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Abstract

Tropical cyclones have a strong potential to bring significant economic loss to cyclone-prone areas. Locating the tropical cyclone
center is significant and necessary for the timely forecasting of tropical cyclones. The observation of the typhoon's center,
primarily carried out through the use of infrared (IR) images, is not easy. In some situations, the typhoon center is identified by
the typhoon eye, which is overlaid on an infrared image. Therefore, the purpose of this study is to address the challenges of
tropical cyclone center localization in infrared images by developing a firefly algorithm-based optimization scheme for accurate
center prediction. This research proposes an efficient tropical cyclone center prediction scheme with optimization performed by
the firefly algorithm to predict the central point in tropical cyclone infrared images. In addition, problems associated with pattern
matching and other localization challenges are addressed through the optimization process to obtain the most accurate tropical
cyclone center. Finally, the proposed scheme achieved highly accurate center localization. The proposed approach contributes to
the scientific community by providing an optimization-based framework for tropical cyclone center localization that can support
future research in automated cyclone analysis, infrared satellite image processing, and the development of more reliable tropical
cyclone forecasting methods.
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1. Introduction

Tropical cyclones (TCs) are speedily revolving storms,
which are considered by strong winds, low-pressure centers,
and spiral structure of thunderstorms. TCs are also called ty-
phoons, tropical depression, tropical storms, and hurricanes.
Hence, these types of cyclones may cause major natural dis-
asters due to the generation of sustained high winds, storm
floods, and heavy rain [1]. In general, coastal areas are mostly
affected by the tropical cyclone that causes significant loss of
human lives and economic than other natural disasters [2]. The
operational agencies issue forewarnings using prediction and

tracking of TC is required for reducing such losses. In this, the
most important task is the accurate prediction of circulation
position or spiral position of TC which is also referred to as
TC center or TC eye. The tropical cyclones differ widely in
terms of their size and intensity characteristics. This generates
a wind speed of >200km/hr. Tools and procedures developed
from more than 30yrs are still being deployed by the world
hurricane centers to send warnings and forecasts. These tools
contain less satellite technology as well as image processing
methods. Usually establishing the location of the hurricane
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eye is carried out manually by investigating the flow of spiral
rainbands, utilizing continuous satellite-sensing images, and
even with the overlying of spiral templates on remote-sensing
images. The automated techniques of locating the tropical cy-
clone position usually make use of objective measures and
gale field analysis, and pattern matching approaches [3], and
application of the automatic tracking radar echoes by correla-
tion algorithm [4]. To establish the location in which the trop-
ical cyclone is formed, Liu et al. [5] proposed an algorithm
that utilizes both edge detection and density matrix. The pro-
posed algorithm experimented on two types of cyclones, i.c.,
Usagi and Haiyan, which are differentiated by the period of
the cyclone. Although the central location was well identified,
the algorithm was limited to only two cyclones. To measure
the TC’s structure and change of intensity in IR images, Wang
et al. [6] suggested a method that considers variables or fea-
tures from IR data and computes the gradient of their bright-
ness (intensity) temperatures. Though the method exhibits an
incredible capacity to distinguish the best track, the strength
of the TC especially those cyclones that include simple
strength characteristics such as their formation, intensification,
and weakening in some instances the method cannot demon-
strate complete details. Thus, it requires further analysis of
some useful information, for example, the low and high oscil-
lations due to cloud structures located within some disturb-
ances.

Tropical cyclones with extreme speed are very harmful con-
ditions for airborne. The images acquired from the geostation-
ary satellites are the best tools for the identification of the hur-
ricane eye, its shape, and location. But, there exists a problem
of optimizing the outcome of motion tendency of the tropical
cyclone which is used for the prediction and assisting person-
alities to evade the cyclone catastrophes that happen as a result
of strong, sturdy winds and heavy rains. Thus, the main objec-
tive of this study is to predict and estimate the central point on
the tropical cyclone infrared images (IR) by the proposed ef-
ficient tropical cyclone center prediction scheme with an op-
timization performed by the firefly algorithm.

For quite some time the synthetic aperture radar tool has
maintained its popularity in hurricane monitoring. The image
obtained by this tool is a resultant of the radar satellite (RA-
DARSAT) tool which transmits a C-band. The radar satellite
being a dynamic microwave detector or sensor radiates sensor
pulsates which easily infiltrates over the clouds and later re-
ceives a sensor backscatter that comes out of the earth’s exte-
rior. Consequently, the synthetic aperture radar tool takes pic-
tures of the earth's exterior, and the pictures taken contain in-
depth information and features of the hurricane on the surface
of the sea [7]. The synthetic aperture radar hurricane images
from the surface of the ocean display the ocean’s exterior im-
print of the tempests and are connected to the exterior coarse-
ness influenced by the winds on the ocean surface, waves, and
others [8]. The features of the hurricane that are present in the
synthetic aperture radar contain some bright dark curved pat-
terns. The radar backscattering is relatively weak in cases
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where the rain and wind elements are missing within the hur-
ricane position. Rarely SAR image contains typhoon or cy-
clone but missing an eye. The hurricane center estimation
techniques have two (2) categories, namely the wind field
analysis and pattern matching [9]. There is a likelihood of the
synthetic aperture radar image comprising some parts of the
tropical cyclone but the absence of an eye in it. The procedures
for calculating the center of a cyclone or hurricane in previous
researches have been performed by the pattern matching
methods of the single image [10]. Additional methods have
also been suggested by the researchers to automate the process
of fixing the cyclone center using the satellite acquired images.
Unlike conventional approaches that primarily rely on hand-
crafted feature extraction followed by optimization or heuris-
tic localization, the major innovation of our proposed method
lies in the integration of infrared (IR) image analysis with a
Firefly Algorithm-based optimization framework for direct
tropical cyclone (TC) center prediction. Thereby providing a
more robust and effective solution for tropical cyclone center
detection. The main innovations are summarized as follows:

1) Optimization-based TC center prediction: The proposed
framework directly predicts the TC center by integrating
pattern matching with a global optimization strategy,
avoiding the dependence on handcrafted feature de-
scriptors and heuristic localization employed in many
existing methods.

2) IR image-driven cyclone representation: The method
utilizes IR satellite imagery, which provides continuous
observations and preserves the spatial distribution of
cloud-top temperatures associated with TC formation,
intensification, maturity, and decay. These thermody-
namic signatures offer discriminative structural infor-
mation for robust center localization under diverse me-
teorological conditions.

3) Firefly Algorithm for optimal center estimation: The
Firefly Algorithm (FA) is adopted to perform global op-
timization over the IR image, iteratively searching for
the optimal convergence point corresponding to the TC
center. Its population-based search mechanism improves
convergence toward the global optimum while reducing
sensitivity to complex cloud morphology and asymmet-
ric cyclone structures.

2. Related Works

The study by Wang et al. [11] presented a cyclone center
prediction approach based on the thermal infrared (TIR) im-
age obtained from the geostationary satellites. In this, the min-
imization method is used to predict the center with the consid-
eration of a near elliptic formation of a cyclone. The results
demonstrate the accuracy of more than 70% of the ellipse fit-
ting approach for cyclone center prediction. Ref. [3] proposed
an automatic prediction of the center of hurricanes using
curved feature extraction from IR images. In this, the meteor-
ological satellite-5 infrared images of two hurricanes and Sub-
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Tropical Storm 4 are examined based on the image processing
techniques. Also, the hurricane’s central area is predicted with
adjustment of curved features at different positions. The ap-
proach achieved an accurate prediction, in which the images
posed curved structures that were featured strongly. Neverthe-
less, the approach provides considerable errors in the forma-
tive or decaying stage of the hurricane because of the inade-
quacy of robust patterns in the IR images. Ref. [11] examined
the track of TC using the unique markings of its center to find
its behavior by the use of remotely-sensed moderate resolution
imaging spectroradiometer (MODIS) and advanced synthetic
aperture radar (ASAR) data. In order to discover and evaluate
the precinct surrounded by the hurricane's eye and estimate the
relative center of the hurricane's eye, they applied morpholog-
ical operators.

Zheng et al. [10] described typhoon eyes using wavelet
analysis of synthetic aperture radar and IR images to predict
the eyes on the surface of the ocean and top of the rain-clouds.
The typhoon eye location on the surface of the ocean fluctu-
ates from that on the top of the rain-clouds due to the vertical
gale shear which acts as an upright tilt. Therefore, the big hor-
izontal distance between typhoon eyes on the sea surface and
the cloud top indicates the vertical wind shear profile that is
significantly extra intricate than normally estimated. Still, the
upright tilt may be affected by the seashore's response or is-
land obstruction outcome. Wang et al. [3] presented an ap-
proach for locating the position of the TC center using IR im-
ages. Initially, the difference of the intensity of the heat at the
individual image element from neighboring image elements is
estimated and hereafter the variation of the fluctuation of the
slope values is evaluated. Then a line corresponding to the
slope vector at each image element (pixel) is identified and the
score values are stored in the density matrix. Finally, the cy-
clone center is predicted by comparing computed values from
the hurricane center that is the Joint Typhoon Warning Centre
(JTWCQ). Jin et al. [12], and Zheng et al. [13] investigated an
image processing chain to successfully discover the hurri-
cane’s center. Initially, a filtering approach is employed to
minimize speckle noise in the synthetic aperture radar image,
and image contrast is improved by using top-hat transform.
Then, watershed-based image segmentation is applied extract-
ing the geometric features and semantic information. Based
on these features, the pattern of typhoon eyes is predicted.

Liu et al. [14] studied the prediction of the typhoon eye
from images that are obtained by several sensors such as SAR
and IR. The achieved result illustrates the existence of big hor-
izontal distances among the cyclone circles on the surface of
the sea using SAR and those on the top of the rain-cloud using
IR data. Lee et al. [15] investigated a numerical morphology
approach for obtaining the eye of the hurricane automatically
from the SAR information. Initially, the pruning of skeletal
lines is done through the use of a technique known as discrete
skeleton evolution (DSE). This is implemented to validate the
public and private maintenance of the contours in the cyclone
eye. To mine the edges of the cyclone eye, which effectively
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circumvents segmentation errors by minimization unrelated
skeletal lines distance weighted algorithm is performed. Jin et
al. [16] proposed a semiautomatic center location prediction
using significant region identification and pattern matching
approaches. This approach is applied where a remarkable re-
gion mapping comprises the rainbands of a hurricane in a syn-
thetic aperture radar image. In this, the pattern classification
puzzle is converted as an optimization problem which is
solved through the use of particle swarm optimization (PSO)
algorithm to predict the best-estimated center of the TC. Xu et
al. [17] introduced a technique to predict the center of the hur-
ricane from synthetic aperture radar images using a well-de-
fined pattern for the hurricane’s eyes in the SAR data.

3. Materials and Methods

The methodology employed in the work employs infrared
tropical cyclone images for the center detection based on the
inflow angle, velocity of the air and intensity of the pixel in
the images. The input database has been subjected to various
steps to extract the information for the detection of cyclone
center. The methods involved to locate the central point on the
tropical cyclone infrared image is presented. The IR image is
considered as an input for the detection. The IR data from the
satellites are used for the analysis. The primary step is to find
out the location of the hurricane in the input IR image. The
proposed flowchart of the process is as shown in Figure 1.

3.1. Model Description

Generally, images hold some noisy information, we, there-
fore, subjected the input image to denoising with non-local-
means (NLM) filter technique. First, this filtering technique is
perceived as one of the excellent techniques among the image
denoising methods and effectively helps in removing the noise.
Secondly, it uses the entire self-estimations and self-like-
nesses that the digital image provides and determines the im-
age element's weightiness for reducing a distorted image. Also,
it utilizes the repetition of image features that occurs as a re-
sult of comparable patterns and structures contained in the in-
frared image. The technique has a grey-value in each pixel
which is obtained by the weighted average of all the grey-val-
ues of all the pixels in the infrared image. If we consider a

discrete noisy image v={v(i)} for a pixel L the value

which is estimated [v](i) is computed as the weighted aver-

age of all the pixels, i.e.,

NL = [V](@) = Xjew (,)).-v()) (D

where Ww(i, j).v(j) represents the weighted family of the
weights which are subject to the resemblance between the im-
age elements 7 andj .
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Typically, the locating of the TC’s center requires the rain-
band information if pattern matching and other methods are
not implemented. Thus, the segmentation methods are usually
included and work well with different grey-levels of the rain-
bands from one region to the other. Often, they seem easy and
not much effective under few conditions. Therefore, the sali-
ent region detection is considered an optimized region. Pri-
marily, the use of salient region detection helps in the extrac-
tion of the rainband regions which are taken as regions of at-
traction to human visual attention during the processing of the
image. Next, the standard deviation is obtained, which helps
to determine the discrete degree of the dataset. The results of
the standard deviation are then normalized to achieve the
grey-value feature maps of the IR image. Few of the grey-val-
ues match the rainbands but the main interest is not the extrac-
tion of the salient regions with grey-value facts. Because of
the good directional attributes and sensitivity of the Gabor fea-
tures to edge information it can be applied in the processing
of an image. To obtain the Gabor features from the IR image,

the image is convulsed and filtered using the Gabor filter. The
Gabor filter with different tropical cyclone IR images in dif-

ferent orientations is calculated. The Gabor filter A(x,y) is
broadly applied in the image processing and is expressed as,

2 2

exp (—55) expl2nj (Ui + V] @)

1
2ma?

h(x,y) =

where x'=xcos@+ ysin€ andy' = ycos@—xsind and @
represent the orientation, o represents the scaling parameter,

and the center frequencies is represented by (U , V) .

The blending of fur angles that is mapped with image
weightiness that contains utmost grey-values in the Gabor fea-
tures of much directional or wavelength information results
into the Gabor feature maps. Finally, the blending of Gabor
features maps and grey-value variance feature maps with var-
ious weights aids in constructing of final outstanding and sa-
lient region maps.

Input images

¥

Denoising with NLM filter

/

Gray value-based variance calculation

T~

\

Gabor feature calculation and mapping

Weighted combination of different angles

Extract region with high Grav values

hJ

Optimization using fireflv algorithm

hd

Morphological skeleton lines extraction

h

Cvclone center detection

Figure 1. Workflow Diagram.
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3.2. Firefly (FA) Optimization Algorithm

The optimization algorithm used in our work is the FA, as

shown in Figure 2. This algorithm helps in image optimization.

The FA has been applied in different areas of research and has
proven to be very accurate and efficient as a nature-based al-
gorithm [18, 19]. The FA takes some assumptions such as,

1) All the fireflies are unisex, that means there is neither
male nor female and is attracted to every firefly.

2) Brightness is key factor plays a vital role and when con-
sidering two firefly search agents, the brighter agent at-
tracts the less bright one.

3) In a situation where there is a missing brighter firefly,
there is random movement of fireflies in search of the
neighbors.

START

h 4
SETUP PARAMETERS

.

INITIALIZE POSITIONS OF
FIREFLIES

;

INITIALIZE BRIGHTNESS OF

FIREFLIES
I:
v
UPDATE POSITION OF FIREFLIES
UPDATE BRIGHTNESS OF
FIREFLIES NO

END

J

Figure 2. Flowchart of firefly algorithm.

This algorithm has two steps, namely the variant of light
intensity and the calculation of the attractiveness of the light

intensity (r), which varies with the distance 7 between the

flies monotonically and exponentially, and its set as,
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e”YT

=1 (3)

From the equation /; defines the initial light intensity and
gamma » denotes the light absorption co-efficient.

To compute the firefly’s attractiveness S is expressed by,

—yr2
B=p5" @
where 'r' in the equation represents the distance between the
two fireflies. S it defines the attractiveness of the same fire-

fliesat »=0.
During the firefly move whereby the less bright firefly
moves towards the brighter firefly ; (5). This change of po-

sitions is expressed as,

ey

Xi=X;+B¢ (xj—x)+de (%)
where € is a random variable that is uniformly distributed
within a range of [0,1].

An overall step of the FA is to initialize the firefly’s popu-
lation in the algorithm. The size of the firefly determines the
amount of solutions that will be achieved. The fitness is eval-
uated by its light intensity. The distance between the fireflies
is considered as the Cartesian distance.

The boundaries of the rainbands in an IR image are not reg-
ular. Therefore, the extraction of skeleton lines contains more
branches. The gaps in the rainband regions make the skeleton
line achieve the spherical lines. To ensure the process,
measures are taken to maintain and achieve smooth skeleton
lines. The extension of rainbands is achieved by applying mor-
phological operators before the extraction of the skeleton lines.
The model is programmed using the MATLAB R2016a
framework, which shows the central location in steps. Table 1
gives a summary of the optimization (FA) algorithm parame-
ters.

Table 1. Summary of the firefly optimization algorithm parameters.

No Variable Value Description

1 nVar 5 Number of decision variables

2 VarSize [1,5] Decision variables matrix size

3 VarMin -10 Lower bound decision variables

4 VarMax 10 Upper bound decision variables

5 MaxIt 100 Number of iterations

6 nPop 25 Number of fireflies (Swarm
Size)

7 gamma 1 Light absorption coefficient
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4. Experiments

4.1. Data

In this research, we employed 600 infrared images from ge-
ostationary satellites for center detection, and FA was used as
an optimization algorithm. Table 2 records a detailed descrip-
tion of the mentioned IR images, which we randomly selected
for our experiments. Figure 3 shows the described IR images.

Table 2. The details of the different four infrared images.

No Variable Value Description
8 Beta0 2 Attraction coefficient base value
9 alpha 0.2 Mutation coefficient

10 Alpha damp 0.98 i\i/‘l)utatlon coefficient damping ra-
11 delta 1 Range of uniform mutation

No. Tropical cyclone UTC Time (yy.mm.dd-hh.mm)
1 Atl-Alex 20100701-0445

2 Atl-Arlene 20110630-1200

3 Alt-Danielle 20100823-2345

4 Alt-Katrina 20050828-1145

Figure 3. Sample of the infrared images for the analysis.

4.2. Simulation Results and Performance
Evaluation

This section discusses the simulation and performance eval-
uation results.
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Maximum Intensity (knots)

85
55
65
140

4.2.1. Non-Local Means (NLM) Filtering

The next step is the computation of the salient region maps
from the denoised input images using NLM filter to avoid the
speckle noise and make the process smoother and the obtained
filtered image gives more effective results. Figure 4 depicts
the obtained image after filtering. The results demonstrate that
NLM filtering suppresses image noise while preserving struc-
tural details, improving the quality of the input data for subse-
quent processing.

Figure 4. Filtered denoised images obtained from NLM filter.
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Figure 5. The grey-value variance feature map of the denoised infra-
red image.

The determination of the grey-value variance feature map
is obtained by dividing an infrared image into different
patches through the use of a sliding window. In each step of
the process, the length of the sliding window is divided into
halves. In cases, where the sliding window is too big, there's a

likelihood of the blocking effect occurring and thus presents
unrelated areas in the grey-value variance feature map. The
grey-level mapped image is as shown in Figure 5.

Grey-value variance captures local intensity variations and
contrast, effectively describing the statistical distribution of
cloud structures in infrared tropical cyclone images, whereas
Gabor features extract complementary multi-scale and orien-
tation-dependent texture information that characterizes spiral
cloud bands and cyclone morphology. Their integration pro-
vides a more comprehensive and discriminative feature repre-
sentation by combining statistical and textural characteristics,
thereby improving the robustness and accuracy of tropical cy-
clone center localization.

4.2.2. Gabor Feature Extraction

The normalization of individual patches of the IR image is
determined by calculating its standard deviation. The position
of the rainbands is indicated by the grey-value feature maps.
The paths which are having higher pixel values contain the
rainbands. The orientation and wavelength information are
used to find out the Gabor features in the image. The pre-pro-
cessed Gabor structures of the TC infrared images are com-
puted by applying four different angles to obtain the required
Gabor structure maps. Further, Gabor structure maps and grey
variance structure maps are combined to obtain the maximum
pixel density map and the result of this combination are as de-
picted in Figure 6.

[d)

Figure 6. Gabor feature map with different orientations a) A=0°, WiI=4, b) A=45°, WI=4, ¢) A=90°, WI=8, and d) A=135°, WI=12.

The analysis shows that Gabor features enhance the repre-
sentation of texture and directional characteristics of tropical
cyclones, improving discrimination of cyclone structures
compared with using raw image features alone.

4.2.3. Gabor Feature Extraction

Relevant region maps are segmented into binary images. To
select the band region two filter criteria are used and the long
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and thin lines are represented, which explains the characteris-
tics of the rainbands. After the combination of Gabor and
grey-value map, the optimization of the FA gives the conver-
gence curve with the best search optimum interval value of -
0.64 as shown in Figure 7. The results indicate that the opti-
mization process improves convergence toward the cyclone
center and localization accuracy compared with a non-opti-
mized approach.
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Figure 7. Optimization using firefly algorithm.

After the optimization of the firefly algorithm, the skeletal
lines are extracted to avoid the impact of the blurs. Before the
real extraction of skeletal lines, the rainbands are expanded
through the use of the morphological operators. The optimized
output is employed for skeleton extraction. Expansion is per-
formed to make the skeleton lines smoother and is shown in
Figure 8.

Figure 8. Results of the extracted skeleton lines from the infrared
image.

The optimal solution of separate skeleton lines is computed
and the center location results are determined by finding the
average of all the skeleton lines which were optimized. Based
upon the skeleton image information, including the pixel ori-
entation, intensity, and centroid the center of the cyclone is
detected and the resulting images are depicted in Figure 9.

Figure 9. Cyclone center detection on different tropical cyclone in-
frared images, a) Atl-Alex -20100701, b) Atl-Arlene -20110630, c) 3.
Alt-Danielle -20100823, and d) Alt-Katrina -20050828.
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Table 3 lists the mean track error of our proposed algorithm

compared with other methods for tropical cyclone estimation.

Table 3. The details of the different four infrared images.

Researcher (s)

Liu et al. [5] 46.27
S. Wang et al. [6] 74

P. Wang et al. [3] 56.13
H. Wang et al. [11] 50
Jinetal. [12] -
Proposed 44.72

Through the use of FA as optimization algorithm in our pro-
posed algorithm, the image computation took between 13-14
s for each image as can be seen from Table 3.

5. Conclusions

In this research, an efficient technique that is the firefly al-
gorithm for optimization is employed to predict the central
point in the tropical cyclone (TC) on infrared image (s). De-
noising process is carried out using NLM filter technique to
obtain a blur-free image. The locating of this TC center is
based on the detection of the salient region of interest and op-
timizing the results for IR images. Some steps are followed
that is, the salient region detection method based on Gabor
features and grey-values. The two filter criteria are employed
for the selection of rainbands and the skeleton line is obtained
by the rainbands and the optimization process is followed.
Thus, it is observed that the firefly algorithm gives accurate
output compared to others. In Future, the proposed system can
be ameliorated by using different advanced techniques which
gives more effective results.

Limitations of the proposed scheme: Even though the pro-
posed framework achieved accurate tropical cyclone center
localization, its performance depended on the quality of the
input infrared images and may degrade under severe noise,
cloud occlusions, or irregular cyclone structures. Furthermore,
the iterative optimization process increased computational
complexity, which may limit real-time applicability. The
framework has also been evaluated on a limited dataset; there-
fore, further validation using diverse satellite sensors, geo-
graphical regions, and cyclone intensities is required to estab-
lish its robustness and generalizability. Future studies can fo-
cus on improving computational efficiency and integrating ad-
vanced feature learning techniques to enhance prediction ac-
curacy and operational performance.

Mean track error (km)

157

Processing time (sec)

20-25
13-14
Abbreviations
FA Firefly Algorithm
IR Infrared
NLM Non-local-means
PSO  Particle Swarm Optimization
TC Tropical Cyclone
UTC  Universal Time Coordinated
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