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A new nonconvex smooth rank approximation model is proposed to deal with HSI mixed noise in this paper. The low-rank matrix
with Laplace function regularization is used to approximate the nuclear norm, and its performance is superior to the nuclear norm
regularization. A new phase congruency I, norm model is proposed to constrain the spatial structure information of hyperspectral
images, to solve the phenomenon of “artificial artifact” in the process of hyperspectral image denoising. This model not only makes
use of the low-rank characteristic of the hyperspectral image accurately, but also combines the structural information of all bands
and the local information of the neighborhood, and then based on the Alternating Direction Method of Multipliers (ADMM), an
optimization method for solving the model is proposed. The results of simulation and real data experiments show that the

proposed method is more effective than the competcing state-of-the-art denoising methods.

1. Introduction

Due to the influence of many factors in the process and
transmission of hyperspectral images, the acquired hyper-
spectral images often contain some complex mixed noises,
including gauss noise, salt-and-pepper noise, and dead-line
noise. It is very difficult to analyze and apply the hyperspectral
image to high-level applications. In the early days, a great
number of methods were proposed to remove noise, such as
Fourier Transform, Wavelet Transform, nonlocal means
(NLM) filter, block-matching, and 3D filtering (BM3D).
However, most of the above methods require some prior
knowledge of noise and can only deal with one or two types of
noise. In addition, HSI data in the real-world are often mixed
into the real data by various noise combinations. To solve this
problem, some multidimensional methods are proposed to
deal with both spectral and spatial information. In [1], a
multidimensional wiener filtering (MWF) algorithm was
proposed, which represents the histogram of an image as a
three-dimensional tensor and uses tensor analysis to remove
the noise. In addition, spectral and spatial information [2] 3D
wavelets have obtained good performance.

In recent years, low-rank Matrix Recovery (LRMR) [3]
has been used in HIS denoising. Different from the tradi-
tional method, LRMR can process different types of noise
without any prior information of noise; many methods of
HSI image denoising [4-7] based on low rank and spectral
correlation have been proposed. Due to the difficulty in
solving the low-rank constraint model directly, the kernel
norm is used to approximate the low-rank model, and the
good results of HSI mixed noise removal are obtained. The
representative methods include weighted low-rank model
(WLRM) [8], rank minimization (RM) [9], structure tensor
total variance weighted nuclear norm minimization (STTV-
WNNM) [10], weighted nuclear norm minimization
(WNNM) [11], and nonlocal low-rank approximation
(NLRA).

These methods mainly have taken advantage of the low-
rank feature of low-rank description image with nuclear
norm approximation and preserving edge structure of image
with total variation regularization. However, the low-rank
model based on nuclear norm approximation is not a good
approximation rank function but lacks image edge sparsity
and structure smoothness regularization. If NSS prior
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cannot be well used to represent the structure of the image in
the low-rank model, the important structure will inevitably
be lost, and an “artificial artifact” will appear.

Therefore, it is necessary to approach the rank function
better. To overcome the above limitation, the method based
on nonconvex smooth rank approximation (SRA) is studied
in this paper. The key idea is to use nonconvex smooth
functions to approximate rank functions directly and to
provide a more rigorous approximation than traditional
methods.

In addition, the method based on the fractional band
total variation regularization has the following defects: (1)
The total variation regularization is essentially a first-order
partial differential equation, which is a kind of ill-posed first-
order inversion problem; if the original image is disturbed, it
is possible to have a large oscillation on the partial derivative.
(2) The total variation model is based on the assumption that
the image is piecewise linear continuous, and the sharp edges
of the image can be effectively preserved. However, only the
gradients of adjacent pixels are used in the total variation
model discretization; it cannot describe the true edge and
structure information of the image accurately and effectively,
which may lead to the phenomenon of “artificial artifact.”
Total generalized variation (TGV) [12], high-order total
variation (HOTV) [13], and Schatten p-norm constraint
models [14] are used to deal with the “artificial artifacts”
caused by the total variation model; it is more accurate to
describe image edge information in a natural image, but this
kind of method is not suitable for hyperspectral image
processing.

Aiming at the shortcomings of the existing subband TV
regularization and low-rank tensor denoising methods,
which cannot effectively utilize the local neighborhood in-
formation, it is easy to cause the “artificial artifact” phe-
nomenon, especially in the curved edge. The gradient cannot
accurately describe the true structure of the image. There-
fore, in this paper, a new phase congruency [, norm con-
straint is proposed to constrain the spatial structure
information of hyperspectral images, to solve the phe-
nomenon of “artificial artifact” in the process of hyper-
spectral image denoising.

2. State of the Art

2.1. Phase Congruency. Phase congruency (PC) [12] is a
phase-based frequency-domain feature detector proposed by
Morrone and Owens, which can detect a wide range of visual
features and is invariant to local smooth illumination var-
iations. Unlike the gradient in the spatial domain, the PC
uses the frequency domain to get the spectrum information
at the maximum overlap of the phases, for the high-order
edge and corner, line, step edge and roof Ridge, and other
visual sensitive important image feature capture more
complete. In [12], the phase consistency of signal x is defined
by Fourier series expansion shown as

ZnAn cos (¢n (x) B ¢I (x))
ZnAn ’

PC(X) = maX‘P' (x)€[0,27] (1)
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where A, is the Fourier series of the n term, and ¢, (x) is the
local phase information of the Fourier series for signal x, and
the PC value is the maximum value of equation (1) for the
parameter ¢’ (x), which is the weighted average of all the
amplitudes corresponding to the Fourier terms. Because the
PC function defined by equation (1) is greatly influenced by
noise, it is easy to produce edge offset, which leads to the loss
of part of image structure and contour features.

A phase congruency (MPC) [13] was presented for
extracting three orthogonal characteristic components of an
image, namely, amplitude, direction, and phase, from a single-
pass signal theory and applied to image quality evaluation [14]
and image denoising applications, and the satisfactory results of
time efficiency and detection effect were obtained.

The phase congruency based on single-pass signal theory
is defined as follows:

N

(2)

where Weight (x) is the weight function, & is an approximate
gain factor for sharpening the edge response, and the value
range [1, 2], T=) 4Ty is the compensation noise effect. W
(X) is defined by

1
(1+exp(y(s—c(x)))

where y is the gain factor, S is the cut-off value of the filter
response expansion, and c(x) is the fractional scatter
measure, whose value is divided by the response amplitude
and the highest response value c(x)=A"(x)/(N *
(AL« (x)+¢€)), € (0,1), where N is the scale quantity.
Phase consistency [, norm (PCSP) is defined as the
Schatten p norm of the PC value on the definition of the
singleton phase consistency function in equation (2).

W(x) = (3)

MN
PCSP(Y), = i:%:o“PC(yi’j)“P’ )

where M and N are the height and width of the image,
respectively, P> 1. Equation (4) is difficult to optimize the
Schatten p norm due to the existence of convolution kernel
operation. To solve this problem, equation (4) needs to be
transformed into an equivalent form that is easy to be solved.

Given a Matrix Y € RM*N, then the singular value of the
Matrix can be decomposed into Y = U Y V7, where Uand V
are the left and right singular value eigenvectors of Y, re-
spectively, and the diagonal element o of the Matrix Y is the
singular eigenvalue. The Schatten P norm of a Matrix is

defined by
min{M,N} Up
||Y||SP=< y aP) , (5)

i=0

where o, is the ith singular eigenvalue of the Matrix Y,
corresponding to the (i, i) element value. From equation (5),
the PCTV equivalent of equation (4) can be defined by
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min{M,N}

IPCWlp = Y fowsclsy (6)

i=1

2.2. Nonconvex Low-Rank Approximation Functions.
Because the nuclear norm cannot approximate the rank
function well, it is unreasonable to replace the rank function
with the nuclear norm directly. In the field of image res-
toration, the method of approximating rank minimization
by nonconvex substitution has received extensive attention.
The common nonconvex functions and corresponding
hypergradients are shown in Table 1.

To provide more rigorous approximations than the nuclear
norm, we have conducted numerical experiments on one-di-
mensional data. We selected five experiments of rank approx-
imation of regularization terms with the best performance, as
shown in Figure 1. As can be seen from Figure 2, nonconvex
optimization is often superior to convex optimization.

As can be seen from Figure 2, the nuclear norm deviates
from the true rank, so all singular values are treated equally.
The weighted nuclear norm and the Garman norm are the
neutralization between the rank minimization and the
kernel norm, which can increase the penalty to the small
value and decrease the penalty to the large value. The Logdet
norm is poor at small singular values, especially those close
to 0. The exponential function is used to deal with different
singular values, so that Laplace modules and real rank have
obvious consistency. To maintain accuracy and speed, the
Laplace norm is the best choice for approximating the actual
rank of the NSS matrix composed of a similar patch.

In this section, the Laplace function is chosen to ap-
proximate the rank function. Compared with other tensor
nuclear norms, the Laplace function proxy norm is a better
method to measure the rank of the tensor. We introduce the
proposed proxy into alow-rank tensor separation model and
solve the model by using the ADMM algorithm, which can
effectively complete the missing elements in the tensor, to
achieve the goal of hyperspectral image denoising. A large
number of experiments show that this method is better than
the existing methods.

3. HSI Denoising Based on Nonconvex
Low-Rank Tensor Approximation

3.1. The Motivation of the Model. The method based on
tensor nuclear norm minimization and TV regularization
has achieved some noise reduction results in hyperspectral
denoising applications, but due to the limitation of TV total
variation and the fact that the kernel norm cannot accurately
describe the feature of low tensor rank, as a result, its noise
removal performance is limited, and it is difficult to meet the
demand of hyperspectral image denoising ability for prac-
tical applications. Based on the minimization of nonconvex
low-rank approximation, the weight of singular value can be
adjusted according to the main features of the image, and the
global low-rank characteristic of the HSI image can be used
well. In addition, phase congruency can describe and capture
image visual features more comprehensively than TV

constraints based on gradient information. Therefore, in this
subsection, nuclear norms are replaced by tensor-based
nonconvex proxy functions. Because of the limitation of
low-rank feature detection, phase consistency is used to
preserve image edge structure. Therefore, a new HSI
denoising method based on nonconvex low-rank tensor
approximation and phase consistency constraints is pro-
posed in this section.

3.2. Model Description

3.2.1. Constraint Term of Nonconvex Function and Its
Properties. Before elaborating on the denoising model, we
first review the definition of the normalized Laplace func-
tion, which is shown as

B min(W,H)
i, =y Y gu(r®), (7)
k=1 i=1

and g (Ui (Y(k))) = sgn (Ui (Y(k))) (1 — el (Y®)/g, (Y<k))/44)‘
Laplace functions have the following useful properties.

Proposition 1. lim, ,[Y[|, = Zle rank (Y )

Proof. for g(o;(Y®))=sgn (0;(Y®)) (1 -e%Vor "Dy
0, ifo, (X)) =0,
1, ifo, X%)>o0.

So lim, o YW g(g, (X)) = rank (X)) come
to the conclusion. |

And limog(al (X(K))) = {

Proposition 2. |[UXV| = ||X||W
For any tensor, U € R™>X™*™s gnd V' e R™>™2>7s hold,

Proof. U% and VX are orthogonal matrices, because the
singular value of the Matrix does not change _W};[h the
multiplication of the orthogonal Matrix, and X" and
UBOXEVE have the same individual value; thus,
[UXV] = ”X"# can be obtained. O

Proposition 3. IIXIIM >0 holds for any tensor X € R™M>™2XMs,
X1, = 0 if and only if X = 0.

3.2.2. NLRTAPC Model. To eliminate the mixed noise of
HSI, considering the global low-rank and local piecewise
smooth characteristics of the band image, and combined
with the PCTV regularization term in the nonconvex low-
rank tensor approximation model, the mixed noise reduc-
tion method based on Nonconvex Low-Rank Tensor Ap-
proximation and Phase Consistency for Mixed Denoising
(NLRTAPC) is presented by

argmin [LI, + Bllpc ()l , + Ml +yIGI},
ZIG (8)
st. L+I+G=Y,

where f3, A, y are nonnegative parameters, L is the restoring
low-rank tensor, I is the sparse noise component, and G is
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TasLE 1: Common nonconvex proxy functions.

Nonconvex proxy function Gy(x),x=0,0>0 Supergradient VG (x)

Logdet 6/log (y + Dlog (yx + 1) ¥/ (yx + Dlog(y + 1)

Gamma Ox/x +y Oyl (x +y)*

Lap 0(1 - exp (—x/y)) 01y exp (—x/y)

Ep 0/1 — exp (—y) (1 — exp (—yx)) 0y/1 — exp (—)exp (—px)

Scad Ox, x<0, 0, ifx<8,
7 +2p0x — 2 (y + 1)8, x<yb, yo—-x/y-1, A<x<y0,
6 (y+1)/2, x>90. 0, fx>y6.

(a) (b)

(d) (e)

FiGgure 1: Comparison of Image restoration at 58 bands with noise type 4. (a) Noisy image. (b) BM4D. (c) NonLRMA. (d) GSSTV. (e)
WGLRTD. (f) NLRTAPC.

2.5

Rank Approximation

-0.5 L L L L L
0 0.5 1 1.5 2 2.5 3
9
—— true rank log norm
—— nuclear norm —— weighted nuclear norm
—— gamma norm laplace norm

FIGURE 2: Approximating rank functions with different proxy functions.
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the gauss noise component. The first term of the model is the
low-rank tensor approximated by a nonconvex function
with formula 2.1. The second term is the Schatten p norm
constraint term based on phase congruency, and the last two
are for noise error constraints. The NLRTAPC model not
only preserves the low-rank features of the image more
accurately than the tensor kernel norm model, but also uses
the phase consistency to preserve the structural information
such as edge and texture in the band restoration component.

3.3. Solution of NLRTAPC Model. NLRTAPC model is a
nonconvex optimization problem, which is solved by

decomposition subproblem. The ADMM algorithm can be
used to solve the corresponding model iteratively. By in-
troducing the secondary variable Z, the NLRTAPC model
can be expressed as

arg min [L[, + BIZI, , + A, + YIGI,
LI CE 9)
st. L+I+G=Y,Z=pc(Y).
Since the four variables L, I, G and Z in the model are

separable, the objective function can be solved by ADMM
with formula 2.2, which is expressed as

w
M(L1.G.ZiW.B) =L + BIZ],p + Al + yIGI: 4L+ 14 G =Y.

gl
2

where W and B are the Lagrange multiplier with L+ I+ G =
Y and Z = pc(L) constraints, respectively, and p is the
penalty parameter. Iterating through the NLRTAPC model
according to the ADMM framework can be broken down
into the following five steps, each of which solves the cor-
responding variable, as follows:

(1) fix other tensor variables I, G, Z, W and B, and
update the estimator L. Under the iterative frame-
work of (k + 1), the estimated true image is as follows:

L, = argmin M, (LY, G, Zi; Wi, By)
L

(11)

1 2
arginuln "H4-Pk" il

where D = 1/2(Y - I} - G, — Z;) - Wi /p;.

According to Proposition 2, given any given tensor Z,

it can be decomposed into Z = U * S * VT by T-SVD,

and arg min ”Y"/A +A12|Y - Z||§ can be solved by a
Y

weighted tensor singular threshold method.
The tensor rank approximation problem of non-
convex normalized y is used. The problem can be
solved by the singular threshold operator of tensor
t-SVD decomposition. When D is decomposed into
D, = U S % VT by T-SVD, the optimal solution is
L, =Ux DVg(a)/pk x* VT where DVg(U)/pk is the di-
agonal tensor of f, and the elements of the diagonal
tensor are obtained by Fourier domain calculation;
that is, &CapitalDif ferentialD;y g, 0 (i,k) =
max ((S (i, k) — Vg (a**)/p), 0).

(2) fix the other tensor variables D, I, G, W and B,
update the [, norm constraint Z of PC, and save the
spatial smoothness and edge information.

w
L+I+G-Y+—
P

R (10)

+(Z—pc(Y),E> +||Z - pc(Y) +—
F P

BIP
PF),

1 1

where Ty = pc(Y,) + B /p,. First, we use singular
value decomposition tensor T, with T-SVD,
T, = U; =S} * Vi'. Then, lIp norm approximation is
performed for the f diagonal tensor S}, denoted as
prox, ,, (o (Sp)). Finally, Zy,, is reconstructed, and
Z,,, = Uj * dialog (prox,, (0 (S))) * ViT,  where
dialog (-) means that the vector elements are
expressed in a matrix form, is a diagonal matrix
convenient operation.

(3) To remove impulse noise, other tensor variables L, G,
W, B and Z are fixed, and I is updated.

1
+jU‘QJ;

L., = argmin {1}
e = argmin |,
5 (13)
Zargmm ”I(' ” + "I(’) Q(l “
=1

where Q¥ =Y® ~ LY G -W?/p,, and then
the closed-form solutlon Iiyq = sign(Qy)
max{|Q| — A/p, 0} of formula (13) is obtained by

using the contraction operator of Matrix elements.

(4) To remove gauss noise, fix L, I, W, B, and Z, and
update G.

Gy = argmin |Gl + ]G - R

(14)

Pkl ~ G ][>

= ; ar%;r)nn y“G( ” ?k"G(') - R,i’)”F.
where R?, =Y — LY 1P ~wWP/p,, and W is

the Lagrange multlpher of the k-th iteration.



Formula (14) is a standard least square regression
problem, which is easy to solve.

(5) Update Lagrange multiplier and penalty parameters.
Wi = Wi+ pr (Lyy + Gy + Iy - Y),
By = By + py (Zysr — pe(Yy)), (15)

Pr+1 = min{K X Pro> Pmax}'

where « is the contraction parameter; set k> 1 to
accelerate the rate of convergence and p,,, to be the
maximum value of p.

The NLRTAPC model is described by ADMM in Al-
gorithm 1. To obtain good phase consistency, the front slice
of the HSI image is a waveband image, and the phase
consistency is extracted in Matrix form to get pc ().

4. Experimental Results and Analysis

In this section, experiments were carried out to demon-
strate the mixed noise removal capability of our model. To
better illustrate the superiority of the combination of the
nonconvex smooth rank approximation model and the I,
norm constraint, the validity of the proposed method is
verified by simulation and real experiments, and the
quantitative and visual performance of the four advanced
HSI denoising methods are compared with the denoising
results of this method. These methods include block-
matched 4D filtering (BM4D), Nonlrma [14], global spatial
something spectral total variation (GSSTV) [15], and
weighted group sparse regularized low-rank tensor de-
composition (WGLRTD). The code of all comparison
methods is Matlab Code. All experiments of comparison
method are carried out on Intel Core i7-4970 CPU
(3.60GHz) and 16 GB RAM computer using Matlab
R2018a. The parameters of these methods in the experiment
are set according to the method suggestions to obtain the
best performance.

4.1. Simulation Data Experiment. Two data sets, namely,
WDC and Indian data sets, are used in the simulation data
experiment. The WDC data set was collected by a hyper-
spectral digital image acquisition experiment (HYDICE)
sensor at a mall in Washington, D. C., at 191 wavelengths.
The “Indian” is a collection of 145 145 pixels and 224
spectral reflectivity bands collected by the AVIRIS sensors
over the Indian pine proving ground in northwestern
Indiana. Since the data set contains a portion of atmospheric
absorption bands that are not useful for subsequent appli-
cations, the 200-band noise-free images were selected for the
experiment. Experiment parameters are set by
B=0.1,A=1,9=0.001,u=0.02,p =0.1,x = 1.02.

To simulate the complex noise situation in the real scene,
Matlab is used to generate 4 kinds of mixed noise in the two
clean HSI data sets. For noise type 1 to noise type 9, the
intensity of gauss noise, random noise, and band noise is
shown in Table 2.
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4.2. Analysis of Simulation Experiment Results. There are
four methods in the experiment, BM4D, NonLRMA,
GSSTV, and WGLRTD. Three noise types (noise types 1, 4,
and 7) are chosen randomly to compare the performance of
each algorithm model. Figure 1 shows the result of a 58 band
data recovery from a mall in Washington, D. C., under noise
Type 4 conditions. For better visual contrast, some areas of
the image are deliberately magnified, as shown in Figure 1:

As can be seen from Figure 1, BM4D has a serious mold
and loss of image detail due to oversmoothing. NonLRMA and
GSSTV still retain a small amount of noise, and the image is
darkened due to the offset of the whole pixel value. In the
enlarged area, the WGLRTD left a lot of random noise, and the
details of the image were not well preserved. On the contrary,
the NLRTAPC model can eliminate all the mixed noises and
preserve the edges and details of the image effectively, which
shows that the NLRTAPC method has better performance in
recovering WDC data set than other current typical methods.

Figure 3 shows a comparison of restoration at the 165
bands of the Indian dataset under noise type 1, from the
overall view of Figure 3; since the damage to the image
structure caused by noise type 1 is not very serious, several
methods can ensure that the overall structure recovers well,
but it can be found that NLRTAPC, the Algorithm model
designed in this chapter, has a clear structure in the edge
region, while it still keeps the smooth effect in the smooth
region and presents a better visual effect.

In Figure 4, the 165 band data recovery results are for the
Indian Dataset. By comparing and analyzing the recovery
results of all the comparison methods, a more direct-viewing
result is obtained. A more direct result can be obtained from
Figure 4. Because the original image has been destroyed se-
riously, the recovery result of the GSSTV method is ambiguous,
the recovery result of the NonLRMA method still has an
“artificial gradient” phenomenon, and bM4D and WGLRTD
methods have some modulus on the edge of the image
structure. In this chapter, HLRTD-SSTV Algorithm is pre-
sented to restore the result of the overall structure clear and
smooth, and the visual effect is good; overall, it is superior to
other methods. To demonstrate the excellent performance of
the NLRTAPC algorithm model, two objective quantitative
evaluation indexes are introduced to prove the performance of
the NLRTAPC algorithm model in all simulation experiments,
which are average Peak signal-to-noise ratios (MPSNR) of all
bands and average structural similarity (MSSIM) of all bands.

Tables 3 and 4 show the MPSNR and MSSIM values of
the Indian and WDC datasets under various mixed noise
types, respectively. In the experiment, MPSNR and MSSIM
were evaluated as the average of all bands of the data set, and
NLRTAPC gets good indicator values. From the evaluation
data of nine different noise types, the NLRTAPC model
achieves the best performance in most cases. With the in-
crease of noise level, the performance degradation is rela-
tively slow compared with other methods. In particular, the
MSSIM Algorithm can improve the performance obviously,
and the key is that the phase consistency constraint is used to
capture the edge information of the image more compre-
hensively and more accurately than TV.
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input: Observational data Y, Index set Q, Parameters $>0,1>0,y>0
Initializing: L=Y,I1=0,G=0,Z = pc(Y),W =0,B =0, k=0, num=1000 and ¢ = 107%,i=0.
(1) when [[L*! = L'||z/|L'| g > € or k< num.
(@) k ++;
()Y = ffr(YW,,3);
(4) Cycle (I=1) until the maximum band number B of the observed data
(5) The updated estimate L(i_) is calculated according to formula (11);
(6) The updated estimate Z F’) is calculated according to formula (12);
(7) The updated estimate I (’)_ is calculated according to formula (13);
(8) The updated estimate G is calculated according to formula (14);
(9) According to formula (15), the Lagrange multiplier and the penalty parameters are updated respectively.
(10) End;
(11) Using fold (unfold (e)) to restore the tensor structure L, I, G and Z, YD) = kD),
(12) YU =if fr (g, 3);
End;
output: denoising tensor L1,
ALGORITHM 1: Solve the proposed NLRTAPC model with ADMM
TaBLE 2: Description of noise type.
Noise type Gaussian noise Random noise Band noise
Mean:0 o . Band:50-60
Type 1 Noise variance:10 10% impulse random noise Stripe width:2 pixels
Mean:0 . . Band:50-60
[V
Type 2 Noise variance:20 10% impulse random noise Stripe width:2 pixels
Mean:0 o . Band:50-60
Type 3 Noise variance:30 10% impulse random noise Stripe width:2 pixels
Mean:0 o . Band:50-60
Type 4 Noise variance:10 20% impulse random noise Stripe width:2 pixels
Mean:0 o . Band:50-60
Type 5 Noise variance:20 20% impulse random noise Stripe width:2 pixels
Mean:0 o . Band:50-60
Type 6 Noise variance:30 20% impulse random noise Stripe width:2 pixels
Mean:0 Band:50-60
o .
Type 7 Noise variance:10 30% impulse random noise Stripe width:2 pixels
Mean:0 o . Band:50-60
Type 8 Noise variance:20 30% impulse random noise Stripe width:2 pixels
Type 9 Mean:0 30% impulse random noise Band:50-60

Noise variance:30

Stripe width:2 pixels

4.3. Real Dataset Experiment. In the simulation experiment,
the performance of the NLRTAPC under various noise
conditions is evaluated by visual, quantitative, and quali-
tative methods. This section performs a hyperspectral digital
image acquisition experiment (HYDICE) on a real urban
dataset to verify the effectiveness of NLRTAPC’s real
hyperspectral image restoration. The whole dataset is applied
in the experiment of denoising algorithm. Some brands of
the dataset are heavily polluted by the atmosphere, hygro-
scopicity, and some thermal noise; in addition, some bands
are polluted by striations, gauss noise, and random noise. As
a preprocessing, the pixel values for each band are nor-
malized to [0,1].

Figure 5 shows the results of band 76 recoveries in this
data. As can be seen from the graph, the original band image
is corrupted by various noises, including gauss noise and
unknown noise. After using different HSI reconstruction

methods, the noise was removed, BM4D mode was burnt, and
the WGLRTD method still had some noise in the denoising
band image. From the enlarged area and the whole image, it
can be seen that the NLRTAPC Algorithm in this chapter is
effective to remove the mixed noise while preserving the
image structure. Figure 6 shows the results of band 136 re-
coveries in this data. In contrast, the NLRTAPC approach can
completely suppress all kinds of noise, effectively preserving
details. Compared with other methods, the image restored by
this method is smoother. These visualization results show that
the NLRTAPC method can remove more complex noises
hidden in HSI than other methods.

To demonstrate the results of image reconstruction,
Figure 7 uses different methods to estimate spectral char-
acteristic curves for 76 band images in real-world urban
datasets. In Figure 7, the ordinal of bands is shown on the
horizontal axis, and the average of the estimated spectral
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FIGURE 3: Comparison of Image restoration at 165 bands with noise type 1. (a) Noisy image. (b) BM4D. (c) NonLRMA. (d) GSSTV. (d)

WGLRTD. (f) NLRTAPC.

(d)

®

FiGUure 4: Comparison of Image restoration at 165 band with noise type 7. (a) Noisy image. (b) BM4D. (c) NonLRMA. (d) GSSTV. (e)

WGLRTD. (f) NLRTAPC.

characteristics of each band is shown on the vertical axis. As
shown in Figure 5(a), there are many fluctuations in the
spectral characteristic curve of the original band image due
to striations and other noises. It can be observed that the
comparison method suppressed the volatility to some extent

after the recovery of the different methods shown in
Figures 5(b)-5(f). The results of spectral characteristic
curves show that the NLRTAPC recovery curve is more
smooth than other methods, which indicates that NLRTAPC
has a better denoising effect. As shown in Figures 7(b) and
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TaBLE 3: MPSNR and MSSIM values of Indian dataset under mixed noise types.

Noise type BM4D NonLRMA GSSTV WGLRTD NLRTAPC
Type 1 35.29/0.9628 35.30/0.9541 35.74/0.9386 35.49/0.9309 36.40/0.9701
Type 2 33.31/0.9110 34.10/0.9350 33.50/0.9214 33.28/0.9154 35.20/0.9521
Type 3 28.10/0.8630 30.90/0.8769 29.09/0.8795 29.05/0.8580 30.95/0.8798
Type 4 34.30/0.9326 34.25/0.9381 34.51/0.9379 34.43/0.9239 35.61/0.9481
Type 5 32.57/0.9089 32.12/0.9101 32.29/0.9091 32.16/0.9030 32.59/0.9162
Type 6 28.21/0.8689 30.41/0.8990 30.13/0.8921 30.05/0.8849 29.99/0.8879
Type 7 28.12/0.8541 28.50/0.8979 28.19/0.8897 28.10/0.8789 29.98/0.9169
Type 8 26.39/0.9089 26.53/0.9101 26.59/0.9119 26.40/0.9081 26.59/0.9131
Type 9 24.73/0.8529 24.86/0.8515 24.81/0.8430 24.69/0.8351 24.99/0.8579

TaBLE 4: MPSNR and MSSIM metric values of WDC dataset under mixed noise types.

Noise type BM4D NonLRMA GSSTV WGLRTD NLRTAPC
Type 1 36.23/0.9653 36.29/0.9680 36.64/0.9689 36.64/0.9639 36.95/0.9801
Type 2 34.67/0.9220 35.76/0.9469 35.95/0.9508 35.84/0.9500 36.03/0.9527
Type 3 30.31/0.8970 31.87/0.9171 32.13/0.9194 32.05/0.9166 32.26/0.9210
Type 4 35.31/0.9190 35.80/0.9349 35.90/0.9419 35.79/0.9411 36.10/0.9521
Type 5 32.89/0.9081 33.61/0.9221 33.81/0.9259 33.78/0.9250 33.98/0.9289
Type 6 29.42/0.8740 30.41/0.9094 30.81/0.9102 30.51/0.9102 31.08/0.9126
Type 7 32.51/0.9082 33.41/0.9279 33.65/0.9296 33.52/0.9271 33.97/0.9319
Type 8 29.61/0.9094 30.36/0.9118 30.90/0.9154 30.71/0.9139 31.25/0.9189
Type 9 27.81/0.8677 28.80/0.8862 28.94/0.8893 28.81/0.8861 29.21/0.8980

(d) (e) (f)

FIGURE 5: The effect comparison chart of recovering the 76th band image of Hydice Dataset with 5 algorithms. (a) Real image. (b) BM4D. (c)
NonLRMA. (d) GSSTV. (¢) WGLRTD. (f) NLRTAPC.
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FIGURE 6: The effect comparison chart of recovering the 136th band image of Hydice Dataset with 5 algorithms.
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7(c), there are also small fluctuations in the curve, indicating
that some of the mixed noise in the image remains in the
image.

5. Conclusion

In this paper, a hybrid noise removal method based on
nonconvex low-rank tensor approximation is proposed,
based on the optimization method ADMM proposed to
solve the model by using the structural information of all
bands and the local information of the neighborhood.
NLRTAPC model can make use of the structure information
of all bands and local neighborhood information more ef-
fectively, promote the removal of mixed noise, and greatly
alleviate the “artificial ladder” phenomenon. The results of
simulation and real data experiments show that the pro-
posed method is more effective than the competing state-of-
the-art denoising methods. The future improved direction of
this approach is to optimize parameters of NLRTAPC to
improve model adaptability.

Data Availability

The data used to support the findings of this study were
supplied by Li bo under license and so cannot be made freely
available. Requests for access to these data should be made to
Li Bo (sctulibo2021@126.com).

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This research was jointly funded by the Sichuan Science and
Technology Program, Grant/Award Numbers:
2019ZYZF0169; the Science and Technology Support Project
of Panzhihua City of Sichuan Province of China under Grant
2021CY-S-6, and Tourism resources big data application
technology innovation team project.

References

[1] D. Letexier and S. Bourennane, “Multidimensional wiener
filtering using fourth order statistics of hyperspectral images,”
in Proceedings of the IEEE International Conference on

Acoustics, Speech and Signal Processing, 2008. ICASSP 2008,

pp- 917-920, IEEE, Las Vegas, NV, USA, March 2008.

G. Chen, T. D. Bui, and A. Krzyzak, “Denoising of three-

dimensional data cube using bivariate wavelet shrinking,”

International Journal of Pattern Recognition and Artificial

Intelligence, vol. 25, no. 3, pp. 403-413, 2011.

[3] H. Hongyan Zhang, W. Wei He, L. Liangpei Zhang,
H. Huanfeng Shen, and Q. Qiangqiang Yuan, “Hyperspectral
image restoration using low-rank matrix recovery,” IEEE
Transactions on Geoscience and Remote Sensing, vol. 52, no. 8,
pp. 4729-4743, 2014.

[4] R. Zhu, M. Dong, and J.-H. Xue, “Spectral nonlocal resto-
ration of hyperspectral images with low-rank property,” IEEE
Journal of Selected Topics in Applied Earth Observations and
Remote Sensing, vol. 8, no. 6, pp. 3062-3067, 2015.

—
>

11

[5] S. Gu, L. Zhang, W. Zuo, and X. Feng, “Weighted nuclear
norm minimization with application to image denoising,” in
Proceedings of the 2014 IEEE Conference on IEEE Computer
Vision and Pattern Recognition (CVPR), pp. 2862-2869,
Columbus, OH, USA, June 2014.

[6] J. Li, Q. Yuan, H. Shen, and L. Zhang, “Hyperspectral image
recovery employing a multidimensional nonlocal total vari-
ation model,” Signal Processing, vol. 111, pp. 230-248, 2015.

[7] J. Jiang, J. Yang, Y. Cui, and L. Luo, “Mixed noise removal by
weighted low rank model,” Neurocomputing, vol. 151, no. 2,
pp. 817-826, 2015.

[8] W. Dong, G. Shi, and X. Li, “Nonlocal image restoration with
bilateral variance estimation: a low-rank approach,” IEEE
Transactions on Image Processing, vol. 22, no. 2, pp. 700-711,
2013.

[9] Y.-M. Huang, H.-Y. Yan, Y.-W. Wen, and X. Yang, “Rank
minimization with applications to image noise removal,”
Information Sciences, vol. 429, no. 6, pp. 147-163, 2018.

[10] Z. Wu, Q. Wang, J. Jin, and Y. Shen, “Structure tensor total
variation-regularized weighted nuclear norm minimization
for hyperspectral image mixed denoising,” Signal Processing,
vol. 131, no. 1, pp. 202-219, 2017.

[11] T. Huang, W. Dong, X. Xie, G. Shi, and X. Bai, “Mixed noise
removal via laplacian scale mixture modeling and nonlocal
low-rank approximation,” IEEE Transactions on Image Pro-
cessing, vol. 26, no. 7, pp. 3171-3186, 2017.

[12] M. C. Morrone and R. A. Owens, “Feature detection from
local energy,” Pattern Recognition, vol. 6, no. 5, pp. 51-52,
1994.

[13] X.-G. Luo, H.-J. Wang, and S. Wang, “Monogenic signal
theory based feature similarity index for image quality as-
sessment,” AEU - International Journal of Electronics and
Communications, vol. 69, no. 1, pp. 75-81, 2015.

[14] Y. Chen, Y. Guo, Y. Wang, D. Wang, C. Peng, and G. He,
“Denoising of hyperspectral images using nonconvex low
rank matrix approximation,” IEEE Transactions on Geoscience
and Remote Sensing, vol. 55, no. 9, pp. 5366-5380, 2017.

[15] W. He, H. Zhang, H. Shen, and L. Zhang, “Hyperspectral
image denoising using local low-rank matrix recovery and
global spatial-spectral total variation,” IEEE Journal of Selected
Topics in Applied Earth Observations and Remote Sensing,
vol. 11, no. 3, pp. 713-729, 2018.



