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Abstract: Objective and accurate classification model or method of cloud image is a prerequisite for accurate weath-
er monitoring and forecast. Thus safety of aircraft taking off and landing and air flight can be guaranteed. Thresh-
olding is a kind of simple and effective method of cloud classification. It can realize automated ground-based cloud
detection and cloudage observation. The existing segmentation methods based on fixed threshold and single thresh-
old cannot achieve good segmentation effect. Thus it is difficult to obtain the accurate result of cloud detection and
cloudage observation. In view of the above-mentioned problems, multi-thresholding methods of ground-based cloud
based on exponential entropy/exponential gray entropy and uniform searching particle swarm optimization (UPSO)
are proposed. Exponential entropy and exponential gray entropy make up for the defects of undefined value and ze-
ro value in Shannon entropy. In addition, exponential gray entropy reflects the relative uniformity of gray levels
within the cloud cluster and background cluster. Cloud regions and background regions of different gray level ran-
ges can be distinguished more precisely using the multi-thresholding strategy. In order to reduce computational
complexity of original exhaustive algorithm for multi-threshold selection, the UPSO algorithm is adopted. It can
find the optimal thresholds quickly and accurately. As a result, the real-time processing of segmentation of ground-
based cloud image can be realized. The experimental results show that, in comparison with the existing ground-
based cloud image segmentation methods and multi-thresholding method based on maximum Shannon entropy, the
proposed methods can extract the boundary shape, textures and details feature of cloud more clearly. Therefore,
the accuracies of cloudage detection and morphology classification for ground-based cloud are both improved.
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1 Introduction

Due to the neglect of the weather reason,
there are a large number of aviation accidents.
Real-time and accurate weather forecasting is an
important guarantee of aviation safety. Cloud has
penetrated into many research fields of atmos-
pheric science as a meteorological element. Dif-

ferent types of clouds reflect different weather
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and climate. Objective and accurate classification
model or method of cloud image is a prerequisite
for accurate weather monitoring and forecast. In
recent years, extensive research on recognition of
satellite cloud images was conducted™™. Howev-
er, the cloud parameters are also often needed to
be aquired by ground-based observation in the ac-

tual meteorological service. Currently, observa-

tion and detection of the shape and cloudage of
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ground-based cloud depend more on artificial
judgment. The observation and detection results
are susceptible to human psychology and eyesight
condition, and the recorded results are relatively
simple. It is difficult to realize accurate and real-
time detection when the weather conditions are
complex™*. Therefore, the automatic detection
and classification method of cloud should be stud-
ied to realize automation of observation and detec-
tion of ground-based cloud. Thresholding is a
kind of simple and effective cloud detection meth-
od™™,

ground region and cloud region according to the

It can divide a cloud image into back-

gray level, which facilitates the subsequent cloud
classification and recognition. Currently, thresh-
olding methods of ground-based cloud consist of
fixed threshold method™ and Otsu method™
based on the red and blue bands of image. How-
ever, the actual ground-based cloud image is com-
plex. Satisfactory results cannot be achieved u-
sing the above-mentioned methods when the im-
age contains ground or the sky is not clear. In or-
der to adapt to ground-based cloud images with
complex background under different weather con-
ditions, multi-thresholding methods based on en-
tropy are considered to segment the above
ground-based cloud images. The concept of infor-
mation entropy was firstly introduced into thresh-

117, The proposed threshol-

olding by Kapur,et a
ding method based on maximum Shannon entropy
catches the most attention because it is simple and
relatively effective. It is then extended to multi-
threshold selection. As the number of thresholds
increases, the amount of computation increases
substantially. In order to reduce the computa-
tion, iterated conditional modes algorithmM,
genetic algorithm!*, global transformation algo-
rithm™*, basic particle swarm optimization
(PSO) algorithm™* are adopted to search the op-
timal thresholds of the thresholding method based
on maximum Shannon entropy. They accelerate
the running speed in varying degrees.

However, the above defined Shannon entro-
py has the defects of undefined value and zero val-

ue. Therefore, exponential entropy was defined

by Pal, et al. " under the same assumption of
Shannon logarithmic entropy. Meanwhile, bi-lev-
el thresholding method based on exponential en-
tropy is proposed to make up for the defects. In
addition, the above thresholding methods based
on logarithmic entropy and exponential entropy
solely depend on the gray histogram distribution.
The gray level within the object region and back-
ground region is unable to be kept relatively uni-
form. Therefore, Wu Shihua, et al. ' defined
exponential gray entropy on the basis of exponen-
tial entropy., and derived bi-level thresholding
method based on exponential gray entropy. Better
segmentation effect can be obtained for some ima-
ges using the method. For segmentation of the
actual ground-based cloud image, textures and
details feature are needed to be extracted for the
subsequent accurate classification of cloud. If the
cloud image is simply segmented with only one
threshold, there is confusion and misclassification
of the cloud area and background area. Many tex-
tures and details of cloud is lost, which results in
reducing the cloud classification accuracy. There-
fore, multiple thresholds must be selected to a-
accurate multi-thresholding of

chieve more

ground-based cloud image. Among the algo-
rithms of searching optimal thresholds, the basic
PSO algorithm™™ can obtain better optimization
result because of its higher search speed and fe-
wer tuning parameters. However, the search ac-
curacy is not satisfactory due to the nonuniformi-
ty while searching between the local optimal solu-
tion and the global optimal solution.

Based on the above-mentioned analysis and
the characteristics of ground-based cloud image,
bi-level thresholding based on exponential entropy
and exponential gray entropy are extended to
multi-thresholding, respectively. Multi-threshol-
ding methods of ground-based cloud image based
on exponential entropy/exponential gray entropy
are proposed in the paper. The criterion based on
exponential entropy and exponential gray entropy
can make up for the defects of undefined value
and zero value in Shannon logarithmic entropy,

and consider the uniformity of gray level within
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the cloud cluster and background cluster of
ground-based cloud image. The criterion together
with the multi-thresholding strategy can adapt to
the segmentation of complex ground-based cloud
images under different weather condition, facilita-
ting subsequent cloud shape identification and
cloudage detection. In order to search for the op-
timal thresholds of multi-thresholding methods of
ground-based cloud image based on exponential
entropy/exponential gray entropy more efficient-
ly, the uniform searching particle swarm optimi-
zation (UPSO) algorithm"® is further adopted in
the paper. The particle swarm in the algorithm
searches uniformly between the local optimal so-
lution and the global optimal solution. Compared
with the basic PSO algorithm, the UPSO algo-
rithm further simplifies the parameters. Thus the
search speed and accuracy of the particles are both
improved greatly. The detailed steps of the pro-
posed multi-thresholding methods are given in the
paper. The experimental results show the seg-
mentation effect of cloud images and running time
required by the proposed method, and compari-
sons are made with six methods such as the seg-
mentation methods of ground-based cloud image
using fixed threshold method™ or Otsu mothod™”
based on the red and blue bands, bi-level thresh-
olding method using exponential entropy/expo-
nential gray entropy, bi-level thresholding meth-
od using Shannon entropy and multi- thresholding

method using Shannon entropy™*.

2 Multi-thresholding of Ground-
Based Cloud Based on Exponen-
tial Entropy

Assume that a ground-based cloud image f
has L gray levels. The gray level of the pixel (m,
n) is denoted by f(m,n). In the cloud image, The
occurrence frequency and probabilities of gray lev-
el are denoted by A; and p; . respectively. In the
gray level range [0,L. — 1) , a certain threshold ¢
is selected to divide the cloud image into a back-
ground area Cy and a cloud area C, , whose gray

level ranges are in [0,z and [z +1,L —1]. The

probability distributions of background area Cpg

and cloud area C, are {%,%,,%} and
{1Zlﬂp ’1Zl+zp sty 112711) } ) respectively,

t L—1
whereP,:ZP, ,I*P,:ZZJ;, t € [0,L—

i=0 i=rtt+1

D.
To the ground-based cloud image, the expo-
nential entropy of background area and cloud area

are defined as

D. i
HE.B(t):Z ;Ieliﬁ (1)
i=0 t
-1 b 5,
Hg,o (1) = 2 1*1P el T (2)

i=rt1
The total exponential entropy of cloud image
is written as

H[-j(t) :H[-;];(l‘r) + Hpj,()(t) —

» »;

t L—1
e+ 3 Loeh

i=0 i=t+1

When H;(t) attains maximum, the corre-
sponding threshold Ty is the optimal threshold
which can distinguish between cloud and back-
ground effectively.

Tr=arg max {Hz()} 4)

O0==t<<L—1

The typical ground-based cloud image con-
sists of ground background, sky and cloud, which
occupy different ranges of gray levels. In addi-
tion, due to the variation of light and cloud thick-
ness, the cloud itself forms several areas of dif-
ferent gray level ranges. In order to identify the
cloud type more accurately, bi-level thresholding
based on exponential entropy is extended to
multi-thresholding which can identify a variety of
objects and backgrounds. Thus complex ground-
based cloud images can be segmented efficiently.
Assume that select n thresholds #; ,¢5 5+ ,2,(0 <<
ty <ty <o <t,, <t,<<L—1), and the cloud
image is segmented into n+ 1 gray level intervals.

Let
4

pC0.2) =D p;

Pty + 1,2 = Z P

k=2,3,"n
J=t+1
L—1
P, 1L L—1D = > p,
j:1”+l
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Then the total exponential entropy of cloud
image is written as

!

b
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When Hg(¢, sty 4t,) reaches maximum,

thresholds (TE,I s TE.z LA
Tg., ) are the optimal thresholds of multi-thresh-

the corresponding

olding method of ground-based cloud based on ex-
ponential entropy.
(TpysTryse

arg max

0Tty <ty <o <t

7TE.7,) -
{HE(tlvtzy""t,,)} (6)

<t <L—1

n—1 "'n

3 Multi-thresholding of Ground-
Based Cloud Based on Exponen-
tial Gray Entropy

If the pixel (m,n) of cloud image is in the
background area, let
S Gmyn)

E f(x.y)

(z.y) € (f“

D = (m’n) e CB (7)

Obviously, p,.., satisfies p,,.,

=0 and Z D=

(mam) € Cy
1. There is a one-to-one correspondence between
the probability p,,., and the gray level f(m,n) in
the background area C; . The more uniform the
gray level within the background area reaches,
the more similar the value of f(m,n) as well as
the value of p,,., is.

The exponential gray entropy of background

area can be defined as

S Gman)
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i=0

If the pikel (m,n) of cloud image is in the

cloud area, let
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> [y
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Obviously, p,., = 0,
(mmec,

pm-,n = (77/1971) e C() (9)

= 1. Similarly,

the more uniform the gray level within the cloud
area reaches, the more similar the value of p,,., is
The exponential gray entropy of cloud area

can be defined as

_ (msn)
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Then the total exponential gray entropy of

cloud image is written as

t

=H¢ s+ Heo= 2

H(;([) — u(t>e

L—1

h: i i
i u(L—1)—u(t) 11
2 =D —aC an

When H;(¢) becomes larger, the sum of the

gray level differences within the cloud area and
those within the background area becomes smal-
ler. In other words, the gray levels within the a-
bove two areas both become more uniform. When
H; () maximum, the

reaches corresponding

threshold T, is regarded as the optimal threshold.
T; =arg max {Hs()} (12

0<r<<L—1

Unlike the Shannon entropy and the expo-
nential entropy which both solely depend on the
gray histogram distribution, exponential gray en-
tropy takes into account the uniformity of gray
levels within the cloud area and the background
area.

In order to adapt to segmentation of complex
ground-based cloud images. the above bi-level
thresholding Egs. (11, 12) based on exponential
gray entropy are extended to multi-thresholding.
Select n thresholds ¢, st 5+ 42, » which satisfies
0ty <ty <too < t,, <t,<L—1, and the
cloud image is segmented into n + 1 gray level in-

tervals. Let
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Then the total exponential gray entropy of

cloud image can be depicted as
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The criterion function of multi-threshold se-
lection based on exponential gray entropy is writ-
ten as
(T sTozssTe) =

71{H(,‘(f1 ol 9"'af,,)} (14)

arg max

Oty <ty <oy, <<t <L

When the total exponential gray entropy
H;(ty 4ty 5+ 5t,) of cloud image reaches maxi-
mum, the corresponding thresholds (T, ,Tg.;»
«+,Ts.,) are the optimal thresholds of the multi-
thresholding method based on exponential gray
entropy. At this time, the areas of different gray
level ranges can be distinguished more precisely.
To the segmented cloud image, the gray levels of
pixels within the same class of cloud area or back-
ground area tend to be uniform. Thus the cloud
can be extracted from the complex background

more accurately.

4 UPSO Algorithm Steps of Multi-
thresholding Method Based on Ex-
ponential Entropy,/ Exponential
Gray Entropy

In order to reduce the computation of multi-
thresholding methods of ground-based cloud
based on exponential entropy/ exponential gray
entropy, the UPSO algorithm is adopted to find
the optimal thresholds. Assume that in n*-di-

mensional solution space, a swarm of particles

are initialized. The position and velocity vectors
of the particle / in d-dimensional solution space
are depicted as X, = (X, X ., X, ) and V, =
VsV, Vo), respectively. In the ¢-th iter-
ation, the best solution B,(z) of the particle [ is
called individual extremum, while the best solu-
tion G(¢z) of all particles is called global extre-
mum. The iteration formulae of the position and
velocity are given by
V,(t+ 1) =wV,(t) +c[r+ B, () +
(1—mGH) — X, ()] (15)
X+ =X +V,G+ 1D (16>
where ¢ is the learning factor and ¢ = 1. 3, r the
random number obeying uniform distribution in
(0,1), and w the inertia weight and w =0. 78.

Compared with the basic PSO algorithm, the
particle swarm in the UPSO algorithm searches
uniformly between the individual extremum and
the global extremum. The particles avoid gather-
ing around the individual extremum and the
search accuracy is increased. In addition, the UP-
SO algorithm further simplifies the tuning param-
eters. Thus the search efficiency is also im-
proved.

By using the UPSO algorithm, the detailed
steps of multi-thresholding method of ground-
based cloud based on exponential entropy/ expo-
nential gray entropy are written as follows:

Step 1  Input a ground-based cloud image,
and convert it to a grayscale image.

Step 2 A swarm of particles are initialized.
The number of particles is 20. The initial position
and velocity of each particle are generated ran-
domly in[0,L —1) and [—10,10] , respectively.

Step 3 Evaluate the fitness value of each
particle according to Eq. (5) of the multi-thresh-
olding method based on exponential entropy (or
Eq. (13) of the multi-thresholding method based
on exponential gray entropy).

Step 4  The velocities and the positions of
each particle are updated according to Eqgs. (15,
16), respectively.

Step 5 If the maximum iteration times 50 is
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met, the update stops and the global optimal po-
sitions are obtained, corresponding to the optimal
thresholds of multi-thresholding method. Then,
the ground-based cloud image is segmented using
Otherwise, return to

the optimal thresholds.

Step 3.

5 Experimental Results and Analysis

To verify the effectiveness of the proposed
multi-thresholding method of ground-based cloud
image based on exponential entropy/ exponential
gray entropy, a large number of segmentation ex-
periments are carried out. Segmented images,
optimal thresholds and running time are given.

Comparisons are made with six segmentation

(a) Original image (b) Fixed threshold

(e) Shannon entropy using
two thresholds

(f) Shannon entropy using
three thresholds

(i) Exponential entropy using

three thresholds

(j) Exponential gray entropy
using single threshold

methods such as fixed threshold method™, Otsu
method"™’ based on the red and blue bands of im-
age, bi-level thresholding method using exponen-
tial entropy/exponential gray entropy, bi-level
thresholding method using Shannon entropy and
multi-thresholding method using Shannon entro-

pyt!o.

The experiments are carried out under the
following environment: Intel (R) Core (TM) 2,
2.00 GHz, 2 GB memory, Matlab R2009a. For
lack of space, take two ground-based cloud ima-
ges as examples to illustrate the effectiveness of
the proposed method. Figs. 1,2 are cumulus con-
gestus image and cirrocumulus image, with the
size of 360 X514 and 500X 307. The segmentation

results are shown in Figs. 1,2.

(c) Otsu (d) Shannon entropy using

single threshold

(g) Exponential entropy using
single threshold

(h) Exponential entropy using
two thresholds

(k) Exponential gray entropy
using two thresholds

(1) Exponential gray entropy
using three thresholds

Fig.1 Cumulus congestus image and segmentation results




Wu Yiquan, et al. Ground-Basec

(a) Original image (b) Fixed threshold

(e) Shannon entropy using
two thresholds

(f) Shannon entropy using
three thresholds

(i) Exponential entropy using
three thresholds

(j) Exponential gray entropy
using single threshold

xponential Entropy/Exponential---

(d) Shannon entropy using
single threshold

(g) Exponential entropy using
single threshold

(h) Exponential entropy using
two thresholds

(k) Exponential gray entropy (1) Exponential gray entropy

using two thresholds using three thresholds

Fig. 2 Cirrocumulus image and segmentation results

Fig. 1 is a cumulus congestus image and its
segmentation results. Unlike cumulus humilis,
cumulus congestus is thick, dense and large. As
the sunlight is difficult to get through, the con-
cave and convex cloud surface have obvious shad-
ows. The parts of sunlight are white and the
shading parts are dark. In Fig. 1, the original im-
age also contains cumulus fractus in the upper
part. The existing segmentation methods of
ground-based cloud image using fixed threshold

method and Otsu method based on the red and

blue bands both mistakenly regard ground back-

ground as cloud. After segmentation, large a-
mount of cloud information is lost in the top right
part of image, which affects the subsequent cloud

ape identification and cloudage detection seri-

ously. While the bi-level thresholding methods

based on entropy can distinguish between the
cloud and ground background. However, the
boundary and shape of cloud still cannot be ex-
tracted accurately. When the quad-level threshol-
ding method based on maximum Shannon entropy
is adopted, as the Shannon entropy has the de-
fects of undefined value and zero value, the con-
tours of ground background are not clear. The
sky near the ground background is mistakenly re-
garded as cloud. Multi-thresholding method
based on exponential entropy can extract the
boundary and shape of cloud more accurately.
The contours of cloud and background are both
visible. Multi-thresholding method based on ex-
ponential gray entropy can segment the cloud

parts of sunlight and the shading cloud parts ac-

curately. The cumulus fractus in the upper part
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can also be shown clearly. The boundary shape,
textures and details feature are clearer.

Fig. 2 is a cirrocumulus image and its seg-
mentation results. Cirrocumulus is generated by
the wave action as the upper atmosphere is unsta-
ble. The clouds are small, and most of them dis-
tribute in the upper air in lines or groups with a
corrugated appearance. The segmentation meth-
ods of ground-based cloud image using fixed
threshold method and Otsu method based on the
red and blue bands both mistakenly regard parts
of ground background and sky as cloud. The
cloudage detection error is high. The clouds are
together, completely losing the feature of corru-
gated shape. Among all the bi-level thresholding
methods, the method based on exponential gray
entropy is more superior. Simply selecting one
threshold cannot extract the boundary and shape
of cloud from the ground background and sky.
For the original image in Fig. 2, the multi-thresh-
olding methods based on Shannon entropy and ex-
ponential entropy perform similarly. The extrac-
tion of the boundary and shape is relatively accu-
rate and the cloudage detection error is low.
When the multi-thresholding method based on ex-
ponential gray entropy is adopted, information of
textures and details is rich. The feature that the
clouds distribute with a corrugated appearance is

shown clearly. Thus the type of cloud is easy to

be identified according to the feature.

The above analysis shows that, compared
with six segmentation methods such as fixed
threshold method, Otsu method based on the red
and blue bands of image, bi-level thresholding
method using exponential entropy/exponential
gray entropy, bi-level thresholding method using
Shannon entropy and multi-thresholding method
using Shannon entropy, the multi-thresholding
method based on exponential entropy has higher
accuracy of cloudage detection. While the multi-
thresholding method based on exponential gray
entropy can show the boundary shape, textures
and details feature more clearly, which is most
helpful to cloud morphological classification.

The running time of the fixed threshold
method and Otsu method based on the red and
blue bands are both short. However, to complex
cloud images containing ground background, the
detection errors of cloud shape and cloudage are
high. The thresholding methods based on entropy
perform better. The optimal thresholds, cloud-
age, detection error and running time of the
thresholding methods based on entropy are listed
in Table 1.

It can be seen from Table 1 that, among all
the multi-thresholding methods, compared with
the method based on Shannon entropy and basic

PSO, the proposed methods based on exponential

Table 1

Performance comparison of three methods based on entropy

Bi-level thresolding

Tri-level thresolding

Quad-level thresolding

Exponen-  Exponen- Exponen- Exponen- Exponen- Exponen-
Image Shannon ) . Shannon ) . Shannon ) .
tial tial gray tial tial gray tial tial gray
entropy entropy entropy
entropy entropy entropy entropy entropy entropy
Thresholds 151 46 117 (46,146) (131,189) (93,149) (45,108 173) (103,152,200) (89,116,168)
Cloudage/ %  34.53 98.43 51.01 36.13 20. 83 34,94 40. 25 43,43 51.40
Cumulus  Detection ~ _
25.77 111. 56 9.65 22.34 55.22 24.90 13.49 6. 66 10. 47
congestus  error /%
Running ~ _
. 0.144 0. 080 0.079 0.518 0.209 0.498 0.623 0.234 0.517
time /s
Thresholds 166 94 176 (93,174) (93,176) (156,196) (92,148,200) (92,149,201) (140,175,209)
Cloudage/% 57.73 97.06 49.19 50. 49 48. 82 32.95 70. 84 70. 29 49. 64
Cirrocum- Detection
11.57 48. 82 24.96 22.39 24.96 49. 36 8.89 8.04 23.70
ulus error/ %
Running _
0.072 0.031 0.069 0.598 0. 181 0. 389 0.699 0.228 0.393

time/s
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entropy/exponential gray entropy and UPSO re-
quire shorter running time. Because exponential
entropy and exponential gray entropy both avoid
the logarithmic computation in Shannon entropy.
The adopted UPSO algorithm can find the opti-
mal thresholds quickly and accurately. The run-
ning time of the exhaustive multi-thresholding
method is reduced greatly. Thus the fast process-
ing of cloud shape identification and cloudage de-
tection can be realized. The analysis of cloudage
detection data shows that the multi-thresholding
method based on exponential gray entropy is
adapted to the cumulus congestus image. Howev-
er, when the cirrocumulus image is detected
using the method, some clouds are mistakenly re-
garded as sky. Bi-level thresholding method
based on exponential entropy has high detection
error. When the method is extended to quad-level
thresholding, the cloudage detection errors of the
above two images are 6. 66% and 8. 04 %, respec-
tively. The data is far less than that of other
methods. Thus conclusions can be drawn that the
multi-thresholding method based on exponential
entropy has high accuracy of cloudage detection

for complex ground-based cloud image.

6 Conclusions

To guarantee the safety of aircraft taking off
and landing and air flight, multi-thresholding
methods of ground-based cloud based on exponen-
tial entropy/ exponential gray entropy and UPSO
are proposed, which can realize automated
ground-based cloud detection and cloudage obser-
vation. Exponential entropy and exponential gray
entropy both make up for the defects of undefined
value and zero value in Shannon entropy. In addi-
tion, exponential gray entropy takes into account
both of the grayscale probability and the uniform-
ity of gray levels within the cloud cluster and
background cluster. Cloud regions and back-
ground regions of different gray level ranges can

be distinguished more precisely using the multi-

thresholding strategy. Furthermore, the bounda-
ry shape of cloud can be extracted accurately.
Multi-thresholding can also distinguish the cloud
areas of different brightness, which are formed
due to variable sunlight and thickness. To reduce
the computation of exhaustive multi-thresholding
method, UPSO algorithm is adopted to find the
optimal thresholds quickly and accurately. Thus
the real-time processing of multi-thresholding can
be realized. Compared with the existing segmen-
tation methods of ground-based cloud image using
fixed threshold mothod and Otsu method based
on the red and blue bands, and the method based
on Shannon entropy and basic PSO, the proposed
methods have significant superiority. The multi-
thresholding method based on exponential entro-
py can better distinguish cloud from sky and
ground background. The boundary shape can be
extracted clearly, and the accuracy of cloudage
detection is satisfactory. While the multi-thresh-
olding method based on exponential gray entropy
can show the boundary shape, textures and de-
tails feature more clearly, which is more helpful
to the subsequent cloud morphological classifica-
tion.

The proposed multi-thresholding methods
based on exponential entropy/ exponential gray
entropy and UPSO have been applied to digital
cloud image segmentation in ground-based cloud
identification, and excellent segmentation effect

has been achieved.
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