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LDI are shown in Figure 1. As can be noticed from figurel, all
the estimates were able to locate inclusions in initial, final and
change in resistivity distributions. However, the estimate with
proposed NDIWO has better resolution as compared to other
estimates with uniform background. It is found that size of
inclusion is over estimated with all methods but the size of
inclusion with NDIWO methods has better estimation as
noticed from the computed RCR values in Table 2. The
estimated resistivity contrast is also less with all approaches.
The root mean square of estimated change in resistivity and
correlation coefficient for case 1 are shown in Table 1. In case 1
of Table 1, it is seen that RMSE of estimated change in
conductivity of all the estimates is similar while the CC value of
proposed NDIWO methods has higher value compared to ABI
and LDI methods. The performance of NDIWO-SP is found to
be visually similar with NDIWO-TV. However, when we
compare the values of RMSE, CC, RCR and RCo it can be said

that NDIWO-TV has slightly better performance than
NDIWO-SP.
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Figure 1. Numerical results for case 1 to estimate region
boundaries in two-phase flow. Top row contains true resistivity
data and second, third and fourth row are the estimated
resistivity using absolute (ABI), nonlinear difference imaging
with Otsu method employing smoothness prior (NDIWO-SP)
and TV regularization (NDIWO-TV) and linear difference
imaging (LDI).

Figure 2 has the result for test case 2 with smoothly varying
inclusions located in flow domain. The initial distribution of
inhomogeneous background comprising of inclusion located at
south west side and then the final distribution has another
inclusion that appears in north east side. Based on the estimates
for case 2, it can be noticed that the inclusions for the change in
the distribution are detected by NDIWO-SP, NDIWO-TV, ABI
and LDI methods. Although, inclusion is detected using ABI,
there can be seen many artifacts in estimated background
region of change in resistivity distribution. But the estimates of
NDIWO have estimated the shape and size of inclusion with a
better accuracy. From Table1-2, from the computed RMSE, CC,
RCo values and the size estimate (RCR), it can be found that
NDIWO-SP method has better reconstruction performance.
With LDI, the background region is uniform due to
compensation of numerical errors with difference imaging but
the estimates of target size is bigger and the estimated contrast
is low compared to the true value (Table 2).

Figure 2. Numerical results for case 2 with smoothly varying
targets to estimate region boundaries in two-phase flow. Top
row contains true resistivity data and second, third and fourth
row are the estimated resistivity using absolute (ABI),
nonlinear difference imaging with Otsu method employing
smoothness prior (NDIWO-SP) and TV regularization
(NDIWO-TV) and linear difference imaging (LDI).

The reconstruction results for thorax imaging (case 3) are
shown in Figure 3. The estimates of nonlinear approach
NDIWO are found to have better resolution and have recovered
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the shape and size of lungs with better accuracy as compared to
ABI and LDI. Among the nonlinear estimates, NDIWO-TV has
best reconstruction performance as can be seen clearly by
visualization and from the computed RMSE and correlation
values (Table 1). Also, the size estimation and the estimated
resistivity contrast are better with NDIWO-TV method (Table
2). The estimates of NDIWO-SP have uniform background and
lungs estimated with good accuracy. However, it has
overestimated the lungs resistivity thereby having lower
computed RCR value. The reconstructions of ABI have non
uniform background and have overestimated the lung
resistivity while the size of lungs is underestimated as
compared to true size. The LDI estimate is found to have
uniform background but as with ABI the size of inclusion is
less than the true value (Table 2).
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Figure 3. Numerical results for case 3 with thorax imaging.
Top row contains true resistivity and second, third and fourth
row are the estimated resistivity using absolute (ABI),
nonlinear difference imaging with Otsu method employing
smoothness prior (NDIWO-SP) and TV regularization
(NDIWO-TV) and linear difference imaging (LDI).

Table 1. RMSE conductivity and correlation coefficient of
estimated resistivity change for numerical simulations

Performance Case 1 Case 2 Case 3
metric RMSE| CC RMSE CC RMSE CC
NDIWO-TV |0.9916| 0.4312 | 0.5977 | 0.8251 | 0.5818 | 0.8318
NDIWO-SP  [0.9886| 0.4260 | 0.5635 | 0.8238 | 0.6273 | 0.8001
ABI 0.9898| 0.4211 | 0.6083 | 0.8044 | 0.6722 | 0.5505
LDI 0.9902]| 0.4299 | 0.6103 | 0.8158 | 0.7041 | 0.6716

Table 2. Relative size coverage ratio and relative contrast of
estimated resistivity change for numerical simulations

Performance Case 1 Case 2 Case 3
metric RCR | RCo RCR RCo RCR RCo

NDIWO-TV |2.6186]| 0.0112 | 3.6293 | 0.3535 | 1.0362 | 0.8944

NDIWO-SP |4.7792| 0.0131 | 3.3477 | 0.4180 | 0.5838 | 1.3997
ABI 6.1619| 0.0116 | 5.2760 | 0.3139 | 0.8442 | 0.8086
LDI 5.6744| 0.0111 | 5.0422 | 0.2993 | 0.6419 | 0.8769

Table 3. Parameters used in reconstruction for numerical and
experimental studies

. Experiment
Simulated data data
Case 1 Case 2 Case 3 Case 1
o, 0.00005 | 0.00005 0.001 0.0005
Oy 0.05 0.05 0.05 0.05
,3 0.0001 0.0001 0.0001 0.0001

NDIWO-TV

5.3 Experimental studies

The applicability of proposed method is further evaluated with
experiment studies. The experiment is carried out using a
cylindrical tank of diameter 28cm with sixteen electrodes
(width 2.5cm, height 7cm) placed equally in inner side of the
tank (Figure 4, top row). The experimental tank is filled with
saline solution and plastic objects with circular and triangular
shape are visualized as inclusions that form the
in-homogeneities. A plastic rod placed in the tank containing
saline solution is considered as the initial state to form the
inhomogeneous distribution. A plastic triangular prism was
later placed in tank to consider the final state with resistivity
change. The targets considered are vertically symmetric and the
saline solution is filled until the height of electrode hence 2D
model is sufficient in modelling measurements.

The measurements obtained for this study are from the KIT4
measurement system developed in Department of Applied
physics, University of eastern Finland [32]. For more
information about the experiment setup see [32]. Current with
low frequency of 1 kHz and magnitude 1 mA is applied across
the pair electrodes. That is, one electrode is fixed as sink
electrode and as a pair, one of remaining 15 electrodes are
considered and the corresponding excited potential on 15
electrodes is measured against sink or reference electrode. Four
sink electrodes are considered {1,5,9,13} and the process is
repeated to have a total of 54 current injections avoiding the
repetition of same current patterns. Based on this measurement
strategy we have 810 voltage readings. Two different
experiment data are measured corresponding to initial
distribution p, with circular plastic cylindrical rod of diameter

6.2 cm enclosed in saline solution and final distribution p,

with plastic cylindrical rod and triangular prism in saline
solution. The triangular prism used in the experiment is
equilateral and has each edge that is 8.5 cm long.

To compute the contact impedances of -electrode,
measurements obtained from homogeneous data with saline
solution is used. From the measurement data, unknown contact
impedances and constant value of resistivity is computed by
solving least squares problem [33]. Based on above method the
estimated contact impedance is 0.025 ohm-cm. The resistivity
is reconstructed using a finite element mesh of same geometry
as experimental tank with 2232 nodes and 4496 elements. The
results for the experiment case are shown in Figure 4. In figure
4, the top row shows the image of experiment condition for
initial state p, and final state p,. The reconstructed estimates

D1, P> computed from the estimates (;71’5;;71101) and the
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change in resistivity dppo; are shown. Second row shows the
absolute reconstructions of ﬁl and ,52 and the change in

resistivity é/‘b with ABI. Third, fourth and fifth row contains

the reconstructions using NDIWO-SP, NDIWO-TV and LDI
approach, respectively. The results show that NDIWO-TV has
better estimation of initial, final and change in resistivity
distribution. The resolution is better and the triangular prism
size is recovered while shape is also close to the true shape. The
estimate of NDIWO-SP has similar reconstruction performance
as NDIWO-TV. With ABI, the size is over estimated as also
found from the computed RCR and also the background in not
uniform and has artifacts. The estimate with LDI also has over
estimated the size as seen from RCR value and the background
is found to have artifacts as in the case of ABI.

True image

ABI

NDIWO-SP

NDIWO-TV

0 0.2 04 06 08 1
Figure 4. Experimental results for estimating two targets
located in domain. Top row contains images of experiment tank
with targets inside, second, third, fourth and fifth row are the
estimated resistivity using ABI, NDIWO-SP, NDIWO-TV and
LDI, respectively.

Table 4. Relative size coverage ratio and relative contrast of
estimated resistivity change for experimental studies

. Experiment Case 1
Performance metric RCR
NDIWO-TV 0.9894
NDIWO-SP 0.9191
ABI 1.3237
LDI 1.0998

VI. CONCLUSIONS

A nonlinear differential imaging based method is proposed to
reconstruct the internal resistivity distribution using electrical
impedance tomography. The resistivity is parameterized as
initial and change in resistivity. The parameterization can be
used to set different regularization schemes for background and
target. The proposed method uses Otsu thresholding method to
classify the regions as target and background after 1% iteration
of Gauss Newton method and the background, ROI regions are
then applied with Laplacian and TV-type regularization.
Numerical and experimental studies simulating two-phase
conditions are performed to evaluate the reconstruction
performance. It is noticed that the proposed NDIWO method
has improved spatial resolution with uniform background and
has less image error and higher correlation coefficient as
compared to conventional ABI and LDI. The RCR and RCo of
reconstruct image of proposed method are close to the true
value as compared to conventional methods. Especially, in
situations involving high contrast between background and
target, the proposed method has better reconstruction
performance.
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