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Robust Electrical Impedance Tomography via
Half-Quadratic Optimization

Min Duan , Xiao-Peng Li , Member, IEEE, Jia-Xin Chen , Lin Yang , and Meng Dai

Abstract—Electrical impedance tomography (EIT) is a promis-
ing imaging technique in the medical field. However, its clinical
application is limited by several challenges, such as poor electrode
contact and body movement. These factors introduce impulsive
noise in boundary voltage measurement, resulting in the perfor-
mance degradation of the conventional imaging methods. This
letter devises a robust approach to improve the performance in
such scenarios. Unlike traditional algorithms that use an identity
matrix as the measurement noise weight matrix, the suggested
method designs a strategy to update the weight matrix during
iteration for outlier resistance. Specifically, we apply the penalty
technique to optimize the weight matrix and thus formulate the
imaging task as a half-quadratic optimization problem. In addition,
we exploit a median absolute deviation based confidence interval
to distinguish outlier-contaminated and normal channels, such
that the elements of the diagonal weight matrix are either 0 or 1.
Subsequently, the resultant optimization task is addressed using the
alternating minimization method. Experimental results show that
the proposed approach outperforms the state-of-the-art algorithms
in the presence of impulsive noise.

Index Terms—Electrical impedance tomography, impulsive
noise, half-quadratic optimization, alternating minimization.

I. INTRODUCTION

E LECTRICAL impedance tomography (EIT) is a non-
invasive imaging technique to reconstruct the internal

electrical impedance distribution by measuring voltages on the
object surface [1]. It can be applied to several fields, such as
medicine [2], [3] and material testing [4], [5]. In medicine,
it has been used to lung ventilation monitoring, brain activity
monitoring, and respiratory disease diagnosis [6], [7], [8], [9],
[10]. Compared with magnetic resonance imaging (MRI) [11]
and computed tomography (CT) [12], EIT allows for real-time
dynamic imaging and makes the equipment ideal for bedside
use in intensive care units.
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In the past decades, researchers have proposed different tech-
niques for EIT imaging, including least squares method [13],
[14], Bayesian approach [15], [16], [17], and deep learning
strategy [18], [19]. Works [13], [14] formulated the imaging
task as a linear regression problem with a Tikhonov regular-
ization term. Compared with [13], [14] modified the regular-
izer to improve the imaging performance. In [15], [16], Liu
et al. employed the structure-aware sparse Bayesian learning
(SA-SBL) approach to reconstruct EIT images. As they exploit
the prior knowledge of practical conductivity distribution, the
imaging performance is significantly improved. Besides, Liu
et al. extended SA-SBL to frequency-difference EIT (fdEIT)
problem [17]. In contrast to EIT, fdEIT is able to mitigate the
systematic artifacts induced by modeling errors when a baseline
dataset is unavailable. In [18], Liu et al. utilized the deep image
prior neutral network to reconstruct EIT images. Furthermore,
Yang et al. combined supervised and unsupervised learning to
design the neural network structure, ensuring adherence to the
underlying physical laws [19].

During EIT voltage acquisition, body movement and poor
electrode contact are inevitable, generating impulsive noise
in measurements [20]. As the �2-norm is sensitive to out-
liers, the �2-norm based methods appear performance deteri-
oration in such scenarios. To address this issue, Borsic and
Adler employed the �1-norm to reformulate the imaging task
and thus the corresponding algorithm is robust to impulsive
noise [21].

However, the �1-norm based method cannot obtain the optimal
solution in the presence of impulsive noise. This is because the
entry-wise �1-norm assumes that all channels of EIT boundary
voltages contain impulsive noise, while partial channels are
affected by outliers in practice.

To resist impulsive noise, this letter devises a robust EIT ap-
proach via dynamically updating the measurement noise weight
matrix. Our contributions are summarized as follows:
� Novel strategy to update weight matrix: We introduce a

regularization term for the weight matrix to reformulate the
imaging task as a HQ optimization problem [22]. In doing
so, we improve the imaging performance in impulsive-
noise environment.

� Efficient method: Although the performance of our algo-
rithm depends on an auxiliary variable, we provide an
adaptive manner to determine it. Specifically, its value is
updated using a MAD based confidence interval to identify
the channels corrupted by outliers.

� Enhanced EIT imaging performance: We conduct ex-
periments using resistor-net and clinical data to demon-
strate the superiority of the proposed method over the
conventional approaches in the presence of impulsive
noise.
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II. PRELIMINARY

To collect voltages, small current is injected into the body
via one pair of electrodes and then the boundary voltages are
measured at the other electrode pairs. Subsequently, the mea-
surements are exploited to reconstruct EIT images. Prior to
imaging, we require calculating the boundary voltage change
Δv = vt2 − vt1 = Δṽ + n, where vt1 ∈ R

m and vt2 ∈ R
m

represent the boundary voltages at time-slot t1 and t2, respec-
tively, Δṽ ∈ R

m is the noise-free boundary voltage change, and
n ∈ R

m denotes the noise vector.
Then, the relationship between the boundary voltage change

Δv and the conductivity change Δρ ∈ R
n can be modeled

as Δv = JΔρ+ n, where J ∈ R
m×n is the known Jacobian

matrix [23].
Under an assumption that n obeys the zero-mean Gaus-

sian distribution, the optimization problem for the conductivity
change is formulated as

min
Δρ

‖
√
W (Δv − JΔρ)‖22 + λ‖

√
QΔρ‖22, (1)

where ‖ · ‖2 denotes the �2-norm, λ > 0 is a penalty parameter,
while W ∈ R

m×m and Q ∈ R
n×n are calculated by W =

(Σn)
−1 = 1

σ2
n
I and Q = (Σt)

−1, respectively. Herein, Σn is
the estimated noise covariance and Σt denotes the effective
covariance of the training targets.

As (1) is a linear least squares problem with an �2-norm
regularization term, its closed-form optimal solution is Δρ∗ =
(JTWJ + λQ)−1JTWΔv, where (·)T denotes the transpose
operator. Finally, Δρ∗ is reshaped to obtain an EIT image.

III. ALGORITHM DEVELOPMENT

In this section, the proposed algorithm, its convergence anal-
ysis, and computational complexity are presented.

A. Proposed Algorithm

To eliminate the influence of outliers on Δρ, we introduce a
regularization term La(·) to update the diagonal weight matrix
W , resulting in

H(Δρ,W ) = min
W ,Δρ

1

2
‖
√
W (Δv − JΔρ)‖22 + La(W )

+ λ‖
√
QΔρ‖22, (2)

where La(·) is an element-wise function, defined as

La(w) =

{
1−w
2 a2, 0 ≤ w < 1,

0, w ≥ 1,
(3)

where a > 0 and the derivation of La(·) is elaborated in the next
subsection.

As (2) has two variables, AM is adopted as the solver, leading
to

Δρk+1 = argmin
Δρ

1

2
‖
√

W k(Δv − JΔρ)‖22 + λ‖
√

QΔρ‖22,
(4a)

W k+1=argmin
W

1

2
‖
√
W

(
Δv−JΔρk+1

) ‖22+La(W ).

(4b)

Algorithm 1: REIT-HQ.

Input: Δv ∈ R
192, J ∈ R

192×623, Q ∈ R
623×623,

η = 1.8, λ = 0.1, tol = 10−6, and Kmax = 50.
Initialization: W 0 = I
for k = 1, 2, . . . ,Kmax do

1) Update Δρk+1 via (5)
2) Calculate ak+1 as ak+1 = min{ησk+1, ak}
3) Update W k+1 via (6c)
Stop if ‖Δρk+1 −Δρk‖2 ≤ tol

end for
Output: Δρ∗

For (4a), it is same to (1) and thus its optimal solution is

Δρk+1 =
(
JT

√
W kJ + λQ

)−1

JT
√

W kΔv. (5)

For (4b), we seek for its optimal solution based the following
element-wise format:

argmin
wi,i

m∑
i

wi,i(e
k+1
i )2

2
+ La(wi,i) (6a)

=

⎧⎪⎨
⎪⎩
argmin

wi,i

∑m
i

wi,i(e
k+1
i )2

2 +
1−wi,i

2 a2,0 ≤ wi,i < 1,

argmin
wi,i

∑m
i

wi,i(e
k+1
i )2

2 , wi,i > 1

(6b)

=

{
1, |ek+1

i | ≤ a,

0, |ek+1
i | > a,

(6c)

where ek+1 = Δv − JΔρk+1 is the fitting error in the (k + 1)-
th iteration. For ek+1

i , a large absolute value signifies that the
corresponding i-th channel is corrupted by outliers. Besides, (6c)
indicates that if |ek+1

i | is larger than a, the corresponding wi,i

is set to 0. As a result, the impact of the outlier-contaminated
channel on EIT imaging is weakened. Furthermore, we require
an appropriate a to identify the channels corrupted by impulsive
noise.

As [−a, a] can be considered as a confidence interval to
distinguish the normal entries and outliers, we exploit the MAD
method to calculate the standard deviation:

σk+1 = 1.4826× Med
(|ek+1 − Med(ek+1)|) , (7)

where Med(·) is median operator. Then, we introduce η > 0 to
control the range of the confidence interval, resulting in ak+1 =
ησ. Moreover, to guarantee the convergence of the proposed
method, a is limited by ak+1 = min{ησk+1, ak}. That is, ak+1

is non-decreasing.
The proposed approach is referred to robust EIT via HQ

optimization (REIT-HQ), which is summarized in Algorithm 1.
After obtaining Δρ∗, we can exploit the method in [24] to
reshape it into an EIT image with the dimensions of 32× 32.

B. Regularization Term Derivation

In this subsection, we detail the expression of La(·). As the
main idea to design La(·) is to resist impulsive noise, we con-
struct it based on the robust truncated-quadratic function [25],
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[26]

F(e) =

{
e2

2 , |e| < a,
a2

2 , |e| ≥ a,
(8)

where a > 0 can be considered as a threshold. According to HQ
optimization, (8) is equivalent to the following problem:

F(e) = min
w

we2

2
+ J (w), (9)

wherew is an auxiliary variable andJ (w) is the dual function of
F(e). It is seen that the form of (9) is similar to the element-wise
form of (2) w.r.t. W . Therefore, J (·) can be applied to La(·).
The derivation of J (·) is given as follows.

For (9), the multiplicative form of J (w) is expressed as [22]

J (w) = La(w) = sup
e

−we2

2
+ F(e). (10)

Then, substituting (8) into (10) yields:

J (w) = La(w) =

⎧⎪⎨
⎪⎩
sup
e

(
−we2

2 + e2

2

)
, |e| < a,

sup
e

(
−we2

2 + a2

2

)
, |e| ≥ a,

=

{
1−w
2 a2, 0 ≤ w < 1,

0, w ≥ 1.
(11)

C. Convergence Analysis

In this subsection, we analyze the convergence behavior of
REIT-HQ. Since a is updated at each iteration, we discuss the
following two cases [22].

Update a: In H(Δρ,W ), La(w) is the only component
related to a. Based on (2), we take the partial derivative of
La(wi,i) w.r.t. a

∂La(wi,i)

∂a
=

{
a, wi,i = 0,

0, wi,i = 1.
(12)

Subsequently, we derive

∂H
∂a

=
∂
∑La(wi,i)

∂a
=

∑ ∂La(wi,i)

∂a
≥ 0. (13)

Thus, H(Δρ,W ) is monotonically non-decreasing w.r.t. a. As
the updating rule in Section III-A makes a non-increasing,
H(Δρ,W ) is monotonically non-increasing when a is updated.

Update {Δρ,W }: With a fixed ak+1, as Δρk+1 and W k+1

are the optimal solution of (4a) and (4b), respectively, the
following inequality must hold

H (
Δρk+1,W k+1

)
=

1

2
‖
√
W k+1

(
Δv − JΔρk+1

) ‖22 + La

(
W k+1

)
+ λ‖

√
QΔρk+1‖22

≤ 1

2
‖
√
W k

(
Δv − JΔρk+1

) ‖22 + La

(
W k

)
+ λ‖

√
QΔρk+1‖22

≤ 1

2
‖
√
W k

(
Δv − JΔρk

) ‖22 + La

(
W k

)

+ λ‖
√

QΔρk‖22
= H (

Δρk,W k
)
. (14)

That is, {H(Δρk,W k)} is monotonically non-increasing. In
addition, asLa(·) ≥ 0, {H(Δρk,W k)} is low bounded. There-
fore, {H(Δρk,W k)} generated by Algorithm 1 is convergent.

D. Computational Complexity

The computational complexity for updating Δρk+1 is
O(mn2 + n3). Additionally, the complexity for computing
W k+1 is O(mn+ n). Therefore, the overall computational
complexity is O(K(mn2 + n3)) with K iterations.

IV. EXPERIMENTAL RESULTS

In this section, the experimental settings, measurement index,
and results are included as follows.

A. Measurement Setup

In this letter, we evaluate the suggested method using syn-
thetic, resistor-net, and clinical data, where the collection equip-
ment is the VenTom-100, Medias, Suzhou, China. Specifically,
based on the CT image in the fourth intercostal location of a
male thorax, a finite element model is established by Netgen
software, which consists of 10, 171 triangular finite elements.
Then, its 16 electrodes, each with a 10 mm diameter, are evenly
set on the surface of the thorax based on the positions of the
sternum and spine. Subsequently, the opposite current driving-
adjacent voltage measurement mode is applied to perform EIT
simulation [6], [7]. It is worth mentioning that the impulsive
noise of resistor-net and clinical data are caused by the poor
electrode contact and patient movement, respectively.

B. Measurement Index

We evaluate the reconstructed EIT images using four metrics,
namely, the relative error (RE), correlation coefficient (CC),
structural similarity index (SSIM), and peak signal-to-noise ratio
(PSNR) [18]. Additionally, the reconstructed EIT images are
assessed using four clinical indices, i.e., the center of ventilation
(CoV) [27], global inhomogeneity (GI) [28], ventral-to-dorsal
side ratio (V/D), and right-to-left lung ratio (R/L) [29]. The
quality of the EIT images is compared by evaluating the images
reconstructed using normal boundary voltages versus those re-
built with corrupted boundary voltages. For example, CoVerror =
|CoVR − CoVR∗ |, where R∗ represents the reconstructed EIT
image based on the corrupted boundary voltages and R denotes
the reference image.

C. Results

Parameter Investigation: We first investigate the influence
of η on the imaging performance using the synthetic data
generated from a finite element model. Specifically, we add
impulsive noise to the 25-th channel of the EIT boundary voltage
at intensities that scale the normal entry value by factors of
1, . . . , 9, 10, 20, . . . , 100, resulting in 19 noise levels. Fig. 1
shows the impact of noise intensity and η on the reconstructed
EIT images. It is seen that REs decrease and then increase with
η increasing, when the impulsive noise level is fixed. Similarly,
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TABLE I
EVALUATION INDICES BY DIFFERENT ALGORITHMS ON RESISTOR-NET AND CLINICAL DATA 1

Fig. 1. Impulsive noise level versus η with synthetic data.

Fig. 2. EIT images reconstructed by different algorithms on resistor-net data.
(a) Reference. (b) �2-EIT. (c) �1-EIT. (d) NOSER. (e) REIT-HQ.

REs have the same trend for impulsive noise level with a small
η value.

Resistor-net Data: Then, we compare the suggested algorithm
with �2 -EIT [30], �1-EIT [21], and NOSER [13] using the
resistor-net data. We disconnect electrodes to model the sce-
nario, where the electrode falls off due to body movement. The
experimental results are presented in Fig. 2. It is seen that the
�2-EIT and NOSER fail to reconstruct an accurate EIT image,
and �1-EIT generates distorted pulmonary images with artifi-
cial artifacts. In contrast, the proposed algorithm successfully
reconstructs the bilateral lung structures with enhanced anatom-
ical fidelity, which closely matches the reference EIT image.
Furthermore, the evaluation indices of the different algorithms
on resistor-net data are shown in Table I.

Clinical Data: We further conduct a comparison using dif-
ferent clinical data. Figs. 3 and 4 display the visual results. It
is evident that the EIT image reconstructed by the suggested
algorithm closely matches the reference EIT image. In contrast,
the competing algorithms fail to rebuild an accurate EIT image.
Moreover, the evaluation metrics of the different algorithms are
tabulated in Table I. It is seen that the proposed method outper-
forms the �2-EIT, �1-EIT, and NOSER. Besides, the computa-
tional efficiency by different algorithms on the clinical data 1 is
shown in Table II. These results validate the clinical applicability
of our approach in handling dynamic electrode contact variations
during pulmonary function monitoring.

Fig. 3. EIT images reconstructed by different algorithms on clinical data 1.
(a) Reference. (b) �2-EIT. (c) �1-EIT. (d) NOSER. (e) REIT-HQ.

Fig. 4. EIT images reconstructed by different algorithms on clinical data 2.
(a) Reference. (b) �2-EIT. (c) �1-EIT. (d) NOSER. (e) REIT-HQ.

TABLE II
COMPUTATIONAL EFFICIENCY OF DIFFERENT ALGORITHMS ON CLINICAL DATA

1

V. CONCLUSION

In this letter, we propose a robust EIT method to improve
imaging performance in the presence of impulsive noise. Specif-
ically, we introduce a regularization term for the weight matrix
to resist outliers. Then, we formulate the imaging task as the
HQ optimization problem with two variables that is efficiently
solved using the AM method. Additionally, we design a MAD
based confidence interval to identify the outlier-contaminated
channels. Furthermore, the convergence property and compu-
tational complexity of the suggested approach are analyzed.
Experimental results demonstrate that our method attains bet-
ter performance than the competing algorithms with impulsive
noise. However, the performance of our method deteriorates
when the proportion of outlier-contaminated channels exceeds
50%, which is caused by the breakdown point of the MAD
method.
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