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Introduction 

Soil heavy metal pollution is a threat to regional soil 
environmetal security and ecological balance as well as 
physical health and continuous development of society 
and economy as the heavy metal transfers to crops and 
accumulates there during the process of a series of chemical 
and biological actions. It is a necessary preparation for 
pollution control and ecosystem restoration for mastering 
the actual pollution condition comprehensively for 
reasonable analysis and evaluating soil environment [1]. 

Heavy metals pollute the soil in mining areas through 
mining area construction activities such as mining, waste 
discharge, reclamation, and so on, which makes natural 
soils and reclamation soils rich in heavy metals and lowers 
soil quality [2]. Therefore, scientifi c evaluation of soil 
heavy metal pollution is the fi rst step for carrying out soil 
environmetal risk classifi cation and risk control zoning 
of heavy metals contamination in soil [3]. To guarantee 
pollution control, farmland security is an important way to 
solve the problem of soil pollution in China.

Soil heavy metal pollution evaluation is to identify the 
state and attribute of soil heavy metal pollution through 
multivariable processing with the method of qualitative 
and quantitative transformation. The common methods 
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that have been adopted to assess soil heavy metal 
pollution include single factor index, Nemerow integrated 
index, fuzzy nearness, geo-accumulation index, potential 
ecological risk index, and so on [4-6]. However, some 
defect still exists in domestic and international evaluation 
that may mislead the fi nal decision. Firstly, in common 
determination of evaluation strategy, the input of heavy 
metal is single and defi nite, while for the whole evaluation 
area, heavy metal content differs among different space. 
So contradicting what exists between them will lead to the 
fuzziness of pollution assessment.

An entropy-cloud model was proposed to deal with the 
soil heavy metal pollution assessment based on entropy and 
cloud model theory. The conversion between qualitative 
evaluation and quantitative parameters is realized based on 
the entropy-cloud model, which aims at solving fuzziness 
of grade belonging and randomness in expert assessment 
on the basis of the cloud model. At the same time, the 
model can reasonably deal with heavy metals in different 
grades so that comprehensive judgment can be made. 
During that process, fuzzy entropy is used as the second 
dimensional parameter to evaluate the assessment and 
refl ect on the complexity of heavy metal pollution, which 
provides a new solution. Finally, Shannon entropy and 
AHP were proposed aiming at the weights of all indicators 
to prevent the situation of not combing objective weight 
with subjective weight in the assessment. Heavy metal 
pollution of 10 farmland soils in mining area was assessed 
by the entropy-cloud model. Comparative studies with the 
BP neural network method, variable fuzzy sets, artifi cial 
neural network, and normal cloud model show that the 
entropy-cloud model is effective and intuitive.

Experimetal Procedures 

Assessment Model

Cloud Model

The cloud model is a conversion model with 
uncertainty between qualitative concept and quantitative 
expression fi rst proposed by DeYi Li [7]. The normal 
cloud model proved to have universality, and suitability 
now has gradually developed to be a cognition model with 
perfect theory and has been used in time series prediction, 
spatial data mining, risk assessment, and so on [8-11]. 

The cloud model constructs the mapping between 
qualitative concept and quantitative expression through 
which the fuzzy and random can be refl ected and 
combined. Let U be a universe in accurate value, which 
corresponds to qualitative concept A. There exists a random 
value satisfying the formula of y = UA(x) steadily for an 
arbitrary element in the universe, refl ecting the certainty 
degree of x corresponding to concept A. The distribution 
of x in the universe of U is called cloud model or cloud 
for short [12]. In soil heavy metal pollution evaluation, 
U is the limit value of pollution level for a specifi c metal 
while A expresses the corresponding pollution concept, 

such as grade I representing non-contaminated soil. x is 
the pollution index in single factor. Single pollution index 
is the ratio of the measured values of a certain heavy 
metal to corresponding value regulated by national quality 
standard [13].

Cloud model is a set of parameters (Ex, En, He) that can 
express the digital characteristics of certain heavy metal 
pollution to show the uncertainty of heavy metal pollution.

Expectation Ex is the most typical sample point relating 
to concept quantization in the soil heavy metal pollution 
universe.

Entropy En can be measured to indicate the concept 
of soil heavy metal pollution that will become more 
macroscopic as entropy increases. Another measure of 
fuzzy concept is the acceptable value range in the soil 
heavy metal pollution universe.

Hyper entropy can be used to show the uncertainty of 
entropy, revealing the randomness of the representative 
pollution concept and the relationship between fuzziness 
and randomness.

Conversion between qualitative concept and 
quantitative expression can be realized by a cloud 
generator. The operating steps are as follows [14]:
1. Random number En

'

 
is achieved, taking En as 

expectation and He as standard deviation. 
2. Random number x is achieved, taking Ex as expectation 

and absolute value of En
' as standard deviation. x is 

called cloud droplet in the soil heavy metal pollution 
universe.

3. y is calculated in the formula of y = e – (x–Ex)2/2(En')2, which 
provides the certainty degree for x, which corresponds 
to soil heavy metal pollution concept A. 

4. The fi rst and the second steps are repeated until cloud 
droplet number reaches N.

Information Entropy

Even though a cloud model forms the main body of the 
assessment model, information entropy is still needed to 
be used to construct entropy-cloud model in considering 
the multi-index weights and assessment results.

Shannon took entropy to measure information, 
which lays a foundation of modern information theory 
[15]. Entropy weights are not a signifi cance index for 
the practical meaning of a certain parameter, but for the 
comparison among all the parameters on the infl uence to 
the comprehensive assessment. For example, if the equal 
values of two parameters have been observed, then the 
index with the higher entropy but less information will 
have less effect on the assessment.

The Shannon entropy applied in soil heavy metal 
pollution assessment is as follows:

1 2 1
1

( ) ( , ,..., ) ln
n

n i i
i

H X H p p p k p p
=

= = − ∑
      (1)

1
1ln( ) ln( )k n
n

= − =
                    (2)
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X will be uncertain as the function is with n possible 
pollution results. In the fi rst formula, K (k ≥ 0) is a 
constant and pi is observed after i times standardization. 
pi can represent the ith  microscopic state of heavy metal 
pollution in farmland soil. According to rules, if pi = 0 
exists, then 0ln 0 = 0 can be achieved. k1 plays the role 
of standardization coeffi cient, which is calculated as the 
second formula. H is called the Shannon entropy of the 
pollution and the Shannon entropy weights are calculated 
according to the third formula as follows [16]:

1

1 i
i m

i
i

H

m H
ω

=

−=
− ∑

                   (3)

…where Hi is the Shannon entropy of the ith assessment 
index while m represents the number of the indexes.

Fuzzy sets theory put forward by Zadeh in 1965 were 
then used by De Luca and Trimini to make a defi nition 
of fuzzy entropy that meets the four important axioms of 
fuzzy entropy and realize the global measure even when 
the state is uncertain [17]. In the study, fuzzy entropy is 
used to measure the fuzzy of the cloud model assessment.

2
1
[ ln (1 ) ln(1 )]

n

i i i i
j

E k Ce Ce Ce Ce
=

= − + − −∑
    (4)

2
1 1ln( ) ( 1) ln nk n
n n

−= − − −
                (5)

…where Cei is the ith element belonging to Ce, which is 
the certainty vector of the cloud model, ln0 = 0 exists as 
regulated, k2  plays the role of standardization coeffi cient 
(which is calculated as the fi fth formula), and E is the 
fuzzy entropy of Ce to reveal the fuzzy level.

The cloud model parameter (Ex, En, He) is selected 
in the following formulas double limited in the range of  
[Bmin, Bmax] [18].

min max

max min

( ) / 2
( ) / 6

Ex B B
En B B
He k

= +⎧
⎪ = −⎨
⎪ =⎩                 (6)

…where Bmin and Bmax is, respectively, the upper and 
lower bounds of a quantitative range for a certain 
qualitative concept, k is a constant that can be adjusted 
by the threshold of different variables. Let He have a liner 
relationship with En as the formula. He = k · En. k controls 
the atomization degree. When k = 0 happens, the model 
will be changed into a membership function. The solution 
to it is temporarily letting k = 0.1. The parameters can be 
calculated in reference to Table 1, in which Si min expresses 
the lower limit of level i while Si max expresses the upper 
limit of the level.

The cloud model parameters of different levels are 
achieved from the corresponding index limits. The cloud 

model is formed with indexes by a cloud generator as 
shown in Fig. 1.

Evaluation Process

Evaluating the process of the entropy-cloud model can 
be described as follows. First, the indexes must be chosen 
practically and respectively corresponding to a certain 
level for each one. Second, the cloud model parameter of 
different levels is achieved from the corresponding index 
limits. The cloud model is formed with indexes by a cloud 
generator. Hybrid entropy weights were determined based 
on Shannon entropy and AHP to generate an entropy-
cloud model of all indicators. Finally, the certainty vector 
will be calculated to identify pollution level L and fuzzy 
entropy E of Ce, which are applied to get two-dimensional 
(L, E) evaluation results (Fig. 2).

Detailed processing of the entropy-cloud model 
evaluation is shown as follows. 

Firstly, the indexes for soil heavy metal evaluation 
are chosen according to the China soil environmetal 
quality standard (GB 15618-1995), which provides the 
pollution elements and describes how the data are to be 
comparatively studied. Cr, Cd, Hg, and Pb are the chosen 
indexes which can be assessed as no pollution, slight 
pollution, and heavy pollution according to their contents.

Table 1. Calculation criterion of cloud model parameter (Ex, En, 
He).

Lever
Cd, Cr, Pb, As, Hg

Ex En He

I (S1min + S1max)/2 (S1min + S1max)/3 En/10

II (S2min + S2max)/2 (S2min + S2max)/3 En/10

III (S3min + S3max)/2 (S3min + S3max)/3 En/10

IV (S4min + S4max)/2 (2S4min + S4max)/3 En/10

Fig. 1. The cloud model of pollution level formed by assessment 
indexes.
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Secondly, identify the cloud model parameter whose 
calculation criterion are shown in Table 1. The cloud 
model parameter of different levels is achieved from the 
corresponding index limits.

Thirdly, hybrid entropy weights are calculated with the 
fi rst, second, and third formulas. Entropy weights can vary 
with different evaluation objects, so the comparison among 
all the parameters on the infl uence to the comprehensive 
assessment should also be taken into consideration. That 
is also the reason why the Shannon entropy and AHP have 
been created to calculate the weights. 

Signifi cance weight ri is calculated by AHP. The 
detailed steps are as follows. The sequence of seven soil 
heavy metal elements should be known for their harm 
to human health: Hg>As>Cd>Pb>Cr>Cu>Zn. Then, the 
weight vector r’=(0.4378, 0.2608, 0.1086, 0.1086, 0.0442, 
0.0251, 0.0149) can be acquired through a judgment 
matrix and consistency check [19]. When Cu and Zn 
are excluded, then the residual elements weights can be 
normalized to obtain weight vector r = (0.4692, 0.2795, 
0.1164, 0.1164, 0.04744).

According to the fi rst, second, and third functions, 
Shannon entropy weights of every index (ωi) are calculated 
and Shannon entropy-AHP weight is identifi ed by the 
seventh formula.

1

i i
i m

i i
i

rW
r

ω

ω
=

=
∑

                     (7)

Hybrid entropy weights are proposed aiming at the 
weights of all indicators to prevent the situation of not 
combing objective weight with subjective weight in the 
assessment. Then the entropy-cloud model is established 
after the identifi cation of hybrid entropy weights.

Fourthly, the certainty of Cei
' is identifi ed by the cloud 

model with the substitution of the actual measured value  
x in it. Cei is the ith element belonging to Ce, which is the 
certainty vector of the cloud model. Because of hyper 
entropy He, the randomness of cloud droplets in a certain 

range can be described as (x, Cei
') in Figure 1. In this case, 

hyper entropy can be used to show the uncertainty of 
different opinions of experts about x belonging to a certain 
heavy metal pollution concept. Cei

' is the mean of some 
cloud droplets.

The certainty vector Ce is identifi ed by hybrid entropy 
weights of Cei about all indexes to take the max (L) of 
Ce as the level of evaluation model. Cei is the ith element 
belonging to Ce, which is the certainty vector of the cloud 
model.

Fifthly, in result assessment, grade evaluation cannot 
refl ect detailed conditions about pollution levels because 
of the different certainty distributions in different indexes. 
So fuzzy entropy is taken to provide a new solution. The 
fuzzy entropy E of Ce is calculated in the fourth and fi fth 
functions, which can be applied to get two-dimensional 
(L, E) evaluation results.

Fig. 2. Evaluation process of the entropy-cloud model.

Table 2. Selected pollution parameters under each single factor 
of soils.

Table 3. Heavy metal pollution index weights.

Level
Cd, Cr, Pb, As, Hg

Ex En He

I 0.50 0.33 0.033
II 1.50 0.33 0.033
III 2.50 0.33 0.033
IV 4.50 1.00 0.10

Indexes Entropy 
Weight ω

AHP 
Weight r

Mixed Entropy 
Weight W

Cd 0.224 0.1164 0.1168

Hg 0.278 0.4692 0.5845

Pb 0.109 0.1164 0.0569

Cr 0.236 0.0474 0.0501

As 0.153 0.2795 0.1916
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Fig. 3. Stack fi gure of certainty under different degrees. 
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The evaluation results’ belonging to different fuzzy 
levels of each grade are expressed by E, which further 
reveals the complexity of the pollution. E is regulated 
to keep the corresponding relationship with the fuzzy 
degree belonging to each level as follows: (0, 0.25), (0.25, 
0.50), (0.50, 0.75), and (0.75, 1) represent, respectively, 
correlated, positively correlated, positively fuzzy, and 
fuzzy. The soil tested to be correlated and positively 
correlated is known to be less complex for its relative 
uniformity in grade of indexes while another shows the 
opposite phenomenon identifi ed to be positively fuzzy 
and fuzzy. The soil with high complexity can be tested 
in different assessment methods but gain contradictory 
results. 

The fuzzy entropy E can assess the soil heavy metal 
pollution from two aspects of level and complexity 
to comprehensively solve the inconsistency of degree 
belonging among different indexes. 

Results

Data Analysis Results

To verify the feasibility and validity of the entropy-
cloud model in the evaluation, farmland soils from 10 
mining areas have been studied for pollution [20-29]. 
The cloud model parameter is calculated as Table 1, and 
the results are shown in Table 2. Index weights of heavy 
metal pollution is identifi ed by the fi rst, second, third and 
the seventh formulas and is as shown in Table 3. Stack 
diagram can be seen in Fig. 3 to reveal the certainty of 
each index in which level i (i = I, II, III, IV) represents 
the four levels. The fuzzy entropy E of Ce is calculated. 
The extreme value of each level has been taken as the 
gas bubble point to generate the fi nal results as shown in 
Fig. 4.

Comparison of Reference Method Results

To verify the reliability of the entropy-cloud model in 
the evaluation, a comparative study has been researched 
with the methods of variable fuzzy sets, BP neural 
network, and cloud model whose analysis results are listed 
in Table 4 [30].

 

Discussion of Results

The degree can be identifi ed differently when a 
different method is used even for the same index. In this 
case, only three of the 10 mining area farmland soils were 
identifi ed at the same level when researched in different 
methods. The Gejiu tin deposit mining area is the one that 
shows great inconsistency under a different method. The 
Gejiu area is degreed as level I. It has been analyzed that 
the certainty degree of level I is greatest (Fig. 3) when Hg 
is taken as the research index. Hg has the hybrid entropy 
of 0.541, which is quite different from the other weights 
that lead to a different fi nal result. The above problem 
caused by different methods has never been explained 
in detail before. Through the above analysis the problem 
is that the farmland soil with higher complexity usually 
has a different result according to different methods that 
can result from inconsistency of degree belonging to 
the index. In this case, the farmland soil of the Gejiu tin 
deposit mining area is with high complexity and fuzzy 
degree belonging, so the inconsistency of the results turns 
out to be more obvious.

As shown in Fig. 4, the studied mining area can be 
divided into four categories according to their pollution 
extent. From high to low, they are in the sequence of the 
Antaibao open-cast area, the Gejiu tin deposit mining area, 
the East Fujian molybdenum mining area, the Xinqiao 
mining area in Tongling, Xiaoqinling gold mining area, 
Custer antimony mining area, Huang shaping lead mining 

Table 4. Comparison among evaluation results of soil heavy metal pollution.

Mining area Literature BP Neural 
Network

Variable fuzzy 
sets Cloud model Entropy-cloud model

Gejiu Tin Deposit mining area III III IV III (I, fuzzy)

Antaibao Open-cast Area I II I I (I, less fuzzy)

East Fujian molybdenum mining 
area II III II II (II, less fuzzy)

Xinqiao mining area in Tong ling IV III III IV (III, less fuzzy)

Fuxin mining area II III III III (III, less fuzzy)

 Karst mining area III III IV III (IV, less signifi cant)

Huang shaping lead mining area IV IV IV IV (IV, less signifi cant)

Huize Pb-Zn Mining Area IV IV IV IV (IV, signifi cant)

Xiaoqinling gold mining area IV IV IV IV (IV, signifi cant)

Maanshan mining area IV IV IV IV (IV, signifi cant)
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area, Maanshan iron mine, and Huize Pb-Zn mining area. 
The actual utilization should be taken into consideration 
as the pollution level is consistent with the farmland soil 
obstacle. 

Fig. 4 points out the pollution control strategy indicated 
by arrows that stretch from high degree and complexity to 
low degree and complexity until reaching the fi nal region 
G, whose space size depends on a practical goal.

The biggest certainty is bubble size. It can be seen 
from the diagram that bubble area increases as the degree 
becomes more obvious, indicating that the maximum and 
minimum of a certainty are in the positive correlation with 
the obvious level of degree belonging.

Conclusions 

As three problems exist in the evaluation of soil heavy 
metal pollution, the information entropy and cloud model 
is applied to propose the entropy-cloud model because 
soil heavy metal pollution cannot be assessed accurately 
using only one method for analysis, especially when the 
degree belonging to the index is inconsistent. Firstly, the 
fuzziness and randomness of the assessment is expressed 
effectively by the cloud model. Secondly, subjective and 
objective factors have been taken into comprehensive 
consideration by hybrid entropy. Finally, the second 
dimensional parameter E is applied to assess the soil heavy 
metal pollution from two aspects of level and complexity. 
The two-dimensional model takes both levels from the 
macro aspect and complexity from the micro aspect into 
consideration. The entropy-cloud model is proved to be 
effective and intuitive, providing a new solution for soil 
heavy metal pollution assessment. The entropy-cloud 

model can also be applied into discussions on zoning of soil 
environmetal risk control and remediation contaminated 
by heavy metals on regional scale, and the evaluation of 
other relevant heavy metals contamination fi elds.
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