pro-
duced by Linear Back Projection (LBP) with the capac-
itance vector A,,.. Using the LBP with the calculated
matrix D, in (8) results the reconstruction image repre-
sented through the grey level vector §g. The advantage
of this algorithm is the image quality which is simi-
lar to Landweber sequence but reconstructed with the
same computation time as LBP.

3. IMAGE QUALITY ESTIMATION

To estimate the reconstructed images several common
criteria are possible. We use the capacitance residual
(9), the image error (10) and Pearson’s correlation coef-
ficient (11) [8] between the vector g of the true permit-
tivity distribution and the reconstructed vector §. The
mean values of g and § are given by g and §.

g
errc = )]
“ Il
erry — 19— 9l (10)
Enzl(gn_g)(gn_g) (11)

pg7g - m A ~ m —
\/ 2 n=1(gn = 9)* 201 (9n — 9)?

Our investigation shows that we have to use all of
the three criteria to estimate the image quality because
capacitance error does for instance not necessarily mean
a adequate image.

4. EVALUATION BY SIMULATION

To evaluate the algorithm with accurate and almost ¢
free” capacitance data we use the 2-D finite elements
package Ansoft Maxwell V12. Due to a needed high
accuracy of capacitances, the energy error is set to 0.005%
and adaptive meshing is preferred. The computation
of a numerical set-up for all the sensitivity coefficients
takes about 65 hours on a compute server with 2.8 GHz
processor and 8GB memory.
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Fig. 1. Cross-section of the 12-electrode square ECT
sensing area.
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The square measuring zone with dimensions 80mm
x 80mm is surrounded by an insulation layer with rel-
ative permittivity ¢, = 1.8 and thickness 3mm. On
the outer side of this plastic frame are located 12 elec-
trodes where all of the electrodes are modeled with a
thickness of Imm. Between each pair of measuring
electrodes is placed an earthed guard electrode. The
relative permittivity of the empty space is defined to
€low = 1, objects and pixels are modeled completely
with the maximum relative permittivity which is de-
fined to €!9" = 2.6. External electromagnetic field
influences are reduced by an earthed shielding with di-
mensions 120mm x 120mm enclosing the whole set-
up. For each permittivity distribution results a vector
A with 66 normalized capacitances. Before we pro-
cess the partial capacitances we have to delete selected
values of the capacitance vector A because directly ad-
jacent electrodes produce some orders higher capaci-
tance magnitudes which produce a decreasing of the
image quality [9]. In our case we use 54 capacitances.

The images are calculated and presented as two-
dimensional grey-scale images with Mathematica soft-
ware. Subdivided into 40x40 square pixels the measur-
ing region is defined as a uniform grid in both coordi-
nate directions. Throughout this paper empty space of
the measuring area is defined to black and the objects
should be white.

) (2)

original

image

errc 1.8233% 2.3047% 1.8497%
erry 71.35% 55.78% 78.27%

Pi.g 0.7716 0.8362 0.6524

Fig. 2. Reconstruction results for different permittivity
distributions in measuring area.

In Fig. 2 are shown two cases for the reconstruction
of one circular rod of diameter 20mm at different posi-
tions and a third case with 4 uniformly distributed rods
in the measuring area. There are the highest image er-
rors and lowest correlation coefficients, if the objects
are placed in the center area of the measuring zone.
Further investigation shows the more the objects are
positioned towards the edges of the zone, the more rises
the image quality. The OIOR algorithm is applicated
with 200 calibration steps where the initial capacitance

vector \;,, is the same like the vector \,,,. of the mea-
sured permittivity distribution, see original image.

In an industrial application the initial capacitance
vector has to be estimated from any permittivity distri-
bution because the observed volume is unknown. The
conclusion of Liu [1] means that the algorithm is able to
approach the same converged matrix D, independent
of different C. So it may be interesting to compare
the image results by using (7) with initial capacitance
vectors \;,, of different permittivity distribution.

(1) 2) €)]
initial n

erre 1.823% 1.745% 1.889%
erry 71.352% 71.310% 71.383%
Pig 0.7717 0.7718 0.7716

Fig. 3. Reconstruction results for different initial per-
mittivity distributions and same measured capacitance
vector A, for all cases.

In our investigation different reference capacitance

vectors would not create after a series of Dy, a signifi-
cant different converged matrix D, so that \;,, can be
different to \,,,c.
In Fig. 3 are shown the reconstruction results for a
cylindrical object with diameter 20mm in the center of
the measuring area. To calculate the improved inverse
sensitivity matrix D, in case (1) is used the same ca-
pacitance vector like A,.. In the second case the initial
vector comes from the empty space and case (3) is esti-
mated with a complete filled area of relative permittiv-
ity P9 All cases show similar images although the
data of the empty area produce the lowest capacitance
error. However, we have investigated the reconstruc-
tion of further distributions up to 4 objects on different
positions which show the nearly same results. Thence
we resume that we can applicate the image reconstruc-
tion by LBP with always the same converged matrix
D, to unknown material distributions.

For industrial applications it is interesting to esti-
mate the positions of objects in the measuring zone.
The higher the level of image reconstruction quality the



more effective are subsequent position calculations. A
basic technique to improve the image quality is to use a
threshold value but for different measured permittivity
distributions also a different threshold value is optimal.
In all cases in Fig. 4 we use a threshold value of 60%
which is found empirical so the image error erry is re-
duced to nearly the half and the correlation coefficients
pg,q increased about 30%.

(1) (2) (3)
Original n n n
image
after )
filtering MEAECENEN EESIFLEEN DR
errc 1.823% 1.745% 1.889%
erry 38.395% 38.396% 38.394%
Pi.g 0.9197 0.9197 0.9197

Fig. 4. Reconstruction results using threshold filter at
60% for different initial permittivity distributions (see
Fig. 3) and same measured capacitance vector \,,. for
all cases.
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errc 1.744% 1.743% 1.743%
erry 71.310% 71.318% 71.310%
Pi.g 0.7719 0.7718 0.7719

Fig. 5. Reconstruction results for a circular rod of di-
ameter 20mm with different permittivity and calibra-
tion by using empty space.

Another interesting aspect is the reconstruction of
objects with higher permittivity by using always the in-
put simulation data of the empty space, because it is
crucial that the method is applicable in industrial en-
vironment to objects of different dielectrical material.
For the results in Fig. 5 a circular rod of diameter
20mm is defined to different relative permittivities (1)
ehish = 2.6, (2) €l9" = 3 and (3) M9h = 30. We
tested the algorithm also for higher permittivities up to
eligh — 90 with similar images for all cases.

5. CONCLUSION AND FUTURE WORK

In this work the authors show successful the applica-
tion of the Offline Iteration Online Reconstruction al-
gorithm for ECT by using different initial permittivity
distributions for calibration sequence on a square mea-
suring zone. Otherwise the algorithm enables recon-
struction with always the same calibration data to un-
known material distributions and objects of high per-
mittivity.

Future research will focus on the reconstruction with
primarily measured capacitances influenced on the noise
due to the electromagnetic environment and the mea-
surement electronic.
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