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Abstract: A novel multilevel threshold segmentation method for color satellite images based on Masi
entropy is proposed in this paper. Lévy multiverse optimization algorithm (LMVO) has a strong
advantage over the traditional multiverse optimization algorithm (MVO) in finding the optimal
solution for the segmentation in the three channels of an RGB image. As the work advancement
introduces a Lévy multiverse optimization algorithm which uses tournament selection instead of
roulette wheel selection, and updates some formulas in the algorithm with mutation factor. Then,
the proposal is called TLMVO, and another advantage is that the population diversity of the algorithm
in the latest iterations is maintained. The Masi entropy is used as an application and combined with
the improved TLMVO algorithm for satellite color image segmentation. Masi entropy combines the
additivity of Renyi entropy and the non-extensibility of Tsallis entropy. By increasing the number of
thesholds, the quality of segmenttion becomes better, then the dimensionality of the problem also
increases. Fitness function value, average CPU running time, Peak Signal-to-Noise Ratio (PSNR),
Structural Similarity Index (SSIM) and Feature Similarity Index (FSIM) were used to evaluate the
segmentation results. Further statistical evaluation was given by Wilcoxon’s rank sum test and
Friedman test. The experimental results show that the TLMVO algorithm has wide adaptability to
high-dimensional optimization problems, and has obvious advantages in objective function value,
image quality detection, convergence performance and robustness.

Keywords: multilevel threshold segmentation; Masi entropy; multiverse optimization algorithm;
Lévy multiverse optimization algorithm; tournament selection

1. Introduction

With the booming of artificial intelligence (IA) technology, in order to meet people’s needs,
the practicality of computer vision technology is highly emphasized. Image segmentation is one of the
main problems of digital image processing technology and machine vision technology [1], which can
be either gray image segmentation or color image segmentation. By comparison, grayscale images
contain less information. Meanwhile, color images contain more color information such as hue and
saturation [2,3]. On the other hand, images have a wide range of applications in the fields of geographic
graphic information systems, astronomy and earth science research. It is necessary to locate objects
and boundaries accurately in satellite images. Therefore, color satellite image segmentation is a critical
and challenging topic [4–6].
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The existing image segmentation methods are mainly divided into the following categories:
threshold segmentation, region growth, region division and merging, watershed algorithm, edge
detection, histogram method, cluster analysis and wavelet transform among others. Threshold
segmentation is widely used and it can be divided into bi-level threshold and multilevel threshold [7,8].
Bi-level threshold is the simplest segmentation method, as long as one gray value can be determined to
divide the image into two regions of interest (ROI) [9]. In actual image processing, color images contain
more than two ROI, for that reason only multilevel threshold methods can be adopted. The pixels
are divided into groups, and, within each group, the pixels have intensity values within a specific
range. Sezgin et al. [10] divided the image thresholding techniques into six groups according to
information. These groups include methods based on histogram, clustering, entropy, object attributes,
spatial and local information. The segmentation techniques that employ histograms and statistical
information (variance of entropy) are the most used due to its practicality. An example of these kinds
of approaches is Otsu’s algorithm, where each bar of the histogram represents a gray scale. In Otsu,
the best threshold is obtained by computing the between class variance that exists among the two
classes [11]. The higher the between-class variance is, the better the segmentation effect will be. As a
basic and effective segmentation method, Otsu has been highly regarded and widely used for a long
time. Today, people still have not stopped researching and utilizing it. In 2019, an accurate, scalable,
polynomial time multistage threshold segmentation algorithm based on Otsu method has just been
proposed [12]. Entropy-based methods, with their virtue of the charming basic mathematical concepts
of entropy, has been infinitely improved and updated by researchers. In the image, the uniform region
corresponds to the minimum entropy, while the non-uniform region defines the maximum entropy.
Therefore, a better segmentation effect can be obtained by obtaining a larger Boltzmann–Gibbs entropy
of the segmented image [13,14]. Therefore, entropy-based algorithms with different characteristics
are well known. For instance, Fuzzy entropy [15], Renyi entropy [16], Shannon entropy [17], Tsallis
entropy [18], and Kapur entropy [19]. Entropy-based thresholding has been widely used in multilevel
image segmentation.

The main drawback of segmentation using entropy is to find the best configuration of thresholds.
Each threshold increases the computational effort—for that reason, it is required the use of a search
algorithm. Considering the above, segmentation is considered as an optimization problem in the
literature, where entropy is used as an objective function. An interesting approach that employs
optimization considers a hybridization of genetic algorithms and cross entropy methods (GACE) were
proposed for solving continuous optimization [20]. An improved fuzzy entropy and Lévy flying firefly
algorithm (FA) method is used for color image threshold segmentation [21]. By maximizing Shannon
entropy or fuzzy entropy, the FA is utilized to image segmentation [22]. On the other hand, in 2005,
Masi et al. proposed a newer and more coordinated Masi entropy which integrates the additivity
of Renyi entropy and the non-extensibility of Tsallis entropy [23]. Fundamentally, Masi entropy is
also a kind of innovation of Shannon entropy. By adjusting the entropy parameter r of Masi entropy,
its application scope can be expanded. Swapnil Shubham et al. applied the concept of Masi entropy
to multilevel thresholding of color images, and confirmed its potential to achieve a wide range of
objectives in efficient multilevel image segmentation [24,25].

The prosperity of optimization field drives the development of many fields. The cross-fusion
of different areas through optimization algorithm can bring more immeasurable value to people.
With the introduction of the No Free Lunch (NFL) theorem, people have realized the universality of
optimization [26]. In 2002, E. G. Talbi published an article about a taxonomy of hybrid metaheuristics [27].
E. A. Baniani proposed a hybrid particle swarm optimization (PSO) algorithm and a genetic algorithm
(GA) in 2013 for multilevel maximum entropy criterion threshold selection [28]. A hybrid whale
algorithm and simulated annealing optimization algorithm have been applied to feature selection in
2017 [29]. At present, the combination of optimization algorithm and image segmentation can be said
to be very mature, with a relatively complete system. With the introduction of more new and effective
algorithms and the improvement of image segmentation methods, the prospects in this field are very
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promising. An approach called Multiverse Optimization (MVO) was first proposed by S. Mirjalili in
2015, which belongs to the physically inspired metaheuristic algorithms [30]. With the proposal, it has
received successive improvements and utilization by scholars. In 2016, MVO was applied to the study
of photovoltaic parameters, and five parameters of the single-diode model of photovoltaic cells were
extracted [31]. In 2017, MVO mixed the PSO to solve the problem of global numerical optimization
and reactive optimization scheduling [32]. In 2018, China’s energy consumption was estimated using a
self-adaptive MVO optimizer support vector machine with rolling cross-validation [33]. In 2019, the
multi-objective MVO algorithm was utilized for grayscale image segmentation [34]. Compared with
the traditional algorithm, the MVO algorithm has better performance, but there are still some flaws
in slow convergence, low accuracy and ease of being trapped in the local optimal. Roulette wheel
selection is used as a mechanism for determining the optimal universe in MVO. However, when the
fitness function of the algorithm is so close at the later stage, the selection advantage of the optimal
universe is greatly weakened, and it is easy to fall into local solutions. To solve these drawbacks, this
paper proposed the use of the tournament selection. By calculating the reciprocal of fitness function,
the optimal universe can be determined. This is because, in the minimization problem, tournament
selection is better than roulette wheel selection, and can maintain a strong and continuous update even
at the end of the iterative process, which has been proved in the related literature [35,36].

Regarding the improvement of MVO, an enhanced version that merges the MVO with Lévy flight
(LMVO) has recently been proposed [37]. When Lévy random walk is added to MVO appropriately,
the algorithm not only improves the accuracy, but also enhances the robustness. As a promotion of the
work, the mutation factor is added to the location update while replacing the screening mechanism,
which ensures the diversity of the population in the later stage of the algorithm. These improvements
are conducive to achieving a better balance between the exploration and exploitation of the algorithm,
improving the accuracy of local optimization and the ability of global optimization. Therefore, this
article presents an improved version of the LMVO called TLMVO including a tournament selection
operator instead of the roulette wheel. As a real application, the TLMVO has been used for image
thresholding using the Masi entropy as a fitness function. The proposal is tested using color satellite
images that are more complicated than benchmark datasets. The performance of the improved
algorithm is evaluated by considering the accuracy of the optimization, the quality of the segmentation
and a statistical comparative analysis.

The remainder of this paper is organized as follows: Section 2 outlines the multi-threshold
problem and Masi entropy. Section 3 gives an overview of MVO followed by its mathematical model.
The proposed TLMVO-based multilevel thresholding method is presented in Section 4, where the
basic instructions of three strategy are also illustrated. Simulation experiments and results analysis
are described in Section 5. Finally, Section 6 concludes the work and suggests some directions for
future studies.

2. Problem Statement

2.1. Summary Description of Multilevel Thresholding

Assuming that a color image with dimension M×N has L gray values [0, 1, . . . , L− 1] for each of
the color frame (red, green, and blue). L is considered as 256.

In each frame, let ni represent the number of pixels with gray value of i. Correspondingly, the
distribution probability pi of the i-th gray value is indicated as:

pi =
ni

M×N
, (1)

L−1∑
0

pi = 1, pi ≥ 0. (2)
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Suppose there are K thresholds. Then, t1, t2, · · · , tK can divide the the gray levels of the given
image into K + 1 classes, for which t represents threshold value. For multilevel thresholding, define
different classes as:

[0, t1 − 1] ∈M0

[t1, t2 − 1] ∈M1

· · · · · ·

[tK, L− 1] ∈MK,

(3)

where t1 < t2 < . . . < tK. Then t0 = 0 and tK+1 = L.

2.2. Masi Entropy

Most of the entropy testing methods for image segmentation need to obtain the maximum entropy.
The effect of the segmentation between the object and the background depends on the value of the
entropy. Experimental results have shown that fitness function value of Kapur’s, Tsallis, Renyi’s,
and Masi’s entropy are sorted as Kapur’s < Tsallis < Renyi’s < Masi’s [24].

For multilevel thresholding image segmentation of K thresholds, the class probabilities are
defined as:

ω0 =

t1−1∑
i=0

pi,ω1 =

t2−1∑
i=t1

pi,ω2 =

t3−1∑
i=t2

pi, . . . ,ωK =
L−1∑
i=tK

pi. (4)

Furthermore, the probability distribution defined above is normalized, and each new set of
probability distribution is obtained in different classes, which can be expressed by mathematical
formulas as:

DM0 :
p0

ω0
,

p1

ω0
, . . . ,

pt1−1

ω0
, DM1 :

pt1

ω1
,

pt1+1

ω1
, . . . ,

pt2−1

ω1
, DMK :

ptK

ωK
,

ptK+1

ωK
, . . . ,

pL−1

ωK
. (5)

The entropy value of the image can be represented as:

H j =
1

1− r
log

1− (1− r)
t j+1−1∑

i=t j

(
pi

ω j

)
log

(
pi

ω j

), (6)

where 0 ≤ j ≤ K. The entropy is represented by H, and r is the value of the entropic parameter which is
set to 1.2. Then, the objective function can be mathematically described by:

ψ(t1, t2, · · · , tK) = H1 + H2 + . . .+ HK, (7)

for which the definition of the optimal threshold of Masi is as follows:{
t∗1, t∗2, · · · , t∗K

}
= arg max

0<t1<t2···<tK<L−1
(ψ(t1, t2, · · · , tK)). (8)

For color images, as described above, Masi entropy is calculated for each color channel of the
image. Using algorithms, the objective function defined in Equation (7) is maximized by Equation (8),
the threshold of each channel is calculated separately, and the segmented RGB images are formed by
using these thresholds. Using the resulting optimal threshold, a final segmented image is formed.

3. Multiverse Optimization Algorithm

The Basic Multiverse Optimization Algorithm

Inspired by the Big Bang and Quantum Mechanics [38,39], each universe is regarded as a possible
solution vector, treating an object in the universe as a variable in the corresponding solution vector.
Each universe has a corresponding inflation rate, which is seen as fitness function value. Black holes
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are used to receive objects and exist in the universe with a low rate of inflation; white holes are used to
send out objects and exist in the universe with a high rate of inflation; wormholes are tunnels between
black holes and white holes; and the value of the expansion ratio is screened by a roulette mechanism to
produce a white hole. According to the above rules, balanced exploration and development achieve
optimal universe renewal. The following formulas correspond to the mathematical algorithmic models
of the multiverse.

Mathematical Model

Considering the following definition of a universe:

U =


x1

1 x2
1 · · · xd

1
x1

2 x2
2 · · · xd

2
· · · · · · · · · · · ·

x1
n x2

n · · · xd
n

. (9)

d represents the number of parameters and n refers to the number of solutions. Each element of U
is then defined as:

x j
i =

x j
k r1 < NI{Ui

x j
i r1 ≥ NI{Ui

, (10)

where x j
i represents the j-th parameter of i-th universe, Ui represents the i-th universe, NI(Ui) refers

to the standard inflation rate of the i-th universe and x j
k indicates the j-th parameter of k-th universe

selected by a roulette wheel selection mechanism.
The new positions of the elements in the optimal universe are obtained by Equation (11):

x j
i+1 =


 x j

i + TDR×
{{

ub j − lb j × r4 + lb j r3 < H

x j
i − TDR×

{{
ub j − lb j × r4 + lb j r3 ≥ H

r2 < WEP

x j
i r2 ≥WEP

, (11)

where H = 0.5, r1, r2, r3, r4 are random numbers in the interval [0,1]. Wormhole existence probability
(WEP) is as follows:

WEP = min + l×
(max−min

L

)
. (12)

Here, min = 0.2, max = 1, l is the current iteration, and L is the maximum iteration. Travelling distance
rate (TDR) is:

TDR = 1−
l1/p

L1/p
. (13)

p denotes the accuracy of mining capability. Both TDR and WEP are coefficients and the relationship
between them is shown in Figure 1. Local and global optimization are realized through Equations (10)
and (11). The pseudo-code of the MVO algorithm is given in Algorithm 1.

Figure 1. WEP versus TDP [30].



Remote Sens. 2019, 11, 942 6 of 38

Algorithm 1 Pseudo-Code of the Traditional MVO Algorithm

1 Initialize the positions of universes;
2 Randomly initialize the population Sorted Universes (SU);
3 While iteration < Max_iteration do
4 For each universe indexed by i
5 Check if any search agent goes beyond the search space and amend it;
6 Calculate the objective function value of each universe (Inflation_rates of the universe)(NI);
7 Update the best solution Best_universe, and WEP and TDR;
8 For each object indexed by j
9 Using Roulette Wheel Selection methods and the idea of wormhole, white hole, and black hole
to update the universe using Equation (10)
10 Update the position of object in the optimal universe using Equation (11)
11 End for
12 End for
13 End while

4. The Proposed Multilevel Thresholding Algorithm

The idea of MVO optimization algorithm is interesting, which combines physical concepts such
as multiverse, wormhole, white hole, black hole and so on. The roulette selection mechanism is
utilized in the selection of white holes/black holes, which makes the generation of black holes/white
holes in the whole universe very random. Location updates are limited by factors such as current
location and object range. Based on the above, in this paper, the roulette selection mechanism was
replaced with the tournament selection. Inspired by Cuckoo Search Optimization (CS) [40,41], Flower
Pollination Algorithm (FPA) [42,43] and Martingale Algorithm (DA) [44], LMVO has introduced
the concept of Lévy flight into white hole/black update. Based on this, a better algorithm model is
obtained by adding a mutation factor in this paper [37]. Taking the Masi entropy method as the
objective function, through the proposed multiverse optimization algorithm, the maximum value
of Masi entropy can be found quickly and stably. Finally, the optimal thresholds (tR, tG, tB) of three
different color components (red, green and blue) in the input color image are determined, so as to
achieve a better image segmentation effect.

4.1. Selection Schemes

In this section, the selection schemes are described. That is, the roulette selection mechanism of
the original algorithm and the tournament selection used to replace the roulette selection mechanism
in the algorithm proposed in this paper. Both mechanisms are selected based on fitness function values.
Selection strategies are to judge the current individual and determine which individual is used for
position update according to the fitness value in the hope of obtaining a higher fitness value in the next
iteration. The selection strategy is to judge the current individual and determine which individual
to use for location update according to the fitness value. Different selection strategies have different
calculation methods of selection, and a more suitable selection mechanism with the algorithm can
easily obtain better results to a large extent [45].

4.1.1. Roulette Wheel Selection

In roulette wheel selection [46], a roulette wheel is made up of all the individuals selected.
The probability of a individual is proportional to its fitness value. That is, the larger the fitness value
of a individual is, the greater the number of shares corresponding to that part of the roulette wheel
will be. As can be seen from Figure 2, when the wheel stops after rotation, the pointer will randomly
select, and the part that accounts for a large number of shares will have a great chance to be selected.
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Of course, we can find that all the parts have the chance to be selected. The probability of selection can
be expressed by mathematical formula as:

Pi =
fi

n∑
j=1

fi
, (14)

where fi indicates the fitness value of the i-th position.
The advantage of Roulette is that each individual is likely to be selected. Consequently,

the diversity of the population is preserved. However, the selection mechanism of roulette still
has some shortcomings:

1. Outstanding individuals will introduce a bias in the beginning of the search that may cause a
premature convergence and a loss of diversity.

2. If the fitness values of individuals in a group are very similar, the selection probability of the
better and the worse individuals is very close, so it is difficult for the group to develop in a
better direction.

3. Many references have proved that this option is not suitable for minimization [47,48].
4. The algorithm procedure of roulette wheel selection depicted in Algorithm 2.

Figure 2. The roulette wheel selection.

Algorithm 2 Pseudo-Code of Roulette Wheel Selection

1 Procedure: Roulette wheel selection
2 While population size<pop_size do
3 Generate pop_size random number r
4 Calculate cumulative fitness, total fitness, total fitness(Pi) and sum of proportional fitness (Sum)
5 Spin the wheel pop_size times
6 If Sum < r then
7 Select the first chromosome, otherwise, select j-th chromosome
8 End If
9 End While
10 Return chromosomes with fitness value proportional to the size of selected wheel section
11 End Procedure

4.1.2. Tournament Selection

Tournament selection [49] is a mechanism similar to competition. The concept is quite simple
and, with a probability of 68% in the confidence interval [50], a group of values (n) was randomly
selected from the fitness function values (all participants) of all individuals in the population (N, n ≤ N).
Generate a random number r, r ∈ [0, 1]; according to the selection probability, generate the selection
pressure p. The values in the selected group are compared (the contest), and the optimal value
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(the winner) is determined by the comparison of r and p. The optimal value is then substituted into
the next iteration. Similarly, competition selection provides all individuals with the opportunity to
compete fairly and the diversity of the population is preserved.

Tournament selection has several advantages:

1. Time complexity is more effective;
2. Not susceptible to optimal biasing;
3. No requirement for fitness scaling or sorting [45,48].

However, at the same time, there are also some shortcomings:

1. Suitable for small populations, large populations will lose diversity and fall into local optimum;
2. Relatively, slow convergence speed

Figure 3 illustrates this mechanism. Population size N is set to 8, and a group is randomly
selected to participate in the competition. Membership size n is set to 3. Choose the optimal one
through competition.

These two update mechanisms are different in principle. In this newly selected mechanism, a set
of better values is selected according to the probability ratio among the existing fitness function values,
and each selection is more focused on a better individual. The number of members in the group has a
great influence on the optimal value selection, so we set an integer value ranging from 2 to the total
number, called the tour parameters [51]. Here, we give the pseudo-code of tournament selection in
Algorithm 3.

Figure 3. The tournament selection.

Algorithm 3 Pseudo-Code of Tournament Selection

1 Procedure: Tournament Selection
2 Determine the population size N
3 Generate the number of selected individuals n
4 If i < n then
5 Generate fitness values (Fi) for a set of selected individuals
6 End If
7 Select the minimum value in Fi and its corresponding index i
8 Returns the individual with the minimum fitness value
9 End Procedure

4.2. Lévy Flight

Lévy flight is very common in nature, which is a kind of mathematical model of rapid flight, rapid
jump. It is usually used to describe the behavior of birds, insects and other flying animals [52]. In the
past few years, many studies have proved that it has great advantages in improving the convergence
speed of the optimization algorithm and the convergence of the global optimal solution. Usually, it is
considered as an operator that permits to enhance metaheuristic algorithms [53,54]. The mathematical
model can be described as:

Levy(λ) = 0.01×
µ× σ

|ν|
1
β

, (15)
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where µ and ν obey the normal distribution, λ = β+ 1:

µ ∼ N(0, σ2) , ν ∼ N(0, σ2
ν), (16)

with

σ =

 Γ(1 + β) × sin
(πβ

2

)
Γ
( 1+β

2

)
× β× 2(

β−1
2 )


1
β

, σν = 1. (17)

The step length s can be expressed as:

s =
µ

|ν|
1
β

. (18)

With the change of controlling parameter β, the shape of probability density function will also
change, which will affect the shape of the tail region. Here, β is a constant, β = 1.5.

The selection strategy used in this paper, tournament selection, has the disadvantage of slow
convergence. Lévy flight can be used as an operator for optimization improvement. In terms of global
optimization of the algorithm, Lévy flight’s occasional large leap can effectively avoid falling into
local optimization.

4.3. Tournament-Based Lévy Multiverse Optimization Algorithm

In this paper, the MVO algorithm is improved by changing selection schemes, adding the random
walk strategy and improving the updating formula, being aimed at improving the wide adaptability of
the MVO algorithm to high dimensional multimodal optimization problems.

Tournament selection is the most effective when dealing with minimization issues [34,35]. In this
regard, we invert the fitness value in the code for tournament selection. Adding the competition
mechanism in the universe to better cooperate with black holes and white holes for material renewal
between the universe. More effectively, the maximum fitness function value is screened out for the
updating of the next generation.

For the location update of the optimal universe, we made several additional optimization
improvements. Firstly, the current position is changed to the local optimal position. Secondly, taking
the advantage of cuckoo algorithm in position updating, two arbitrary positions in any universe are
randomly selected to make a difference (mutation factor). The diversity of the population would
decline sharply in the later period. The introduction of this mutation factor and Lévy ‘s random walk
strategy improves the development ability and maintains the diversity of the population [55].

The improved position update formula can be expressed as:

x j
i+1 =


{
x j

Best + {xa − xb × r3 + TDR×
{{

ub j − lb j × Levy + lb j r2 < WEP

x j
i r2 ≥WEP

, (19)

where x j
Best represents the current optimal value, xa, xb indicate the position of two different objects in

the universe, respectively:
TDR×

((
ub j − lb j

)
+ lb j

)
. (20)

This part has not changed much because this idea ensures that individuals can get random
positions in the search space. In addition, the pseudo-code of the proposed algorithm shows in
Algorithm 4.
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Algorithm 4 Pseudo-Code of the Proposed Algorithm

1 Initialize the positions of universes;
2 Randomly initialize the population Sorted Universes (SU);
3 While iteration < Max_iteration do
4 For each universe indexed by i
5 Check if any search agent goes beyond the search space and amend it;
6 Calculate the reciprocal of the value of the objective function for each universe
(1/Inflation_rates of the universe)(1/NI);
7 Update the best solution Best_universe, and WEP and TDR;
8 For each object indexed by j
9 Using Tournament Selection methods and the idea of wormhole, white hole, and black hole
to update the universe using Equation (10)
10 Update the position of object in the optimal universe using Equation (19)
11 End for
12 End for
13 End while

4.4. The Proposed TLMVO-Based Multilevel Thresholding Method

Combining the TLMVO algorithm with a multilevel threshold method, Masi entropy is taken
as the objective function. By determining the maximum entropy between classes, the corresponding
optimal threshold is obtained, so as to obtain better image segmentation results. The position of the
individual is determined by multiple thresholds, and different individuals make up the universe.
The inflation rate of universe corresponds to the value of the objective function, thus establishing the
relationship between the optimization algorithm and segmentation function.

From the overall perspective of the program, the individual and other related parameters
are initialized, calculate the initial fitness function values with formulas Equations (6) and (7).
The fitness function value is screened through the tournament selection mechanism, determine the
optimal individual, and exchange individuals between the universe. Under the triple constraint of
individual range Equation (20), wormhole existence rate (WEP) Equation (12), travel distance rate (TDR)
Equation (13) and Lévy Flight Equation (15), the optimal universe was updated with formula Equation
(20). The iterative loop determines the optimal threshold and completes the image segmentation.
The overall flow chart is shown in Figure 4.

Figure 4. The flow chart of the TLMVO-based multilevel thresholding method.
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5. The Computational Experiments and Results

In order to evaluate the performance of the algorithm, computational experiments were carried out
on the convergence curve of the segmentation function and the evaluation index of image segmentation
effect. The general structure is as follows: Section 5.1 briefly introduces the basic experimental
environment; the measured images, comparison algorithm and related parameters are given in
Section 5.2; in Section 5.3, several performance measures are chosen to evaluate the segmentation effect;
the experimental data are analyzed in Section 5.4 finally.

5.1. Experimental Setup

The computer is configured with Intel(R) Pentium(R) CPU G4560@3.50 GHz (Intel, Santa Clara, CA,
USA), Microsoft Windows 7 system (Microsoft, Redmond, WA, USA), and the operating environment
is Matlab R2017b (The MathWorks Inc., Natick, MA, USA).

The proposed method is compared with several well-known metaheuristicss algorithms. Each of
them contains different characteristics, including

1. The traditional MVO algorithm [30];
2. The state-of-the-art LMVO algorithm [37];
3. An interesting bionic algorithm named ant lion algorithm (ALO) which can always find the

maximum in the latest metaheuristics algorithm [56];
4. A new complex swarm intelligent optimization technology, dragonfly algorithm (DA) [43];
5. FPA, inspired by the process of flower pollination of flowering plants in nature which is simple

and requires fewer parameters to be adjusted [41,42];
6. An earlier proposed evolutionary algorithm, PSO [57–60];
7. CS which is based on the brood parasitism of some cuckoo species, along with Lévy flights’

random walks [39,40].

The seven comparison algorithms correspond to four relatively novel algorithms and three
relatively basic algorithms, respectively. The parameters of these algorithms are selected from the
references related to image segmentation, which are shown in Table 1.

Table 1. Parameters of algorithms.

Reference Algorithm Parameters Value

[30] MVO 1
Mining capability p 1/6

Random parameters r1, r2, r3, r4 [0,1]
Contrast parameter H 0.5

[37] LMVO 1 Lévy controlling constant β 1.5

TLMVO 1 Selection pressure p [0,1]
Screening probability r [0,1]

[61] ALO Switch possibility 0.5

[44] DA

Inertial weight [0.5,0.9]
Seperation weight

[0,0.2]Alignment weight
Cohesion weight

Maximum velocity 25.5
Food attraction weight [0,2]

Enemy distraction weight [0,0.1]

[43] FPA
Switch possibility 0.4

Lévy controlling constant β 1.5
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Table 1. Cont.

Reference Algorithm Parameters Value

[59] PSO

Maximum inertia weight 0.9
Minimum inertia weight 0.4
Learning factors c1 and c2 2

Maximum velocities +120
Minimum velocities −120

[7] CS
Mutation probability value Pa 0.25

Scale factor β 1.5
1 As an improvement of the algorithm, the same parameters are not given repeatedly.

Comparative experiments were conducted using control variable method. The maximum number
of iterations for all algorithms is 500 and the number of population size is 25. For each image, each
algorithm runs 30 times separately. The threshold dimension of K is divided into high dimension
(K = 10, 12) and low dimension (K = 4, 6, 8).

5.2. Satellite Color Image Used

This paper presents a new improved TLMVO algorithm for satellite image segmentation using Masi
entropy. In satellite images, there are different bands and different wavelength areas. The processing
of satellite images is carried out in different wavebands (the full band combination specifications are
presented in Table 2. Secondly, the image features are very dense and the information from one area to
another changes rapidly. At the same time, satellite images are generally of high resolution. All these
will affect the efficiency of the algorithm, which will lead to inefficiency of the algorithm and increase
the amount of computation in segmentation. Therefore, the accurate segmentation of satellite images
is a very challenging task [5].

Table 2. Characteristics and Use [4].

Band No. Name Wavelength (µm) Characteristics and Use

1 Visible blue 0.45–0.52 Maximum water penetration
2 Visible green 0.52–0.60 Good for measuring plant Vigor
3 Visible red 0.63–0.69 Vegetation discrimination
4 Near infrared 0.76–0.90 Biomass and shoreline Mapping
5 Middle Infrared 1.55–1.75 Moisture content of soil
6 Thermal Infrared 10.4–12.5 Soil moisture, thermal mapping
7 Middle Infrared 2.08–2.35 Mineral mapping

Ten satellite images are selected for segmentation to achieve better contrast effect. Each threshold
has a range of [0, 256), and thus the search space is [0, 256)25. The size and histogram of each satellite
image are presented in Figure 5, which are from the aerial data set [62]. For each color image and
threshold level, 30 independent running experiments were conducted [63,64]. The corresponding
thresholds for each optimal solution are reported in Table 3.

Figure 5. Cont.
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Figure 5. The experimental satellite images and corresponding histogram images.
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Table 3. Optimal solution for each algorithm under Masi entropy.

TEST
IMAGES

K
TLMVO LMVO MVO ALO DA FPA PSO CS

R G B R G B R G B R G B R G B R G B R G B R G B

1

4 57 100
140 182

50 93
131 168

43 83
121 158

57 100
140 182

56 98
138 173

43 83
122 163

57 100
143 181

56 98
138 173

43 83
121 158

57 100
140 182

56 98
138 173

43 83
122 163

57 103
142 184

56 98
138 173

43 81
121 158

71 119
170 205

50 69
106 158

46 84
115 164

57 100
140 182

56 98
138 173

43 83
122 163

54 93
138 183

48 103
138 180

47 91
117 166

6
57 80

111 142
172 202

50 81
112 144
175 205

43 74
103 130
163 229

55 76
107 139
172 202

47 65
99 134

166 203

38 57
88 121

152 171

57 80
111 141
172 202

46 64
93 122

151 180

38 57
85 112

139 166

57 80
111 142
172 202

50 81
112 144
175 205

38 57
85 113

140 166

57 82
114 144
175 203

46 64
93 122

152 180

38 57
85 112

139 166

60 72
88 132

142 169

42 57 94
115 128

157

22 60
107 124
143 171

57 80
111 142
172 202

46 64
93 123

152 180

40 63
90 117

143 166

54 99
117 139
169 186

54 90
114 140
165 181

39 83
104 117
140 172

8

54 70
94 119

145 172
200 227

37 50
66 90

114 138
160 183

38 55
77 100

123 148
167 230

46 64
82 103

127 150
177 203

46 61
84 107

131 155
180 205

38 49
67 88

109 130
152 171

55 72
94 117

139 162
184 206

46 59
80 102

127 152
180 205

38 52
71 91

112 133
154 171

46 64
84 108

132 156
180 206

46 63
87 110

134 157
181 205

38 53
72 92

113 134
155 171

54 70
94 118

141 164
186 208

43 57
78 98

120 155
180 205

38 53
74 95

116 136
155 171

47 51
70 84

120 147
191 212

35 43 54
66 93

122151
182

40 46
63 69

106 135
157 214

46 64
84 108

131 156
180 205

46 61
85 109

134 158
182 205

38 53
74 94

114 134
155 171

44 60
85 117

132 160
194 210

43 63
83 107

130 140
160 200

46 61
81 102

113 125
135 161

10

46 57
67 81

99 117
135 156
179 205

41 56
71 89

107 125
144 163
183 205

38 52
68 85

103 120
137 155
171 184

46 63
79 97

115 133
152 171
189 208

37 50
63 82

101 120
140 161
182 205

33 46
64 85

107 129
154 171
206 208

46 63
77 93

112 131
151 170
189 208

41 56
68 84

102 118
136 158
181 205

33 46
60 77

94 110
123 138
155 171

46 64
80 97

115 133
151 171
191 210

41 56
71 90

108 127
145 164
183 205

33 46
58 74
91 107

124 141
156 171

55 72
91 112

132 151
171 189
207 227

41 56
70 88

106 120
137 160
183 206

38 49
65 80
96 111

126 141
156 171

39 53
81 97

97 107
127 160
188 206

40 50 71
82 97

119 140
154 190

227

25 40
51 60

74 100
101 127
147 176

46 64
82 104

126 146
167 187
206 227

41 56
71 89

107 125
144 163
184 205

33 46
59 74

90 106
122 139
155 171

44 54
62 88

99 115
157 168
193 210

39 52
61 77
92 101

126 135
159 167

30 39
66 73
79 109

123 136
146 164

12

46 57
67 82

99 115
132 149
167 186
205 227

41 56
68 84

100 116
132 148
164 181
197 207

23 33
41 50
62 76
90 106

122 138
155 171

46 63
76 89

105 122
139 155
172 189
207 227

37 47
57 69
84 99

115 132
149 166
184 205

33 46
57 70
84 98

112 126
140 155
171 184

46 63
76 91

105 119
135 153
175 191
208 227

37 50
62 78
95 113

130 146
161 175
188 205

30 40
50 63
77 92

107 122
135 149
163 173

46 57
73 96

116 136
155 171
184 198
212 227

37 48
61 77

93 110
126 140
155 169
187 205

33 43
56 69
82 94

106 117
129 141
156 171

46 57
67 87

107 125
142 159
177 193
210 227

43 56
68 83
99 114

130 148
165 181
197 207

30 43
55 71

87 103
114 126
138 152
163 173

64 74
85 91

95 120
133 143
156 173
182 197

44 58 65
84 87 97
108 112
129 150
164 181

19 30
40 45
57 62

71 106
122 147
168 183

46 57
73 91

110 129
147 168
188 207
227 256

37 50
63 80
96 111

126 140
155 171
186 205

1 33 44
57 71
86 101

116 130
144 158

171

42 48
59 70

93 103
120 142
161 178
190 205

47 53
61 69
82 92

99 119
128 154
174 189

39 45
49 67
72 92

107 118
155 164
167 171

2

4 60 117
174 197

38 80
123 170

33 88
141 170

60 117
174 197

59 117
157 187

33 88
141 170

50 88
126 182

38 111
157 187

44 89
141 170

50 88
126 182

59 117
157 187

33 88
141 170

50 89
126 182

63 117
157 187

33 88
141 177

67 84
116 195

64 115
164 213

58 95
138 178

58 95
138 178

38 111
157 187

33 88
141 170

41 77
120 179

58 117
157 184

51 94
148 187

6
30 61

94 127
174 197

38 63
93 124

158 187

19 46
88 135

158 193

43 81
121 172
190 212

38 61
91 123

157 187

19 46
88 135

157 181

35 69
105 137
174 197

38 6192
123 158

187

19 46
82 109

141 170

35 69
106 138
174 197

38 63
93 124

158 187

19 46
82 109

141 170

42 76
112 143
177 205

38 63
95 125

160 189

27 59
93 141

168 193

51 80
97 135

176 186

51 96
111 160
191 214

36 91
116 148
173 185

30 68
106 138
177 205

38 63
93 124

160 189

19 46
88 135

157 181

40 73
114 142
173 191

33 42
77 122

162 194

25 68
99 139

169 187

8

23 50
79 112

141 172
190 212

36 55
78 103

127 155
174 202

19 44
75 101

135 157
177 197

18 42
68 94

120 147
177 205

36 57
81 105

128 157
179 208

19 46
78 103

135 157
177 203

23 46
71 95

120 146
177 205

36 56
80 104

127 155
174 202

17 33
57 83

108 136
157 181

30 61
90 118

145 172
190 212

38 59
83 106

130 157
177 208

17 34
59 85

109 136
157 185

39 66
95 120

146 172
190 212

36 58
82 107

130 157
179 208

19 46
76 101

133 149
170 193

42 69
100 123
134 149
186 212

39 45 80
105 133
166 208

211

25 33
46 56

90 139
160 195

30 58
87 117

144 172
190 212

38 59
83 107

130 157
177 208

19 46
78 102

133 149
170 197

19 61
75 104

119 142
170 190

37 59
91 108

138 160
178 203

18 35
71 98

127 144
161 194

10

17 37
59 82

105 126
148 172
190 212

17 37
59 82

105 126
148 172
190 212

17 33
56 80

102 128
141 157
178 203

22 42
63 84

106 126
148 172
190 212

32 44
59 80

101 125
152 168
187 208

17 32
52 74

93 113
136 157
177 203

17 35
57 81

103 126
149 174
190 212

36 52
68 86

104 121
138 157
177 202

17 31
49 69
91 111

133 149
170 193

17 37
60 83

105 126
149 172
190 212

32 48
67 87

108 129
154 170
187 208

17 34
57 81

102 128
141 159
178 203

17 34
57 81

102 128
141 159
178 203

38 59
86 110

136 155
170 187
208 224

19 33
53 74

94 115
137 157
178 203

17 48
78 128

144 163
168 181
187 216

24 59 68
102 113
125 152
162 173

196

25 33
41 59
66 93

125 147
184 210

18 39
61 83

106 128
150 174
190 212

36 53
73 95

114 134
155 170
189 208

17 33
53 74

93 113
134 149
170 193

31 44
61 79
96 111

135 171
202 210

23 36
61 77

108 121
153 177
208 220

34 54
82 122

136 143
150 162
172 197

12

9 22 37
54 70
88 107

126 149
174 190

212

26 38
53 72

91 112
132 154
169 187
202 218

17 32
50 70
89 108

128 141
157 175
193 210

9 22 36
52 74
97 121

145 169
182 197

212

26 38
52 66
83 101

119 135
154 168
187 208

11 25
39 58

82 103
127 141
157 172
191 208

17 30
47 68

87 105
123 139
153 172
190 212

26 38
53 69
86 104

121 136
153 168
187 208

11 19
32 50
73 92

111 131
145 164
181 203

17 35
55 72

93 110
132 151
170 182
197 212

32 44
61 78

95 113
130 149
160 174
189 210

17 31
46 63
79 96

113 131
144 160
179 203

17 34
53 72
89 107

124 138
153 174
190 212

36 50
65 80
97 119

139 155
170 187
205 220

17 28
44 60
78 96

116 133
145 160
179 203

5 4 58
64 83

114 138
146 173
197 221

239

32 72 85
98 101

126 152
171 174
182 209

227

20 26
46 61
76 92

112 119
137 143
167 191

11 28
47 66
84 102

120 137
154 174
190 212

26 38
53 69
86 103

120 137
155 170
189 210

17 32
48 66
82 99

115 134
149 170
197 256

19 54
78 90

109 118
135 175
184 200
212 237

17 32
56 67

90 105
125 138
160 168
175 194

19 41
62 71
77 83

102 116
131 142
157 166
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Table 3. Cont.

TEST
IMAGES

K
TLMVO LMVO MVO ALO DA FPA PSO CS

R G B R G B R G B R G B R G B R G B R G B R G B

3

4 69 109
158 212

55 96
137 185

36 68
108 156

69 109
158 212

30 63
121 185

59 102
144 176

69 109
158 212

55 94
136 185

57 99
144 176

75 117
163 212

55 96
137 185

43 78
144 176

72 114
162 212

59 100
140 185

59 102
144 176

70 126
168 208

26 61
122 201

54 76
137 169

75 117
163 212

59 99
138 185

43 78
141 176

79 130
165 217

58 103
148 192

61 93
141 175

6
36 68

100 137
174 214

55 87
119 151
185 213

26 54
79 112

148 176

36 68
100 137
174 214

30 63
100 136
173 204

30 57
81 113

148 176

36 68
100 135
173 214

30 62
96 132

170 198

36 67
96 124

151 177

36 68
100 137
174 214

30 63
100 136
175 204

26 57
81 113

148 176

40 75
109 145
182 217

33 63
100 136
173 204

36 67
96 124

151 177

19 84
100 155
180 213

51 69 81
124 159

194

27 63
89 122

140 170

36 68
100 137
174 214

30 63
99 134

170 198

32 59
83 114

148 176

50 75
125 153
186 225

27 58
72 100

135 186

42 72
93 115

135 177

8

16 39
69 99

130 161
193 221

19 40
63 92

121 149
180 204

19 39
59 79

104 129
153 177

34 62
86 112

140 170
206 231

19 40
63 92

121 151
185 213

24 47
70 93

116 141
163 181

35 62
87 117

146 176
209 231

30 61
85 111

138 165
189 213

24 46
68 92

116 141
163 181

35 65
93 121

150 179
209 231

30 61
87 112

138 165
189 213

24 47
70 93

117 141
163 181

16 40
70 100

135 169
206 231

30 61
86 112

138 165
189 213

25 49
72 96

119 143
163 181

14 76
110 131
164 178
202 232

9 37 52
81 104

136 182
203

27 54
74 84

106 130
142 192

16 43
75 106

139 172
206 231

30 61
87 115

142 170
192 213

24 46
68 91

116 141
163 181

12 55
90 100

148 175
205 223

23 68
104 137
153 171
197 214

44 71
110 122
137 149
165 177

10

16 35
62 85

107 131
156 183
212 232

18 3 61
80 102

124 146
170 192

213

19 37
57 74
94 113

133 151
168 183

16 35
62 85

109 134
160 186
212 232

18 38
60 79

100 122
146 170
192 213

15 32
51 68

85 104
124 144
163 181

16 35
61 83

104 130
157 183
210 231

16 38
60 81

102 125
147 170
192 213

19 36
54 71

90 109
129 148
168 183

16 35
62 86

110 134
161 187
212 232

18 39
62 83

105 126
149 173
192 213

19 39
59 76

96 115
134 151
168 184

16 39
68 95

121 147
173 198
221 239

19 43
63 83

107 128
149 172
192 213

19 37
57 74

93 113
132 150
168 184

44 65
73 85

98 134
176 202
217 232

22 42 61
79 102

111 128
142 176

201

28 57
84 93

97 110
133 140
147 193

16 36
62 86

110 136
162 187
212 232

18 38
61 82

104 126
148 171
192 213

19 39
59 78

96 115
134 151
168 184

15 31
64 90

119 151
162 173
202 222

33 63
76 98

134 146
159 193
210 219

44 60
73 96

106 117
132 145
161 180

12

16 32
50 68

86 106
125 145
166 188
212 231

18 38
59 76

93 110
127 144
162 180
196 213

18 35
52 68
83 99

115 131
148 163
176 187

16 32
50 68
86 107

128 149
170 191
212 231

14 30
48 63
79 96

113 131
149 171
192 213

15 29
45 61
78 96

114 132
151 168
183 246

16 30
46 65

83 100
119 138
159 182
210 231

18 36
52 66
84 103

121 139
158 178
196 213

15 32
51 65
80 96

112 128
146 163
176 187

16 34
55 75
97 117

139 159
180 202
221 239

18 38
60 79

97 114
131 149
168 186
204218

19 36
53 68
83 101

118 136
152 168
184 237

16 34
57 77

98 120
141 161
188 206
222 239

16 34
55 71

90 106
125 145
165 185
204 218

19 38
54 70

86 103
118 133
148 163
176 187

17 31
39 64

80 138
167 176
198 218
232 240

18 33 44
52 69 76
99 124

138 154
169 192

26 32
44 58
83 98

123 143
162 170
181 191

16 34
54 75
95 117

139 161
183 204
221 237

18 38
61 79
97 115

133 151
169 186
204 218

19 36
53 68
83 99

115 131
148 163
176 187

17 38
49 65

84 100
120 152
162 194
219 240

34 45
62 79

101 124
143 161
178 185
191 219

21 35
46 59
73 80

100 110
113 127
157 177

4

4 35 80
135 195

36 83
140 197

40 77
124 180

35 80
135 195

34 74
128 190

77 119
169 212

35 80
135 195

34 74
128 190

77 119
169 212

35 80
135 195

36 83
140 197

77 119
169 212

35 80
141 199

34 74
128 192

77 119
169 212

38 103
157 195

31 83
165 195

77 134
167 204

35 80
135 195

36 83
140 197

77 119
169 212

37 69
124 195

40 79
134 186

72 108
165 223

6
25 61

103 141
179 217

34 71
106 142
179 217

61 88
119 151
184 219

25 58
94 134

174 215

31 62
93 128

167 208

40 65
95 133

174 214

25 61
103 141
178 216

34 69
104 140
176 216

40 65
95 133

176 216

25 58
95 135

175 215

34 71
106 142
180 218

40 65
95 133

176 216

25 61
103 141
179 217

34 71
111 147
183 220

40 65
96 135

180 217

26 61
107 148
200 212

24 50 88
121 181

220

32 92
141 173
200 234

25 61
103 141
179 217

34 71
106 142
179 217

40 65
95 133

174 215

23 68
99 137

167 218

27 66
105 156
181 208

36 61
95 123

152 196

8

23 46
73 103

133 164
195 225

24 47
73 103

132 162
193 224

40 63
88 115

144 174
200 228

23 46
73 104

134 164
194 225

24 47
73 103

132 162
193 224

40 63
88 117

145 174
200 227

23 46
72 103

131 159
190 223

24 47
73 103

132 162
194 225

40 63
88 115

145 174
200 228

22 43
72 104

135 166
196 226

31 58
84 112

140 168
197 225

40 63
88 116

142 169
197 226

24 50
80 111

142 171
199 227

31 62
89 117

144 175
203 232

40 63
88 117

146 174
201 229

49 66
85 113

144 156
179 194

34 71
106 141
149 172
183 218

28 46
90 97

110 153
196 224

23 46
73 104

134 164
195 225

31 58
84 112

140 168
197 227

40 63
88 115

142 169
199 226

25 36
63 99

133 159
211 232

35 55
63 107

139 166
207 236

35 81
116 140
169 187
221 238

10

22 40
60 82

104 125
148 174
200 228

10 31
55 78

103 128
154 179
205 231

26 41
57 76

96 119
142 169
195 223

22 43
70 94

118 140
163 186
208 231

24 47
71 93

116 140
162 185
208 232

26 41
60 81

103 126
151 176
200 227

22 42
61 83

105 129
152 176
202 230

22 39
62 83

106 129
154 177
202 229

40 58
77 96

118 140
162 184
207 229

23 43
70 94

118 141
163 187
209 233

23 43
67 91

115 138
162 185
208 232

26 41
60 84

107 129
152 176
201 229

22 43
70 95

119 142
164 187
210 233

23 44
69 92

117 140
162 184
208 232

41 65
92 121

145 169
189 206
223 240

7 26 46
66 84

136 146
179 206

240

10 24 56
89 102

116 124
167 200

216

23 40
93 113

144 149
176 183
207 235

22 42
63 84

107 132
158 182
206 231

9 24 47
73 102

128 154
180 206

231

26 41
60 84

107 129
152 176
202 229

21 41
58 68

79 103
138 166
174 191

24 41
72 127

160 178
188 206
221 246

27 45
69 86

109 141
161 174
196 230

12

22 40
61 82

103 121
141 160
179 198
217 237

9 22 38
58 78

99 119
140 162
185 208

232

40 58
77 95

113 132
151 169
184 201
218 236

21 35
52 71

91 110
130 151
171 191
212 234

22 39
59 78

98 118
139 159
178 197
216 236

26 41
56 76

94 113
133 153
174 194
214 234

21 37
54 72

90 108
129 149
170 191
212 234

22 38
55 73
91 110

129 149
169 191
212 234

26 41
56 75
93 111

131 151
173 193
213 234

22 42
61 80

100 119
139 159
178 198
218 237

23 41
60 80

100 119
139 159
178 198
217 237

26 41
56 73

89 108
127 147
169 191
212 234

22 40
61 82

104 127
149 169
188 206
224 240

23 41
62 82

102 121
140 160
179 199
219 238

26 41
59 79

101 124
151 176
198 216
230 242

14 35
50 72
86 90

137 163
176 188
204 222

52 73 86
96 113

131 152
164 185
192 212

222

20 34
50 54
74 80

94 129
144 162
214 238

22 42
61 80

100 119
139 158
178 199
219 239

9 23 41
62 83

105 126
147 168
191 213

234

1 26 41
60 80

102 124
147 169
190 212

233

33 43
56 92

111 126
133 149
156 176
211 226

25 48
91 112

127 146
171 193
203 225
233 246

17 36
61 74

105 113
135 153
170 183
200 221
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Table 3. Cont.

TEST
IMAGES

K
TLMVO LMVO MVO ALO DA FPA PSO CS

R G B R G B R G B R G B R G B R G B R G B R G B

5

4 54 88
139 203

46 86
169 217

64 121
189 226

43 88
139 203

53 103
173 217

62 116
170 215

54 88
139 203

46 86
169 217

64 121
189 226

46 88
139 203

53 104
175 217

64 121
189 226

57 100
171 214

48 98
169 217

65 124
189 226

54 104
172 205

52 118
175 226

54 118
171 221

54 88
139 203

53 104
175 217

64 121
189 226

47 89
137 212

58 111
165 217

84 131
179 224

6
34 68

101 142
187 223

39 77
117 159
195 221

34 73
113 154
194 226

43 85
118 158
196 224

38 72
112 155
192 220

34 73
113 154
194 226

34 65
100 140
187 223

38 72
112 155
192 220

38 74
114 154
194 226

34 68
101 139
180 214

39 75
114 155
192 220

38 76
116 156
194 226

34 69
103 143
187 223

39 77
117 159
195 221

34 73
116 156
194 226

50 86
105 126
181 210

28 55 75
119 153

206

33 52
71 118

159 210

34 65
100 141
187 223

39 77
117 159
195 221

38 76
116 156
194 226

44 80
128 160
205 235

55 91
127 169
199 234

35 77
109 132
198 228

8

29 57
86 112

143 175
202 227

26 48
74 102

132 165
195 221

24 56
86 116

147 178
205 227

34 61
88 115

145 175
202 227

26 52
79 110

141 173
202 226

22 51
81 112

142 173
203 227

34 58
88 116

144 175
203 232

26 48
76 102

130 164
195 221

22 50
78 108

140 172
203 226

29 57
86 111

142 175
202 227

26 52
79 114

145 175
202 226

34 62
90 119

149 179
205 227

29 58
88 116

147 178
203 228

26 53
83 116

150 181
206 234

24 56
87 119

148 178
205 227

23 46
75 118

144 180
217 227

29 61 74
119 151
194 230

239

35 89
106 157
182 196
210 234

29 58
88 116

145 175
202 227

26 53
82 114

147 178
206 234

24 56
85 114

144 174
203 227

26 46
79 101

140 169
203 231

18 35
50 85

112 149
185 221

31 54
93 107

156 187
205 231

10

21 43
65 88

111 138
165 190
214 235

26 45
65 90

116 142
169 195
215 234

18 39
63 87

111 135
160 186
208 231

20 43
65 88

110 135
161 187
209 232

22 39
61 82

106 134
161 188
213 234

15 34
59 83

108 133
159 186
208 231

21 43
65 88

108 130
153 180
203 230

25 43
63 85

112 140
165 191
213 234

17 38
60 83

106 130
157 184
208 231

21 43
65 88

112 139
165190
212 235

26 48
73 97

121 146
167 192
213 234

18 41
65 90

115 140
165 191
213 232

30 57
85 107

130 155
178 201
221 239

26 48
75 102

128 153
178 198
217 238

18 43
71 99

127 154
176 198
215 235

29 52
78 112
126 131
161 176
204 222

42 75 93
106 114
128 145
176 227

244

8 32 61
71 97

124 153
188 216

229

21 43
65 88

112 138
165 190
214 235

26 48
73 98

123 149
175 198
217 234

18 39
64 89

114 139
163 188
210 231

6 26 64
89 116

142 150
175 204

224

48 66
80 88

113 143
151 184
206 230

18 43
54 98

113 136
154 165
187 213

12

18 34
54 71

88 109
132 155
180 202
223 239

25 43
63 84

106 129
152 175
195 213
226 242

11 22
37 53
72 92

114 137
162 186
208 231

14 29
43 60
77 93

112 133
154 178
203 232

25 42
61 81

102 123
143 163
182 202
219 238

17 34
54 74

94 114
135 155
176 196
215 235

19 36
54 69
88 107

129 151
174 195
214 235

22 38
55 75
94 120

139 158
177 196
215 234

11 28
47 65
86 105

127 148
171 194
213 231

21 42
61 80

99 119
140 161
182 203
223 240

25 43
63 83

103 123
143 164
183 202
217 234

17 34
53 72

91 112
133 153
172 194
213 232

28 47
65 85

103 121
139 159
180 198
216 235

26 43
64 83
99 115

135 155
175 195
217 238

17 38
60 83

107 130
150 169
186 203
218 235

14 47
66 80
97 127

147 188
208 220
224 246

31 47 63
81 100

114 125
165 185
205 226

247

16 33
77 87

101 119
130 142
157 213
229 238

21 43
62 82

101 121
141 161
181 202
223 240

25 39
55 76
97 117

138 159
179198
217 234

14 34
53 73

94 114
134 154
174 194
215 235

36 49
59 84

112 122
129 153
170 196
229 241

21 31
66 80

101 124
142 156
185 193
219 246

42 52
77 97

117 137
167 175
188 196
207 234

6

4 25 75
127 175

45 81
128 170

38 84
129 172

25 75
127 175

45 81
128 170

38 84
129 172

25 75
127 175

45 81
129 172

38 84
129 172

25 75
127 175

45 81
129 172

38 84
129 172

25 75
127 175

45 81
130 175

38 34
129 172

37 95
137 173

35 54
122 158

27 82
118 173

25 75
127 175

45 81
129 172

38 84
129 172

24 81
123 169

47 72
132 173

42 84
128 174

6
16 54
90 12

163 197

42 68
98 129

159 192

27 56
87 118

149 182

16 53
89 127

163 197

40 63
93 127

159 192

22 51
83 116

149 182

16 52
88 126

163 197

42 68
97 128

158 192

27 56
87 118

149 182

16 54
91 128

163 197

42 68
98 129

159 192

27 56
87 118

149 182

20 59
96 133

168 199

42 70
99 129

159 192

27 56
87 119

151 183

6 50 95
124 177

218

50 72 88
108 144

169

16 53
73 96

119 155

16 54
91 128

163 197

42 68
98 129

159 192

26 56
87 118

149 182

16 33
62 91

131 190

32 64
90 116

147 179

35 68
82 104

133 171

8

15 41
67 94

121 147
174 202

37 58
79 102

126 149
172 195

13 35
59 85

110 136
162 189

15 45
75 105

136 168
197 226

34 52
74 96

119 143
167 193

21 43
68 93

118 143
168 193

15 40
66 92

119 146
173 202

36 54
75 99

124 147
170 194

21 43
67 90

114 139
165 190

15 41
68 95

122 148
175 202

37 54
75 99

124 146
169 193

21 4 67
91 116

140 165
190

15 41
70 98

125 152
177 204

40 59
80 103

126 148
171 194

21 43
68 92

117 141
167 193

24 48
64 97

137 189
200 224

18 40 65
89 106

111 122
171

26 58
86 150

162 191
206 221

15 41
68 95

122 148
175 202

40 59
80 103

126 149
172 195

21 43
68 93

118 143
168 193

16 44
85 102

125 175
186 211

48 87
102 127
159 172
184 204

26 47
62 83

100 117
130 183

10

10 27
46 64

85 109
135 162
187 212

34 52
71 90

109 128
148 168
188 207

13 31
48 68

89 110
131 157
184 219

12 32
52 74
95 117

143 170
197 226

32 45
59 74
92 113

135 158
189 218

13 31
50 71

92 114
136 160
186 219

12 33
54 76
99 121

143 166
187 210

34 47
63 80
98 118

138 157
176 196

13 31
51 71
91 111

133 154
175 197

13 36
59 82

104 126
148 170
191 214

34 52
72 92

113 134
154 173
195 219

13 31
51 74

95 116
137 157
177 198

16 46
78 102

127 148
170 193
212 231

36 54
74 94

115 135
157 176
196 219

13 31
51 72

93 114
135 157
179 201

18 45
83 98

106 142
175 210
217 232

20 37 50
73 83

106 124
134 163

210

18 48
70 90

117 133
151 189
195 214

13 35
57 79

102 124
146 168
190 212

34 52
72 91

110 129
148 168
188 207

17 35
55 75

95 115
135 155
176 198

13 28
58 75

93 109
140 170
195 208

36 43
59 79

105 117
128 140
164 182

26 53
64 82

104 126
137 159
169 194

12

11 29
49 69

89 108
128 148
168 187
207 231

32 45
59 74

89 105
122 138
154 171
189 207

7 17 29
43 58
75 92

111 131
150 172

195

12 32
52 71

90 110
129 148
168 187
206 226

34 47
63 79

96 114
133 152
173 194
218 244

17 33
51 69

87 106
125 144
162 180
199 219

10 27
46 64
81 101

119 138
159 180
202 226

34 47
61 75
91 108

124 140
158 177
196 219

13 27
45 63
82 102

123 142
160 180
199 219

11 30
49 68
89 111

131 150
169 187
206 226

34 47
63 79

95 112
129 146
163 181
199 219

13 31
50 70

89 108
128 145
163 180
198 219

11 30
50 70
90 110

129 147
165 183
204 226

34 47
62 79
97 118

138 158
174 191
206 219

13 27
48 69

89 109
130 151
168 185
202 219

16 29
35 49
89 96

107 128
163 190
210 239

38 62 68
85 108

117 126
166 175
186 202

226

10 20
51 63
91 121

139 162
178 183
184 196

11 31
50 70
89 109

128 148
168 187
206 226

33 47
63 79
96 113

131 149
168 186
203 219

13 31
49 67

86 105
125 144
162 181
201 219

10 26
35 45
50 65

88 113
143 164
196 221

28 39
50 56
73 78
92 101

137 165
186 207

29 47
64 98

108 123
127 141
164 189
211 225
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Table 3. Cont.

TEST
IMAGES

K
TLMVO LMVO MVO ALO DA FPA PSO CS

R G B R G B R G B R G B R G B R G B R G B R G B

7

4 64 103
151 225

56 90
158 199

54 127
158 185

64 106
153 221

54 90
158 199

37 72
138 180

64 106
153 221

56 90
158 199

37 72
138 180

64 106
153 221

56 90
158 199

37 72
138 180

64 106
153 225

56 92
167 207

37 72
138 180

80 101
151 229

70 132
177 199

52 90
126 162

64 103
151 225

56 90
158 199

37 72
138 180

73 113
159 226

63 99
151 189

43 68
135 177

6
58 91

126 161
201 232

54 83
110 149
179 207

36 65
103 134
160 185

44 74
115 153
194 229

45 73
100 144
178 207

34 54
77 122

152 185

58 88
121 154
193 228

43 73
100 144
178 207

36 62
93 130

158 185

58 92
126 161
201 232

54 83
113 149
179 207

36 61
83 127

158 185

58 92
129 162
201 232

54 84
115 149
179 207

34 60
83 127

158 185

58 73
99 130

179 214

30 55 97
133 162

193

25 60
109 134
148 179

58 91
126 161
201 232

45 73
102 144
178 207

36 65
99 130

158 185

53 87
115 151
180 219

43 76
96 131

162 203

32 67
111 146
167 189

8

44 68
92 120

147 173
205 233

40 65
90 118

149 176
198 219

23 50
73 97

121 142
163 185

44 64
88 116

144 171
204 233

52 74
98 126

154 178
198 219

21 43
70 98

126 152
170 190

44 68
92 121

147 173
205 233

40 63
88 113

142 171
195 219

18 37
56 77

110 136
160 185

44 68
92 121

150 175
205 233

40 63
88 113

144 172
198 219

34 54
73 95

120 142
163 185

44 74
101 129
157 186
212 234

40 61
84 108

141 171
196 219

34 54
77 108

134 158
179 199

31 44
82 106

139 168
192 243

40 61 78
110 137
182 196

211

45 61
110 121
139 165
183 191

44 68
92 121

147 173
205 233

40 63
85 110
14 172
198 219

21 42
62 82

112 136
160 185

42 68
86 109

128 155
176 221

45 54
77 90

127 148
175 207

14 36
68 99

126 155
170 187

10

44 64
87 107

129 150
171 194
217 235

34 54
73 90

110 133
156 177
198 219

18 34
51 69
85 110

133 156
177 196

41 58
75 97

121 144
166 190
214 234

34 52
69 88

107 132
156 178
198 219

32 49
65 83

107 130
152 170
185 201

44 64
84 103

124 146
169 191
214 234

39 56
74 92

112 136
157 176
198 219

18 36
52 68
85 106

127 147
164 185

44 68
91 115

136 155
175 197
217 236

34 54
74 92

112 134
158 179
199 219

21 37
54 76

98 120
138 156
172 190

44 64
88 112

133 155
178 201
221 238

40 61
83 105

132 156
178 195
208 225

34 54
73 91

110 127
143 160
180 198

35 69
95 115

129 145
166 184
193 229

24 52 73
76 91

105 157
187 199

226

29 40
55 63

120 141
157 162
181 192

44 64
88 108

129 151
173 196
218 238

40 59
79 99

118 139
158 179
199 219

21 37
54 75

100 122
143 163
185 256

54 71
86 104

120 136
152 158
170 227

33 65
98 107

135 143
166 185
197 219

28 62
75 93

118 140
155 166
201 218

12

32 44
58 74

92 110
129 150
170 192
214 234

34 52
69 84

100 118
138 158
178 194
207 225

18 33
45 61
76 93

110 129
152 169
185 200

32 44
58 74
90 106

126 147
168 190
211 233

29 42
56 69

84 100
118 138
158 179
199 219

18 34
50 64

79 100
120 138
156 170
185 201

41 58
73 88

101 118
134 153
172 193
214 234

31 40
56 73
89 104

124 143
163 180
199 219

21 36
50 65
81 99

116 132
147 161
179 196

44 62
79 99

116 133
151 169
187 204
221 237

34 52
69 84

101 120
140 160
179 195
208 225

21 37
51 65
79 96

114 130
145 160
179 197

44 64
81 98

118 139
159 180
198 214
228 240

34 51
63 79
95 118

141 159
176 190
207 225

21 36
51 66
81 97

116 134
149 165
180 201

37 65
102 108
117 129
141 149
154 177
210 236

43 58 96
119 124
145 161
180 196
207 214

237

18 31
36 41
48 65
74 96

149 175
186 218

44 64
79 97

116 134
152 169
186 204
221 237

34 55
73 90

107 126
144 161
178 195
208 225

18 36
54 72
89 107

124 141
158 172
185 201

24 52
62 79
88 101

114 141
163 186
207 218

26 72
98 114

126 140
158 171
194 204
210 228

13 26
30 40
53 66
92 121

148 163
170 191

8

4 32 80
126 164

29 90
151 223

51 98
146 195

32 80
126 164

47 99
157 223

51 98
146 195

32 78
126 164

47 99
157 223

58 120
181 230

32 80
126 164

47 99
157 223

51 98
146 195

32 78
126 164

47 99
157 223

61 121
181 230

35 78
107 157

87 132
173 232

57 112
185 232

32 80
126 164

47 99
157 223

58 120
181 230

41 89
118 164

40 109
152 224

84 134
187 231

6
25 56

87 119
150 170

25 68
112 160
204 225

39 78
117 156
196 230

25 56
89 123

150 170

27 71
114 160
207 225

39 76
115 155
195 230

25 57
90 123

150 170

25 59
96 134

174 223

39 78
117 156
195 230

22 51
80 109

135 164

25 60
99 137

176 223

40 79
118 157
196 230

22 51
80 109

135 164

25 68
112 160
207 225

40 79
118 157
196 230

26 85
131 137
163 182

43 94
132 210
226 239

41 102
137 158
193 239

25 58
90 123

150 170

25 60
99 137

176 223

39 78
117 156
196 230

20 36
84 113

148 171

26 52
90 128
204 229

78 114
136 160
197 228

8

16 39
62 85

109 132
153 170

25 55
85 114

145 176
207 225

28 53
80 107

137 167
199 230

16 39
62 85

109 132
153 170

24 49
74 102

133 166
207 225

29 58
86 115

144 173
202 230

15 36
58 82

106 132
153 170

25 55
85 115

146 177
207 225

29 57
86 115

144 173
202 230

17 40
63 86

109 132
153 170

25 55
86 118

148 178
207 225

31 60
89 118

146 175
203 231

17 38
59 82

106 131
153170

25 55
85 115

147 178
207 225

34 66
98 132

165 198
225 241

35 45
76 91

38 151
164 195

26 64 87
96 149
200 215

237

54 66
104 140
159 194
235 245

17 40
64 87

110 132
153 170

25 55
86 116

148 178
207 225

30 58
86 115

144 173
202 230

17 35
59 98

110 139
158 168

18 54
99 114

129 170
213 235

25 56
81 97

151 183
214 233

10

15 34
54 74

94 114
134 153
170 187

22 42
62 85

107 129
154 181
207 225

24 46
69 93

118 144
171 199
225 241

16 35
55 75
95 115

135 153
170 182

20 39
58 80

104 129
155 181
207 225

23 45
69 94

118 143
170 199
224 241

14 32
50 68

89 109
129 150
164 181

24 47
72 98

125 153
180 205
223 239

23 44
66 88

112 134
156 179
204 230

13 27
44 61
79 98

117 135
153 170

24 47
70 93

116 140
164 186
207 225

28 53
78 103

128 153
178 202
225 241

15 33
50 67

85 103
119 135
153 170

25 58
84 112

140 167
187 206
223 239

24 46
71 96

121 147
175 202
225 241

5 16 37
57 71

83 109
127 135

162

25 72 79
99 112

145 159
192 208

231

20 27
39 93

128 168
186 214
234 241

16 35
55 75
95 115

135 153
170 256

24 49
75 100

126 153
180 207
223 239

24 46
69 91

114 136
159 182
205 231

31 41
49 64

76 118
130 149
160 175

25 40
58 85

114 149
179 191
207 214

19 56
87 103

111 128
137 160
205 223

12

13 29
45 61
77 93

109 124
139 155
170 187

24 44
65 85

106 126
146 166
186 207
223 239

21 40
60 80

100 120
140 161
182 204
225 241

13 29
45 63
81 100

118 135
153 170
187 236

20 37
54 73

94 114
135 158
181 204
222 239

19 37
56 75

95 116
137 158
180 202
224 241

13 28
44 61
77 92

108 123
138 153
170 239

20 39
58 79

100 121
142 164
185 205
222 239

18 37
57 76
96 115

136 157
180 203
225 241

13 28
43 58
74 89

104 121
138 155
170 189

24 47
67 86

105 124
143 163
187 207
223 239

23 44
65 85

105 125
143 163
185 205
225 241

16 34
52 71

90 107
123 138
153 170
187 256

22 44
66 88

108 129
149 169
188 207
223 239

25 46
67 86

106 126
148 169
189 207
225 241

12 35
42 49
75 85

103 110
121 127
136 186

7 25 66
107 142
154 168
175 181
200 226

236

45 56
68 76
90 96

121 130
137 170
200 232

13 27
44 60
75 90

105 121
138 153
170 187

22 43
64 85

106 127
148 168
188 207
223 239

21 41
61 81

102 122
143 164
185 205
225 241

16 32
44 54
66 81
89 98

115 129
144 166

51 61
78 97

109 141
156 176
193 209
222 241

34 48
64 94

113 122
126 163
182 195
211 236
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Table 3. Cont.

TEST
IMAGES

K
TLMVO LMVO MVO ALO DA FPA PSO CS

R G B R G B R G B R G B R G B R G B R G B R G B

9

4 62 111
164 212

27 86
152 218

44 88
120 154

62 111
164 212

27 86
154 222

44 85
116 154

62 111
163 212

27 86
154 222

48 88
120 154

62 111
164 212

27 86
154 222

48 88
120 154

62 111
164 212

27 86
154 222

48 88
120 154

65 119
154 213

31 72
154 203

54 98
137 180

62 111
164 212

27 86
154 222

44 85
120 154

84 123
170 216

27 70
125 165

48 86
120 162

6
30 70

107 146
182 219

27 68
106 145
185 222

30 57
85 109

132 158

19 53
91 131

173 219

27 68
106 147
188 227

30 57
85 109

135 167

30 70
107 146
182 219

27 65
100 139
181 222

29 55
82 109

132 158

19 61
99 139

179 219

27 68
106 145
185 222

30 57
85 109

132 158

31 73
111 149
186 219

27 65
101 144
188 227

31 59
85 109

132 161

50 83
142 154
178 227

32 114
127 160
190 217

18 25
55 94

130 184

34 73
111 149
186 219

27 69
109 149
189 227

30 57
85 109

135 167

35 68
110 165
196 217

30 48
79 112

159 198

25 70
92 115

143 162

8

18 47
77 107

138 168
197 222

27 58
85 112

139 169
199 227

27 48
68 89

109 127
153 178

18 44
73 101

129 159
188 219

21 41
65 93

124 156
191 227

25 48
69 91

111 132
154 178

18 45
75 106

136 166
194 222

22 57
86 115

143 172
204 231

25 45
67 88

109 127
152 178

18 47
77 107

137 167
197 222

22 57
86 115

145 175
206 234

27 48
69 89

110 132
154 178

18 50
82 113

144 172
199 222

22 58
87 116

146 176
206 234

29 52
73 91

109 127
149 172

53 88
123 152
171 203
222 244

25 77
110 147
173 205
227 237

52 69
77 95

103 129
154 171

18 47
77 106

136 166
197 222

22 58
86 115

145 175
206 234

27 48
70 91

109 132
154 178

35 58
91 105

124 150
190 219

29 60
88 122

157 177
185 210

42 67
81 100

122 140
158 180

10

18 35
53 72

92 114
137 162
190 219

21 38
62 87

112 137
163 189
214 236

25 42
59 77

93 109
126 143
161 178

18 39
61 84

107 131
154 177
201 224

21 36
56 77

100 126
153 181
209 234

20 37
54 71

91 109
126 143
161 178

18 37
56 77

96 119
142 167
193 219

21 39
63 86

109 133
159 185
210 234

24 41
58 73
91 109

126 153
178 225

18 40
63 87

110 132
155 179
202 224

21 40
65 88

113 139
163 187
210 234

25 42
59 75

91 109
125 140
158 178

18 43
66 89

113 138
164 193
219 243

22 51
76 101

128 152
176 198
219 238

24 40
56 73

91 109
126 143
161 178

57 81
99 127

146 169
189 194
213 237

31 55 94
118 145
167 187
193 208

230

16 29
55 65
91 95

123 145
166 195

18 41
67 92

118 143
169 194
219 243

21 41
65 90

116 142
168 194
218 238

24 40
59 77

92 109
126 143
161 178

31 63
85 94

109 121
163 184
210 224

24 53
72 108

135 147
164 178
208 240

41 58
76 104

128 140
149 161
173 179

12

18 35
55 75

95 115
135 155
176 197
219 240

21 35
53 71

90 109
128 148
169 191
214 236

20 37
54 72

89 106
120 132
144 156
169 182

18 35
54 74
94 115

136 157
178 199
219 243

9 21 38
61 82

102 124
146 169
191 214

236

19 32
47 61
77 92

107 120
134 149
166 182

18 33
50 68

87 105
127 148
169 190
212 230

21 36
55 74
95 114

134 153
174 195
218 236

14 25
37 51
65 79
94 109

125 143
161 178

18 40
59 77
96 117

138 157
176 197
219 243

21 37
58 77

98 119
141 161
181 201
222 238

20 35
51 66
82 97

112 127
145 162
178 244

18 40
61 81

99 118
136 153
177 201
222 243

21 41
65 88

109 129
150 170
189 208
226 242

16 30
45 61
77 91

106 120
135 153
169 182

20 63
72 89

125 140
148 152
165 193
208 234

25 77
100 119
125 152
166 177
193 218
240 249

12 19
59 93

105 117
129 137
154 165
175 209

18 40
61 82

102 124
145 166
186 206
224 243

21 37
58 77

97 118
138 159
180 201
222 238

16 29
43 57
71 85
97 111

127 146
162 178

38 74
91 106

136 162
174 182
205 212
224 230

31 44
69 80

89 115
133 166
174 188
212 238

32 62
78 95

110 125
137 147
157 166
175 185

10

4 11 55
155 202

27 92
158 215

52 96
147 196

11 54
143 202

27 92
158 215

52 96
147 196

11 55
155 202

27 92
158 215

52 96
147 196

38 100
155 202

52 100
158 215

52 96
147 196

11 54
143 202

27 92
158 215

52 96
147 196

43 86
135 197

57 111
160 206

39 97
170 199

11 55
155 202

27 92
158 215

52 96
147 196

44 105
161 200

39 90
145 220

65 111
144 192

6
9 45 90
131 168

208

24 54
90 129

168 215

22 53
88 125

161 199

9 43 88
130 168

207

26 67
106 146
180 217

49 83
117 150
182 212

9 44 88
130 168

208

26 67
104 144
179 217

22 53
90 129

168 202

10 47
90 131

168 208

24 54
92 132

171 217

22 53
88 127

166 202

10 47
90 132

169 212

24 55
94 140

180 217

22 53
90 129

168 202

26 67
115 156
192 244

15 43 74
115 167

213

40 71
85 131

174 212

10 47
90 131

168 208

26 67
106 146
180 217

22 53
90 129

168 202

4 41 96
141 176

214

25 99
119 154
199 225

23 59
95 133

185 213

8

9 41 70
102 135
166 196

224

24 52
77 104

132 160
189 220

22 51
81 108

134 161
188 216

8 35 59
85 114

143 172
212

24 52
79 107

137 165
192 220

22 51
81 108

136 164
193 221

9 40 66
94 124

155 189
219

24 52
77 104

131 159
187 220

22 52
82 111

140 169
197 223

9 41 70
101 133
162 193

221

24 52
78 106
134 161
190 220

22 52
83 112

142 170
199 224

9 41 69
99 130

162 194
224

24 54
89 122

153 184
214 234

22 53
86 121

155 186
214 244

29 52
78 99

116 150
208 226

26 54
106 150
178 222
238 249

22 34
62 87

126 167
177 199

9 41 69
99 131

162 194
224

24 52
77 104

132 160
189 220

22 52
83 112

140 169
197 223

10 61
98 116

132 164
182 221

25 75
95 117

152 166
207 225

48 66
94 131

168 196
215 227

10

9 39 63
90 116

141 166
189 211

232

20 36
53 73

95 118
141 165
190 220

18 39
59 82

105 128
152 177
202 226

8 29 50
73 96

121 145
169 196

222

23 45
65 84

103 124
147 171
196 221

18 43
63 87

108 129
152 175
199 224

9 38 58
83 107

131 155
177 202

224

23 49
72 96

120 144
166 190
214 233

18 43
64 88

110 132
154 177
202 225

9 39 62
85 108

132 155
178 202

228

24 50
73 96

120 144
166 190
214 234

19 46
67 88

110 135
157 180
202 226

9 40 67
93 119

145 169
196 219

238

23 46
67 91

115 139
163 189
214 234

18 46
68 91

118 145
175 204
226 244

9 20 43
112 146
174 193
212 239

252

31 47 49
64 91

114 139
156 205

227

20 34
75 97

111 134
170 177
205 223

9 38 61
86 108

132 155
177 202

228

24 50
73 96

120 144
167 190
214 234

22 49
75 99

125 150
175 199
223 244

4 32 49
76 99

124 143
181 207

221

23 41
65 86

105 144
174 179
212 227

18 63
87 119

143 158
180 209
229 244

12

7 27 47
69 90

111 132
153 172
192 212

232

23 42
60 78
97 117

137 156
175 194
214 233

17 34
52 70
88 107

125 144
162 182
202 226

7 23 41
58 76
94 114

134 155
176 202

225

23 42
60 79
98 117

137 156
175 194
214 234

18 38
58 80

99 120
140 161
182 202
223 244

7 24 41
60 81

101 120
138 156
177 202

228

20 36
53 71

89 109
127 147
168 190
213 232

16 32
49 66
83 101

123 144
165 185
204 227

8 28 49
71 90

111 133
155 176
196 216

238

22 39
56 76

96 116
136 156
175 194
214 233

18 36
53 73

91 110
129 149
169 188
207 228

7 23 45
65 90

113 131
153 174
196 215

238

24 48
69 91

112 131
150 170
189 208
223 239

19 44
65 87

108 128
149 170
191 209
228 244

17 47
79 101

113 146
152 173
191 221
233 253

21 37 58
79 97

119 133
155 172
192 222

232

26 49
64 88

101 110
134 146
167 178
196 238

8 28 49
69 90

113 134
155 174
196 216

238

21 38
54 73
94 114

134 153
172 193
214 234

18 38
58 80

100 121
142 163
184 204
226 244

21 55
93 105

120 130
142 169
186 202
209 237

23 31
52 61

82 109
133 146
175 194
205 232

23 27
42 59
73 90

120 144
162 181
202 224
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5.3. Performance Metric

We performed the experimental from both Performance evaluation and Statistical evaluation. The methods used are shown in Table 4.

Table 4. The definition and description of performance measures.

Category Name Formulation Remark Reference

Performance
evaluation

Structural
Similarity Index

SSIM(I, Î) = (2µIµÎ+c1)(2σIσÎ+c2)

(µ2
I +µ

2
Î
+c1)(σ2

I +σ
2
Î
+c2)

The index that measures the similarity between the two images before and
after the segmentation, the closer the value is to 1, the better the image
segmentation effect.

[64]

Feature Similarity
Index FSIM =

∑
xÎΩ SL(x)×PCm(x)∑

xÎΩ PCm(x)
An indicator for evaluating the local structural importance between the
original image and the segmented image, the maximum value is 1. [65]

Peak Signal to
Noise Ratio PSNR = 20log( 255

RMSE )(dB)

Represents the ratio between the maximum possible power of a signal and the
power of corrupting noise. The larger the value, the better the effect. It is not
absolutely proportional to the observation of the human eye, and has some
limitations.

[66]

Root Mean
Squared Error RMSE =

√ M∑
i=1

N∑
j=1

(I(i, j) − Î(i, j))2
/(M×N)

Computes the difference between the predicted value. In general, it is directly
used in PSNR. As can be seen from the formula, it is inversely proportional
to PSNR.

[67]

Mean Operating
Time Time =

N∑
i=1

time

N

The computational complexity is evaluated by experimental data. Average the
execution time of each algorithm running independently for 30 times.
The smaller the numerical value, the faster the algorithm is executed and the
lower the computational complexity.

[68]

Average fitness
function value Fitness =

N∑
i=1

fi

N

The mathematical concept of optimization is the method of calculating the
value of a function and finding the optimal result by maximizing and
minimizing an objective function in a given domain. Therefore, the average
fitness value obtained through multiple measurements can be used to evaluate
the optimization results.

[69]

Statistical
evaluation

Wilcoxon’s
Rank-Sum test

R+ =
∑

di>0
rank(di) +

1
1

∑
di=0

rank(di)

R− =
∑

di<0
rank(di) +

1
2

∑
di=0

rank(di)

Used to answer the question “Does two samples represent two different
populations?” In this paper, it is used to compare the difference between the
proposed algorithm and the comparison algorithm. If the p-value > 0.05
(or h = 1), there is a significant difference, otherwise it is not.

[70]

Friedman test F f =
12n

k(k+1)

∑
j

R2
j −

k[k+1]2

4


The Friedman test is a nonparametric simulation of nonparametric variance
bidirectional analysis. Used to answer the question “Does at least two samples
in a group of k samples represent populations with different median values?”
Designed to detect significant differences between the behavior of two or more
algorithms, the overall performance of the algorithm can be ranked.

[70]
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5.4. Implementation Results and Discussion

In this section, the experimental results of the TLMVO-Masi multilevel threshold are described
and analyzed in detail. According to the above metrics, it is analyzed from three aspects: image
performance indicators, segmentation function performance index and mathematical statistics of data
results. The superiority of TLMVO algorithm over other effective algorithms is verified. The following
is a sub-section discussion.

5.4.1. Image Segmentation Quality

Measuring the performance by intensity and accuracy, Structural Similarity Index (SSIM), Feature
Similarity Index (FSIM), and Peak Signal to Noise Ratio (PSNR) are ultilized. Segmentation effects of
10 satellite images are shown in Figure 6. Different thresholds of different algorithms of an image run
30 times, and then correspond to three indexes. The overall data space size is 3× 10× 8× 5 = 1200
(10 images, 8 algorithms, 5 thresholds). Average data results of 30 times are indicated in Tables 5–7,
respectively. The higher the similarity between the original image and the segmented image, the greater
the value (the maximum value of SSIM and FSIM is 1). The maximum value of the index corresponding
to each threshold is indicated by a distinct mark in tables.

These three tables clearly show that, as the threshold value increases, the value of the indicator
also increases. This indicates that the segmentation quality is improved with the increase of threshold
number, which can also correspond to the segmentation renderings we have given. As the threshold
value increases, the segmentation image becomes clearer.

From the label distribution, it can be seen that most of the three index values of the proposed
algorithm are more outstanding than comparison algorithms. For instance, in the case of various
thresholds of TLMVO:

1. In the SSIM table: the values of Image 1 and Image 3 are all higher than the comparison algorithm;
2. In the FSIM table: Image 3 and Image 6 yield excellence values compared with other algorithms

in all cases;
3. In the PSNR table: the values in Image 1, Image 3, and Image 8 are all much better than the

comparative algorithms.

Figure 6. Cont.
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Figure 6. Segmentation renderings of 10 satellite images.

In order to more clearly see the superiority of TLMVO, the three index values of each test image
are integrated into three line graphs (as shown in Figures 7–9). The data of TLMVO algorithm are
represented in green. The green line can include other colored lines. To some extent, the results confirm
that the improved algorithm can achieve good image segmentation quality.
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Table 5. The SSIM of each algorithm under Masi entropy.

TEST
IMAGES K TLMVO LMVO MVO ALO DA FPA PSO CS

1

4 0.7744 0.7715 0.7740 0.7715 0.7723 0.7502 0.7715 0.7512
6 0.8566 0.8559 0.8558 0.8467 0.8556 0.7868 0.8408 0.8337
8 0.8994 0.8965 0.8862 0.8984 0.8923 0.8279 0.8971 0.8819

10 0.9296 0.9291 0.9239 0.9293 0.9278 0.8780 0.9262 0.8645
12 0.9438 0.9423 0.9413 0.9435 0.9393 0.8903 0.9383 0.9115

2

4 0.7122 0.6452 0.6872 0.6855 0.6909 0.6702 0.6150 0.6914
6 0.8349 0.8151 0.8535 0.8542 0.8477 0.7471 0.8299 0.7989
8 0.9135 0.8964 0.8888 0.9052 0.8895 0.8649 0.8903 0.8605

10 0.9408 0.9317 0.9259 0.9271 0.9257 0.8708 0.9357 0.8901
12 0.9547 0.9489 0.9468 0.9528 0.9519 0.9070 0.9443 0.9265

3

4 0.7959 0.7898 0.7830 0.7897 0.7914 0.7027 0.7502 0.7826
6 0.8726 0.8714 0.8694 0.8590 0.8650 0.8523 0.8654 0.8605
8 0.9133 0.9093 0.9085 0.9126 0.9101 0.8881 0.9091 0.8827

10 0.9415 0.9383 0.9386 0.9399 0.9404 0.8944 0.9383 0.9236
12 0.9580 0.9533 0.9537 0.9552 0.9529 0.9128 0.9569 0.9359

4

4 0.4083 0.3809 0.3809 0.3762 0.3805 0.3674 0.3762 0.3791
6 0.6019 0.6002 0.5926 0.5929 0.5910 0.5836 0.5919 0.4427
8 0.6364 0.6362 0.6364 0.6195 0.6120 0.5571 0.6169 0.5880

10 0.7692 0.6526 0.6575 0.6532 0.6446 0.7614 0.7666 0.6435
12 0.7736 0.6744 0.6741 0.6649 0.6616 0.6895 0.7734 0.6183

5

4 0.6682 0.6681 0.6239 0.6429 0.6271 0.6573 0.6430 0.6239
6 0.8053 0.8133 0.8022 0.8142 0.8074 0.7861 0.8034 0.7772
8 0.8819 0.8804 0.8786 0.8734 0.8739 0.8024 0.8789 0.8362

10 0.9142 0.9120 0.9115 0.9138 0.9104 0.8940 0.9119 0.8937
12 0.9420 0.9375 0.9348 0.9407 0.9416 0.8578 0.9402 0.9046

6

4 0.7156 0.7156 0.7138 0.7138 0.7115 0.6512 0.7138 0.6914
6 0.8033 0.8084 0.8046 0.8032 0.8018 0.7928 0.8030 0.8075
8 0.8562 0.8548 0.8551 0.8550 0.8551 0.7803 0.8541 0.8022

10 0.8862 0.8847 0.8830 0.8802 0.8674 0.8332 0.8844 0.8738
12 0.9050 0.9007 0.8971 0.9037 0.8975 0.8567 0.9007 0.8661

7

4 0.5752 0.6157 0.6152 0.6152 0.5965 0.5903 0.6046 0.5536
6 0.8252 0.7880 0.8201 0.8200 0.8244 0.7817 0.8250 0.8182
8 0.8907 0.8825 0.8756 0.8968 0.8775 0.8091 0.8789 0.8479

10 0.9294 0.9284 0.9185 0.9258 0.9228 0.7486 0.9249 0.8523
12 0.9507 0.9492 0.9449 0.9491 0.9412 0.8673 0.9502 0.9157

8

4 0.6910 0.6999 0.6811 0.6999 0.6794 0.6687 0.6805 0.6399
6 0.7761 0.7766 0.7896 0.8021 0.7871 0.6895 0.7892 0.7106
8 0.8648 0.8616 0.8555 0.8565 0.8507 0.7228 0.8574 0.8287

10 0.8961 0.8959 0.8930 0.8952 0.8885 0.8764 0.8854 0.8154
12 0.9159 0.9126 0.9121 0.9104 0.8967 0.8502 0.9139 0.8714

9

4 0.5578 0.5576 0.5435 0.5434 0.5434 0.5077 0.5575 0.5120
6 0.7024 0.7047 0.7059 0.6993 0.6940 0.7032 0.7016 0.6858
8 0.7578 0.7555 0.7470 0.7484 0.7380 0.6107 0.7480 0.6813

10 0.7967 0.7780 0.7825 0.7762 0.7789 0.7741 0.7771 0.6913
12 0.8625 0.8042 0.8506 0.8063 0.8382 0.7635 0.8393 0.7152

10

4 0.6274 0.6237 0.6237 0.5968 0.6238 0.5912 0.6237 0.5927
6 0.7429 0.7001 0.7331 0.7412 0.7360 0.6911 0.7316 0.7057
8 0.7779 0.7829 0.7777 0.7757 0.7614 0.7353 0.7764 0.6985

10 0.8147 0.8143 0.8005 0.7991 0.7917 0.7798 0.7958 0.7905
12 0.8439 0.8406 0.8434 0.8361 0.8315 0.7940 0.8328 0.7981
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Table 6. The FSIM of each algorithm under Masi entropy.

TEST
IMAGES K TLMVO LMVO MVO ALO DA FPA PSO CS

1

4 0.8408 0.8401 0.8379 0.8379 0.8389 0.8138 0.8379 0.8199
6 0.9109 0.9093 0.8870 0.9039 0.9089 0.8440 0.8990 0.8856
8 0.9332 0.9395 0.9416 0.9410 0.9352 0.8850 0.9405 0.9193

10 0.9572 0.9514 0.9607 0.9616 0.9599 0.9209 0.9597 0.9079
12 0.9697 0.9695 0.9671 0.9690 0.9684 0.9279 0.9672 0.9396

2

4 0.8433 0.8398 0.8214 0.8279 0.8338 0.8218 0.7855 0.8108
6 0.9157 0.9055 0.9321 0.9331 0.9223 0.8618 0.9158 0.9019
8 0.9592 0.9534 0.9490 0.9556 0.9482 0.9216 0.9501 0.9306

10 0.9736 0.9692 0.9662 0.9672 0.9660 0.9298 0.9717 0.9369
12 0.9803 0.9735 0.9776 0.9791 0.9786 0.9433 0.9752 0.9570

3

4 0.8967 0.8941 0.8935 0.8679 0.8962 0.8358 0.8723 0.8842
6 0.9447 0.9398 0.9439 0.9390 0.9398 0.9188 0.9420 0.9269
8 0.9641 0.9625 0.9587 0.9615 0.9605 0.9393 0.9610 0.9380

10 0.9751 0.9743 0.9743 0.9746 0.9741 0.9513 0.9738 0.9581
12 0.9816 0.9804 0.9801 0.9806 0.9799 0.9528 0.9812 0.9682

4

4 0.8717 0.8640 0.8640 0.8630 0.8650 0.8492 0.8630 0.8595
6 0.8928 0.9137 0.9124 0.9130 0.9123 0.8932 0.9123 0.9062
8 0.9337 0.9335 0.9335 0.9312 0.9301 0.8839 0.9308 0.9115

10 0.9496 0.9453 0.9435 0.9452 0.9377 0.9219 0.9488 0.9255
12 0.9558 0.9536 0.9541 0.9533 0.9512 0.9200 0.9540 0.9299

5

4 0.7343 0.7729 0.7343 0.7543 0.7427 0.7661 0.7540 0.7724
6 0.8878 0.8874 0.8805 0.8809 0.8817 0.8570 0.8807 0.8546
8 0.9335 0.9335 0.9347 0.9314 0.9302 0.8667 0.9332 0.8994

10 0.9552 0.9540 0.9537 0.9544 0.9515 0.9316 0.9536 0.9294
12 0.9703 0.9676 0.9668 0.9651 0.9695 0.9023 0.9694 0.9421

6

4 0.8092 0.8092 0.8081 0.8081 0.8062 0.7641 0.8081 0.7926
6 0.8807 0.8754 0.8794 0.8794 0.8793 0.8494 0.8792 0.8724
8 0.9232 0.9171 0.9218 0.9219 0.9223 0.8545 0.9207 0.8690

10 0.9442 0.9438 0.9279 0.9415 0.9357 0.8981 0.9353 0.9289
12 0.9555 0.9545 0.9539 0.9551 0.9526 0.9145 0.9541 0.9186

7

4 0.7974 0.7376 0.7369 0.7369 0.7212 0.7106 0.7284 0.7651
6 0.9064 0.8779 0.8985 0.8983 0.9014 0.8786 0.9053 0.8959
8 0.9495 0.9423 0.9379 0.9471 0.9402 0.8763 0.9399 0.9125

10 0.9646 0.9632 0.9685 0.9685 0.9671 0.8356 0.9667 0.9082
12 0.9785 0.9764 0.9756 0.9780 0.9743 0.9076 0.9736 0.9528

8

4 0.8378 0.8395 0.8243 0.8395 0.8230 0.8101 0.8246 0.7957
6 0.8914 0.8904 0.9010 0.9078 0.8962 0.8173 0.9014 0.8249
8 0.9400 0.9360 0.9396 0.9385 0.9347 0.8508 0.9391 0.9090

10 0.9584 0.9554 0.9562 0.9582 0.9546 0.9211 0.9538 0.9145
12 0.9686 0.9675 0.9666 0.9662 0.9632 0.9262 0.9681 0.9396

9

4 0.8541 0.8534 0.8473 0.8472 0.8472 0.8278 0.8534 0.8221
6 0.9285 0.9276 0.9283 0.9277 0.9249 0.8928 0.9274 0.9081
8 0.9502 0.9487 0.9487 0.9485 0.9466 0.8913 0.9482 0.9213

10 0.9585 0.9618 0.9588 0.9590 0.9580 0.9402 0.9575 0.9241
12 0.9747 0.9709 0.9658 0.9666 0.9708 0.9292 0.9715 0.9377

10

4 0.7640 0.7640 0.7599 0.7634 0.7640 0.7528 0.7599 0.7514
6 0.8242 0.8210 0.8240 0.8250 0.8226 0.8073 0.8244 0.8015
8 0.8620 0.8598 0.8596 0.8592 0.8478 0.8242 0.8592 0.8300

10 0.8917 0.8837 0.8834 0.8829 0.8762 0.8494 0.8810 0.8619
12 0.9113 0.9092 0.9108 0.9084 0.9036 0.8819 0.9059 0.8802
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Table 7. The PSNR of each algorithm under Masi entropy.

TEST
IMAGES K TLMVO LMVO MVO ALO DA FPA PSO CS

1

4 20.7925 20.7725 20.7675 20.7125 20.7915 20.2532 20.7125 20.1630
6 24.1576 23.4460 24.1240 23.7732 24.1316 20.8999 22.9504 22.8607
8 26.2592 26.0185 25.5235 26.2024 25.9712 23.5785 26.1342 25.3450

10 28.3717 28.1962 28.1737 28.2740 28.2269 25.6046 28.0548 24.8368
12 29.6100 29.3884 29.3109 29.6050 29.2210 26.4913 29.0708 27.2000

2

4 18.8430 18.8249 18.6134 18.9307 18.9290 18.2521 17.2951 18.1679
6 22.3266 21.6960 22.8578 22.8863 22.5439 20.4732 22.1872 21.1393
8 24.2476 24.6675 25.3874 24.9641 24.3533 23.5434 24.3869 23.5563

10 27.2892 27.2621 27.2874 26.3446 26.2204 24.1414 26.8406 24.8671
12 28.5535 27.9996 27.9939 28.3447 28.3496 25.8873 27.6342 26.8304

3

4 19.9262 18.8001 19.6044 18.8017 19.8648 17.8319 18.9799 19.5485
6 22.6252 22.3173 22.5656 22.2449 22.6239 21.8502 22.4853 22.4241
8 24.7823 24.5854 24.5670 24.7439 24.3765 23.6344 24.2951 23.1364

10 26.4116 26.3248 26.3246 26.4026 26.3820 24.7313 25.5045 25.7397
12 28.2060 27.6567 27.8359 27.8759 27.7598 25.1138 28.0180 26.7576

4

4 21.7947 19.5676 19.5676 19.5394 19.5675 19.2235 19.5394 19.5386
6 21.0832 23.8521 23.7218 23.7330 23.6856 22.5114 23.7101 23.4854
8 25.0875 25.0789 25.0852 24.8347 24.7279 23.2739 24.8134 23.3235

10 27.1861 26.1187 25.9677 26.1052 25.4995 25.7035 27.0715 25.3684
12 27.4950 26.9966 26.9420 26.9006 26.5768 25.5771 26.7394 24.9418

5

4 16.9806 17.8866 16.9806 17.4367 16.8512 17.2823 17.4483 17.8100
6 21.3662 21.1859 20.9164 21.2681 21.0219 20.6315 20.9578 20.5071
8 23.5702 23.6344 23.6781 23.4792 23.3843 21.1273 23.5965 22.0975

10 25.3535 25.3249 25.3250 25.3295 25.1868 24.7880 25.2063 24.7622
12 26.2153 26.9166 26.6882 27.1381 27.3483 23.7282 27.1303 25.8037

6

4 20.5027 20.5027 20.4732 20.4732 20.4333 19.0972 20.4732 19.9978
6 23.4533 23.4390 23.4334 23.4054 23.4079 21.9773 23.3958 23.1176
8 25.9008 25.8499 25.8486 25.8400 25.8486 22.5025 25.7739 23.2438

10 26.9624 26.5210 27.5186 27.2226 26.6858 24.7022 27.4974 26.6856
12 28.4770 28.5111 28.4938 28.5166 28.1274 25.8854 28.3971 26.2981

7

4 17.3110 17.3778 17.3814 17.3814 17.1450 17.2728 17.1777 17.2192
6 22.1716 21.8913 21.8272 22.0566 21.9270 20.5434 21.9065 21.8887
8 24.8042 24.0714 23.9957 24.7965 23.9964 21.9582 24.1262 23.0275

10 26.6863 26.3535 26.0397 26.6338 26.4948 21.6290 26.4367 24.1686
12 28.3561 28.3134 27.9492 28.3138 27.6726 24.4441 27.6680 26.2470

8

4 20.0461 20.0461 19.4775 20.0461 19.4719 19.5537 19.4627 19.0435
6 23.2358 22.7455 22.7302 23.0977 22.4261 19.4761 22.7791 19.9978
8 25.2157 25.1023 24.7838 25.2140 24.9005 21.5724 25.1973 23.3424

10 27.3115 26.7463 26.7323 27.2165 26.7850 25.1312 26.6258 24.5564
12 28.4387 28.3717 28.2705 28.3854 28.0137 25.4779 28.4350 27.1038

9

4 19.2111 19.1843 19.0203 19.0148 19.0148 18.4891 19.1816 18.8663
6 22.8662 22.7671 22.8598 22.6730 22.5579 21.6290 22.7617 22.0944
8 24.6355 24.6272 24.7685 24.5523 24.3009 21.5557 24.5443 23.4442

10 26.1033 26.3495 26.2421 26.0171 25.9568 24.6928 25.7938 23.8834
12 28.1868 27.7538 27.5842 27.2778 27.9255 24.1660 27.0234 24.3194

10

4 18.5418 18.8095 18.5418 19.9601 18.8095 19.7825 18.5418 19.6373
6 22.9894 22.6055 22.8154 22.9843 22.8644 22.2684 22.8347 21.0550
8 25.2811 25.5629 25.3434 25.2261 24.4932 23.5053 25.2552 22.7493

10 27.3663 27.3658 26.7641 26.7074 26.1830 24.0665 26.5807 25.4793
12 28.8324 28.6704 28.6576 28.6044 28.0206 27.0101 28.3926 27.1410
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Figure 7. Broken line chart of SSIM indicator.

Figure 8. Broken line chart of FSIM indicator.

Figure 9. Broken line chart of FSIM indicator.

5.4.2. Fitness Function Value Analysis

A Masi entropy couple with an optimization algorithm to image segmentation is to take Masi
entropy function as the fitness function of optimization. Therefore, the fitness function value can be a
major concern to evaluate the performance of algorithm.

Table 8 is the average value of the fitness function values obtained by the TLMVO-Masi method for
30 times, wherein the maximum value of fitness functions corresponding to various threshold values
are expressed by adding shadows. Under the condition of the maximum threshold, the convergence
curves of the TLMVO algorithm compared with other algorithms are shown in Figure 10, which
is mainly used for the analysis of convergence speed and robustness. The convergence curve of
TLMVO is marked in red for distinction. In order to make a visual observation, furthermore, box plots
corresponding to each set of convergence curves are produced to consolidate the judgment on the
stability of the algorithm.
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Table 8. The optimal fitness value of each algorithm under Masi entropy.

TEST
IMAGES K TLMVO LMVO MVO ALO DA FPA PSO CS

1

4 26.7841 26.7829 26.7759 26.7829 26.7814 26.5055 26.7829 26.5970
6 31.5270 32.3884 32.4733 32.4287 32.4701 30.8250 32.4650 31.7859
8 37.4559 37.4196 37.4012 37.4534 37.3572 34.7005 36.4051 36.3904

10 41.7545 40.3203 41.6523 41.7150 41.6303 37.9999 41.5054 39.5423
12 45.4460 45.4398 45.2587 45.4081 45.4063 42.1282 44.2942 42.7526

2

4 28.6708 28.6708 28.6708 28.6395 28.6330 27.8866 28.6523 28.3837
6 34.8390 34.7560 34.8757 34.8782 34.8344 33.5580 34.8406 34.3164
8 40.2542 40.1957 40.1659 40.2540 40.2045 38.0999 40.2133 39.6369

10 45.0650 45.0265 44.9409 45.0126 44.8228 42.3067 44.8578 43.0264
12 49.1601 49.0709 48.9234 49.1108 49.0990 45.7133 48.5453 46.3682

3

4 29.7577 29.7323 29.7778 29.7830 29.7760 29.4473 29.7831 29.6724
6 36.0540 36.0462 36.0337 36.0490 36.0312 35.1721 36.0420 35.4629
8 41.4123 41.4249 41.4764 41.4795 41.4817 40.0575 41.4816 40.2871

10 46.3981 46.3759 46.3513 46.3908 46.3270 43.8415 46.3492 44.9901
12 50.6654 50.6416 50.5188 50.0293 50.6070 48.5678 50.6194 48.8457

4

4 31.8638 31.8631 31.8631 31.8638 31.8628 31.5520 31.8638 31.7064
6 38.4658 38.4457 38.3229 38.4712 38.4541 37.6742 38.4701 38.0972
8 44.1409 44.1299 44.1215 44.1379 44.1130 41.8809 44.1281 43.0865

10 49.1757 49.1380 49.0402 49.1403 48.9261 46.7316 49.0453 47.3696
12 53.6061 53.5976 53.5837 53.5429 53.4373 50.2012 52.8905 51.2963

5

4 31.2635 31.2635 31.2635 31.2674 31.2400 30.9963 31.2667 31.0917
6 38.0624 38.0590 38.0595 38.0481 38.0599 37.0511 38.0598 37.6129
8 43.9486 43.9541 43.9283 43.9474 43.9390 42.3299 43.9476 43.0948

10 49.0856 49.0812 49.0386 49.0735 49.0009 46.9090 48.9981 46.9546
12 53.6589 53.6476 53.5966 53.6480 53.5644 51.3290 53.4092 51.4370

6

4 30.1881 30.1881 30.1884 30.1884 30.1868 29.8118 30.1884 30.0943
6 36.3190 36.3116 36.3166 36.3189 36.3107 35.2884 36.3189 35.7087
8 41.5411 41.5357 41.4566 41.5381 41.5376 39.0273 41.5191 40.3121

10 46.1437 46.1336 45.8943 46.1245 46.0484 44.1846 46.1421 45.1448
12 50.4025 50.3495 49.7042 50.4011 50.3494 46.8572 50.0727 47.8994

7

4 28.2182 28.3445 28.3453 28.3453 28.3106 27.5565 28.3456 28.0657
6 35.0028 34.9839 34.9229 34.9842 34.9778 33.8109 34.9850 34.4786
8 40.6323 40.4641 40.6104 40.5998 40.5242 38.6748 40.6264 39.6272

10 45.4981 45.4799 45.4692 45.4722 45.3232 42.7771 44.7652 43.0443
12 49.7507 49.5460 49.5312 49.7327 49.6270 45.9063 49.4327 46.5936

8

4 30.6144 30.6455 30.6434 30.6355 30.6434 30.0874 30.6435 30.4565
6 37.0419 37.0032 37.0391 37.0385 37.0017 35.5762 37.0027 36.3631
8 42.5924 42.5407 42.5793 42.5912 42.4962 40.5814 42.5771 41.4359

10 47.2110 47.1791 47.2474 47.3335 47.3048 45.1692 46.6687 45.1569
12 51.6627 50.9570 51.0226 51.6421 51.0024 47.7623 51.6543 49.7426

9

4 30.2650 30.2650 30.2647 30.2650 30.2650 29.7961 30.2615 29.9921
6 36.5929 36.5894 36.5848 36.5924 36.5903 34.7929 36.5877 35.9927
8 42.0890 42.0789 42.0739 42.0757 42.0501 40.7925 42.0803 41.0783

10 46.8554 46.7928 46.0774 46.8408 46.8110 44.5693 46.7586 45.2086
12 51.1184 50.9838 50.9699 50.5265 51.0424 47.4544 50.9939 48.8786

10

4 32.3191 32.3127 32.3191 32.2953 32.3127 31.8869 32.3191 32.0323
6 38.9318 38.8767 38.9250 38.9300 38.9223 37.9559 38.9258 38.3460
8 44.6486 44.5368 44.6408 44.6440 44.4628 42.9020 44.6292 43.5905

10 49.6640 49.5103 49.5058 49.6494 49.5299 47.0386 49.6353 48.4979
12 54.1631 54.1038 54.0213 54.1207 54.0565 52.1343 54.0872 52.3326
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Figure 10. Cont.
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Figure 10. The fitness function curves and box charts obtained by the TLMVO method of 10 satellite images.
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As the fitness function of the application, a Masi entropy mathematical model is non-extensive
and additive, which can provide better threshold results than other segmentation methods [23]. In the
table of fitness function values, Table 8, it can be seen that PSO as a basic optimization algorithm can
obtain better results at low thresholds. At high thresholds, the results of TLMVO, LMVO, MVO, ALO
and DA have little difference. According to the label distribution, LMVO and ALO can be regarded as
the second best. Figure 10 presents that:

1. In terms of convergence curve: in the early stage, TLMVO did not rapidly obtain a large
value in the first 100 generations, as shown in Figure 10a1,b1,e1,i1,j1. In the 200th generation, TLMVO
algorithm is faster than other algorithms to obtain the maximum target value or close to the theoretical
maximum target value, as shown in Figure 10a1,b1,e1,g1,i1,j1. After the 250th generation, other
algorithms are largely not updated.

However, for TLMVO, the advantages of ALO and CS position updating are used for reference,
and mutation factors are added to maintain good population diversity and continuous updating in
the later period of operation. As an improvement of the LMVO algorithm, TLMVO still retains the
advantages of Lévy flight to avoid the algorithm falling into local optimization, and to be able to jump
to a mutation space for optimization occasionally. On the basis of LMVO, the screening mechanism
of the optimal solution is improved, and the mutation factor is added in the location update, which
achieves better convergence and robustness. Traditional MVO population regeneration is slow and
variation occurs at intervals. The convergence curve is stepped rather than a rising smooth curve.
In addition to hybrid algorithms, ALO algorithm is always superior to other algorithms. The overall
fluctuation of FPA algorithm is relatively large, while CS is relatively small. The optimal values found
by them have large deviations, and some of them belong to local optimum values. Overall, TLMVO
provides a competitive solution compared with other metaheuristics optimizers.

2. In terms of algorithm stability: In all box graphs, the TLMVO algorithm shows good stability,
generally the best value and the second best value. For instance, the box plots in (b2) and (j2) are the
second best values, and the rest are the best values, visually representing the stability of TLMVO. Other
algorithms either float too much or have a lot of outliers.

In conclusion, compared with the comparison algorithm, TLMVO has higher optimization
accuracy, better robustness and stability. The validity and superiority of the algorithm are proved, and
the purpose of improving the basic LMVO and MVO algorithms is achieved.

5.4.3. Complexity Analysis

Algorithm complexity is another important indicator of performance. Complexity is related to
population size, number of iterations, number of cycles, threshold size and other factors. The time
complexity of TLMVO, LMVO and MVO can be expressed as O(I ∗N ∗D) ∗O(F(x)), where I represents
the maximum number of iterations, N denotes the population size, D indicates the threshold value,
and F(x) corresponds to the Masi entropy function in this paper. As the number of thresholds increases,
the complexity of the algorithm increases and the computing time becomes longer. In order to more
intuitively analyze the computational complexity and time complexity of the algorithm, CPU time
(in seconds) is selected for measurement. Each algorithm runs independently 30 times, and the
average running time of the experiment is recorded in Table 9. The data in the table are integrated
into a broken line graph, as shown in Figure 11. The image is used to sort the running time of each
algorithm visually. The temporal ordering of algorithm can be expressed as (from large to small):
ALO > CS > DA > TLMVO > MVO > LMVO > PSO > FPA. The results are in good agreement
with the conclusions because the re-selected screening mechanism converges slowly. TLMVO is more
effective for image segmentation when the time of TLMVO is similar to that of other algorithms.
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Table 9. The the average CPU time of each algorithm under Masi.

TEST
IMAGES K TLMVO LMVO MVO ALO DA FPA PSO CS

1

4 0.4930 0.4260 0.4410 1.7600 0.7950 0.3790 0.4100 1.3240
6 0.5100 0.4370 0.4640 2.3900 0.8090 0.3800 0.4120 1.3380
8 0.5430 0.4640 0.4870 3.0440 0.8180 0.4110 0.4330 1.3460

10 0.5700 0.4950 0.4990 3.7850 0.8200 0.4230 0.4520 1.3700
12 0.6170 0.5230 0.5800 4.3320 0.8430 0.4520 0.4810 1.3860

2

4 0.6440 0.5330 0.6070 2.1550 1.0210 0.4990 0.5230 1.3950
6 0.6650 0.5820 0.6130 2.9660 1.0430 0.5130 0.5520 1.4220
8 0.7070 0.6030 0.6410 3.7150 1.0780 0.5460 0.5670 1.4390

10 0.7550 0.6430 0.6840 4.6660 1.1390 0.5700 0.6070 1.4530
12 0.7930 0.6770 0.7170 5.2850 1.1520 0.5980 0.6380 1.4920

3

4 0.6220 0.5820 0.6100 2.1440 0.9300 0.5020 0.5550 1.4400
6 0.6970 0.6020 0.6360 2.9680 1.0870 0.5240 0.5690 1.4500
8 0.7200 0.6360 0.6660 3.7530 1.0840 0.5700 0.5950 1.4610

10 0.7650 0.6770 0.6970 4.6600 1.1190 0.5840 0.6350 1.4920
12 0.7870 0.7300 0.7480 5.2680 1.1560 0.6050 0.6550 1.5000

4

4 0.6400 0.5820 0.6100 2.2110 1.0400 0.5080 0.5430 1.4210
6 0.6910 0.6060 0.6440 3.0820 1.0830 0.5320 0.5710 1.4480
8 0.7260 0.6310 0.6700 3.8380 1.1070 0.5680 0.6060 1.4640

10 0.7650 0.6600 0.6930 4.7410 1.1380 0.5880 0.6250 1.4880
12 0.8100 0.7010 0.7470 5.3380 1.1950 0.6230 0.6590 1.5140

5

4 0.6370 0.5680 0.6290 2.6220 1.0290 0.5450 0.5570 1.4130
6 0.6930 0.5990 0.6450 2.9890 1.0950 0.5550 0.5700 1.4470
8 0.7370 0.6260 0.6670 3.7710 1.1270 0.5660 0.5990 1.4500

10 0.8100 0.6750 0.7180 4.7050 1.1650 0.5870 0.6270 1.4850
12 0.8180 0.6900 0.7430 5.3290 1.1440 0.6080 0.6500 1.5030

6

4 0.6330 0.5740 0.5950 2.1830 0.9890 0.5340 0.5480 1.3790
6 0.6900 0.5910 0.6450 2.9780 1.0840 0.5450 0.5590 1.4270
8 0.7420 0.6510 0.6800 3.7890 1.1270 0.5660 0.5970 1.4570

10 0.7470 0.6610 0.6960 4.7190 1.1920 0.6110 0.6150 1.4770
12 0.8120 0.6880 0.7300 5.3230 1.2360 0.6040 0.6470 1.4960

7

4 0.6470 0.5808 0.6000 2.1550 1.0180 0.5030 0.5440 1.4140
6 0.6670 0.5900 0.6290 3.0620 1.1050 0.5510 0.5840 1.4260
8 0.7170 0.6530 0.6900 5.1410 1.2440 0.6050 0.6350 1.4920

10 0.8270 0.7050 0.7550 5.4410 1.4680 0.6610 0.6770 1.6110
12 0.9650 0.7880 0.7980 6.1020 1.3370 0.6390 0.6560 1.5610

8

4 0.7020 0.6280 0.6550 2.5230 1.1429 0.4980 0.5840 1.4040
6 0.7360 0.6420 0.6730 3.5880 1.1470 0.5220 0.5910 1.4260
8 0.7740 0.6540 0.6970 4.0550 1.1490 0.5480 0.6030 1.4440

10 0.7890 0.6740 0.7460 5.2380 1.1510 0.5840 0.6230 1.4690
12 0.8440 0.7200 0.7390 5.8670 1.2320 0.6270 0.6910 1.5100

9

4 0.7210 0.6390 0.6920 2.4750 1.0250 0.5920 0.6150 1.4800
6 0.7860 0.6680 0.7560 3.3060 1.1820 0.5950 0.6330 1.5070
8 0.8630 0.7210 0.7930 4.3700 1.3930 0.6080 0.6470 1.5110

10 0.8900 0.7300 0.7660 5.5070 1.2570 0.6690 0.7070 1.5300
12 0.9590 0.7690 0.8210 6.3310 1.4100 0.6870 0.7280 1.6470

10

4 0.6838 0.5580 0.6020 2.2140 1.0170 0.5180 0.5410 1.4290
6 0.7070 0.5880 0.6400 3.0660 1.0700 0.5400 0.5790 1.4500
8 0.7390 0.6250 0.6490 3.8670 1.1080 0.5900 0.6110 1.4710

10 0.7790 0.6790 0.7050 4.8330 1.1280 0.6100 0.6390 1.4940
12 0.8320 0.7110 0.7590 5.5270 1.1810 0.6320 0.6690 1.5140
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Figure 11. Broken line chart of the CPU Time indicator.

5.4.4. Statistical Analysis

In order to better analyze the results, we chose two more secure data statistical tests, namely
Wilcoxon’s rank sum test and Friedman test.

1. Wilcoxon’s rank sum test is a pair-wise test, which aims to detect the significant difference
between the mean values of two samples. In this paper, they correspond to the behavior of the two
algorithms. The fitness function of GSMVO (K = 12) algorithm is compared with other seven algorithms.
All algorithms run the same 30 times. The corresponding results are given in Table 10. The probability
of a statistical value, the p-value and the indicator h are set throughout the test to determine whether
to accept or reject the null hypothesis. Let the null hypothesis be: “There is no significant difference
between the proposed algorithm and other algorithms.” If the p-value is > 0.05 or h = 0, accept the null
hypothesis, otherwise reject it. In addition, 67 of the 70 cases achieved superior results, which indicates
that there is a significant difference between TLMVO and the other seven algorithms. In most cases,
the TLMVO-based multilevel threshold algorithm outperforms the other seven algorithms.

Table 10. Average p-value of Wilcoxon test after 30 times of operation under Masi. (The data of p > 0.05
has been bolded, “+” indicates significant difference.).

TEST
IMAGES

TLMVO
vs. LMVO

TLMVO
vs. MVO

TLMVO
vs. ALO

TLMVO
vs. DA

TLMVO
vs. FPA

TLMVO
vs. PSO

TLMVO
vs. CS

p h p h p h p h p h p h p h

1 <0.05+ 1 <0.05 1 <0.05+ 1 <0.05+ 1 <0.05+ 1 <0.05+ 1 <0.05+ 1
2 <0.05+ 1 <0.05+ 1 0.0579 0 <0.05+ 1 <0.05+ 1 <0.05+ 1 <0.05+ 1
3 <0.05 1 <0.05 1 <0.05 1 <0.05+ 1 <0.05+ 1 <0.05 1 <0.05+ 1
4 <0.05+ 1 <0.05 1 <0.05+ 1 <0.05+ 1 <0.05+ 1 <0.05+ 1 <0.05+ 1
5 <0.05+ 1 <0.05 1 <0.05+ 1 <0.05+ 1 <0.05+ 1 <0.05+ 1 <0.05+ 1
6 <0.05+ 1 <0.05 1 <0.05 1 <0.05+ 1 <0.05+ 1 <0.05+ 1 <0.05+ 1
7 0.1952 0 <0.05 1 0.3076 0 <0.05+ 1 <0.05+ 1 0.0072 1 <0.05+ 1
8 <0.05+ 1 <0.05 1 <0.05+ 1 <0.05+ 1 <0.05+ 1 <0.05+ 1 <0.05+ 1
9 <0.05+ 1 <0.05 1 <0.05 1 <0.05+ 1 <0.05+ 1 <0.05+ 1 <0.05+ 1

10 <0.05+ 1 <0.05 1 <0.05 1 <0.05+ 1 <0.05+ 1 <0.05 1 <0.05+ 1

2. Friedman test can be used to test the overall performance of data. The null hypothesis test
approximate parameters are: H0, the median of the equality between the algorithms; H1, which is the
alternative hypothesis, used to show the degree of difference; α: the rejection probability of the null
hypothesis when the null hypothesis is true. If the p-value is less than the significance level, H0 is
rejected. A detailed description is in [67]. At one time, the rank serial numbers of the whole algorithm
will be tested with the corresponding index data of the algorithm. It reflects the overall performance of
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the algorithm intuitively and quickly. We put all the index data mentioned above into the test and get
Table 11 (the highest ranking is marked with shadows). From the rankings obtained, TLMVO shows
superiority in any threshold of different pictures, although sometimes the rankings are very close or
the same.

After all experiments and results analysis, it can be concluded that TLMVO has greatly improved
on LMVO and MVO. Compared with other metaheuristics algorithms, the TLMVO algorithm has
better accuracy, convergence and robustness in multi-threshold color satellite image segmentation.
This method can be used as an effective method for multilevel image threshold segmentation.

Table 11. The Friedman test of each algorithm under Masi.

TEST
IMAGES K TLMVO LMVO MVO ALO DA FPA PSO CS

1

4 1.8 3.2 4.2 5.3 3.8 6.4 4.1 7.2
6 3 3.4 3.4 5 3.4 6.6 4.4 6.8
8 2.8 3.6 4.2 3.2 5.2 6.6 3.4 7

10 2.6 4.4 4 3 4 6 4.4 7.6
12 1.8 2.6 4.6 3.6 4.8 6.6 5 7

2

4 2.4 3.6 4.2 4.6 4 5.2 6 6
6 2.4 5.4 3.4 3.4 4 6.6 3.8 7
8 2.8 3.4 4.4 3.2 5.2 6.4 3.4 7.2

10 1.8 2.8 4 4.8 6 6.6 3 7
12 1.8 4.2 4.6 3.4 3.4 6.6 5 7

3

4 2.6 4.4 3.8 5.4 3.2 6.6 4.2 5.8
6 1.8 3.7 3.4 6 4.7 6.6 3.4 6.4
8 2.8 3.4 4.8 3.6 4 6 3.8 7.6

10 1.8 3.8 4.1 3.4 4.4 6.6 5.1 6.8
12 1.8 4 4.4 4.6 5.4 6.6 2.2 7

4

4 2 3.2 3.4 5.5 4.4 6.6 4.3 6.6
6 2.5 3.9 3.7 4.3 5.8 6.5 4 5.5
8 1.9 2.9 3 4.4 6 6.6 4.2 7

10 1 4.2 4.6 4 7 6.4 2.4 6.6
12 1.8 3 3.4 5.4 6 5.4 3.6 7.4

5

4 2.8 4.2 5.9 4.4 6.4 4 3.2 5.1
6 2.4 3 5.2 4.2 3.6 6 4 7.6
8 1.5 3.3 3.4 5.6 5.6 6.6 3 7

10 1.8 3 4 3.4 5.8 6 4.4 7.6
12 2.8 3.8 4.8 4.2 3.2 6.6 3.6 7

6

4 1.8 3.4 3.6 4.4 6 6.6 3.2 7
6 2.4 3.4 3.3 4.6 5.4 6.6 4.3 6
8 1.8 4 4 4.4 3.4 6.6 4.8 7

10 2.4 3.4 4.4 4.6 5.4 6.6 2.8 6.4
12 2.4 2.9 4.8 3 5.4 6.6 3.9 7

7

4 2.6 3.8 4 3.8 6.2 5.6 4 6
6 1.8 4.4 5.1 4.5 4.8 6.6 3.2 5.6
8 2 3.8 5 3.4 5 6.6 3.2 7

10 2.6 3.6 4.3 3.5 4.4 6.6 4 7
12 1.8 3.2 4.4 3.6 5 6.6 4.4 7

8

4 1.8 3.3 4.8 3.6 5.5 5.4 4 7.6
6 1.6 4.4 4.2 3 5.2 6.6 4 7
8 1.8 3.8 4 4 5.8 6.6 3 7

10 2.4 3.6 3.8 3.2 4.2 5.8 5.2 7.8
12 1.8 3.8 4.2 4.8 5.8 6.6 2 7
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Table 11. Cont.

TEST
IMAGES K TLMVO LMVO MVO ALO DA FPA PSO CS

9

4 2.1 2.4 4.2 5.4 5 6.4 3.3 7.2
6 2.4 3.2 3 4.8 5.6 5.6 4.2 7.2
8 2 2.7 3.5 4.6 6 6.6 3.6 7

10 1.8 3.1 3.9 4.4 4.4 6 4.8 7.6
12 1.8 3.8 4.2 5.8 3.6 6.4 3.2 7.2

10

4 3.4 3.6 4.5 5 3.8 5.2 4.1 6.4
6 2.2 5.6 4.2 3 4.4 6.2 3.2 7.2
8 2.4 2.4 3 4.9 6 6.2 3.7 7.4

10 1.8 2.8 3.8 4.4 5.6 6.6 4 7
12 1.8 2.8 3.4 4.4 5.8 6.4 4.2 7.2

6. Conclusions

This paper extensively studies the improved algorithm for color satellite image segmentation
based on multilevel threshold. In order to solve the problem of a large amount of information and
high precision of satellite image segmentation, a method combining the improved TLMVO algorithm
with the much-anticipated Masi entropy in recent years is adopted. The results show that this method
can be effectively applied to multilevel threshold segmentation of color images. Ten satellite images
were used to test the multi-threshold performance of the algorithm. According to fitness function
value, average CPU running time, Structural Similarity Index (SSIM), Feature Similarity Index (FSIM),
and Peak Signal to Noise Ratio (PSNR), the segmentation results were evaluated. The results of
Wilcoxon’s rank sum test and Friedman test were analyzed. The validity and stability of the improved
algorithm are verified by qualitative and quantitative methods. As an improvement of LMVO and
MVO algorithms, Tournament selection mechanism that is more suitable for optimization algorithm
was selected. Drawing on the merits of CS algorithm and ALO algorithm, the mutation factor is
added to improve the position updating formula. Compared with other seven algorithms, TLMVO has
better convergence and robustness. The multilevel threshold segmentation method based on TLMVO
has broad application prospects. In future work, other new effective algorithms will be learned and
improved, and a simpler and more efficient optimization method will be found. It is also applied to
various computer vision problems such as satellite image enhancement, remote sensing image feature
extraction and so on.
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