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Abstract

Forest ecological carrying capacity can measure the balance between environmental pollution and 
forest ecosystems in the process of social development. This paper first selects 17-year panel data of 
five provinces in southeastern China, and uses the generalized trapezoidal fuzzy number to describe 
and express them based on the flat peak characteristic of the data itself; Secondly, the generalized 
Shapley value with the introduction of λ-fuzzy measure is used to measure the correlation between 
attribute indicators, and the indicator weight is determined by the attributes contribution; Then, an 
optimal fuzzy measure linear programming model is established based on the similarity, which is used 
to determine the generalized Shapley value of each attribute indicator. Finally, the λ-Shapley-Choquet 
integral operator is used for information aggregation and the centroid method is used to rank the 
comprehensive evaluation values. The results show that the forest ecological carrying capacity of five 
provinces during 2004-2020 is ranked from high to low as Fujian Province, Jiangxi Province, Zhejiang 
Province, Guangxi Province, and Guangdong Province. Based on this, it is proposed that strengthening 
the forest’s ecological carrying capacity in southeastern China should be carried out in parallel from 
two aspects: enriching forest resources and reducing environmental pollution.
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Introduction

Rapid economic development will inevitably pollute 
the resources and environment, and affect the stability 
of the ecological environment. When the resource and 
environmental pressure brought by human society 
exceeds its tolerable threshold, the forest ecosystem 
loses its automatic adjustment function, resulting in 
an imbalance of the entire ecosystem, which in turn 
hinders economic and social development. Economic 
development cannot be at the expense of the ecological 
environment. How to achieve a balance between 
economic development and ecological environment has 
become an important issue in environmental protection. 
In 1987, the World Commission on Environment 
and Development published a report entitled “Our 
Common Future”, which proposed the strategic idea 
of “sustainable development”. To achieve economic 
development while preserving the natural resources and 
the environment, such as forests, oceans, fresh water, 
atmosphere and land, on which human beings depend 
for their survival, so that future generations can develop 
sustainably [1]. 

As the largest ecosystem on land, the forest not 
only has a complete and powerful biological chain 
and ecological functions, but also provides continuous 
driving force for human socio-economic development. 
Tree leaves have the ability to purify air pollution, at 
the same time, tree roots can also maintain water and 
soil, prevent wind and fix sand. Forests have a certain 
absorption and purification effect on environmental 
pollution [2]. At present, human society is committed to 
the rapid development of the economy and technology, 
but it is also faced with many contradictions such 
as resources, ecological environment, and social 
and economic development. The deterioration of the 
ecological environment and the over-exploitation of 
resources should arouse our great attention. If the 
economic and social development is carried out at the 
cost of environmental damage, the forest regulation 
ability will be lost, which will have a serious impact 
on the balance of the ecosystem, thereby hindering the 
sustainable development of the economy and society, 
and greatly affecting the balance of the ecological 
environment. Forest’s ecological carrying capacity 
refers to the ability of forest ecosystems in a certain 
period to carry social development and other influencing 
factors in the development process [3]. As an important 
part of sustainable forestry theory, the forest ecology 
carrying capacity is an essential indicator for evaluating 
the sustainable development of regional forests [4].

In the evaluation of the regional forest’s ecological 
carrying capacity, Li Yan [5] calculated the index of 
forest’s ecological carrying  capacity based on the PSR 
model, and studied the evolution law of the trajectory 
of the center of gravity of forest’s ecological carrying 
capacity in Anhui Province from 2001 to 2016; Liao 
[3] used the entropy weight TOPSIS method to study 
the evolution law and dynamic relationship of forest’s 

ecological carrying rate; Jiang et al. [6] used the 
literature retrieval method, Delphi method, principal 
component analysis method, and AHP to construct 
the evaluation index system of forest ecological 
carrying capacity; Tang [2] proposed a framework and 
method for constructing a forest resource carrying 
capacity indicator, the ideal forest ecological security 
indicator was simulated by the forest ecological 
location coefficient, and using the difference between 
it and the forest ecological security index as the 
forest resource carrying capacity index for the cross-
sectional data of 1086 counties constituting the Yangtze 
River Economic Belt in China in 2015; Mi Yun et al. 
[7] measured the current situation of environmental 
pollution through the entropy weight TOPSIS method, 
and analyzed the temporal and spatial distribution 
of forest ecological carrying capacity in Shaanxi 
Province from 2008 to 2017; Cui et al. [8] used the 
entropy weight TOPSIS method to calculate the forest 
ecological carrying capacity and environmental 
pollution pressure index, then studied the evolution 
law of the forest ecological carrying rate; Song [9] put 
forward the forest environmental carrying capacity 
evaluation system from many aspects, and used the 
proposed depth learning model to comprehensively 
evaluate and predict the forest environmental carrying 
capacity of 40 cities in the Yangtze River Delta region 
of China; Moukhtar [10] quantified the environmental 
carrying capacity of the petrified forest protectorate 
in eastern Greater Cairo from three levels: physical 
carrying capacity(PCC), real carrying capacity(RCC) 
and effective carrying capacity(ECC); Zhu and Zhang 
[11] used the entropy weight method to determine the 
indicator weight, and analyzed the change of forest 
ecological carrying capacity in Changbai County, 
Jilin Province. Liao [12] developed a “direction-speed-
pattern” tri-dimensional framework, and assessed 
ecological carrying capacity(ECC) by incorporating the 
resource provision capacity and environmental support 
capacity. Wu [13] construct a comprehensive evaluation 
index system of the resource and environment carrying 
capacity (RECC), and analyzed the factors influencing 
the RECC, the overall level, the spatial difference, and 
the carrying status by using the TOPSIS model based 
on the entropy weight method.

In general, the existing research literature combines 
the entropy weight method with the TOPSIS model to 
construct the entropy weight TOPSIS model to measure 
the current situation of environmental pollution, and 
then evaluate the forest’s ecological carrying capacity. 
Although these methods can reflect the importance of 
each indicator and reflect the dynamic evolution trend 
of the evaluation system, they do not take into account 
the interactions between the indicators.

At present, the traditional multi-attribute decision-
making and evaluation methods have been studied and 
discussed by many scholars, and the related theories and 
expanded concepts tend to be perfected, but there is still 
a big drawback: the traditional multi-attribute decision-
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making and evaluation methods assume that the 
importance of evaluation indicators is independent of 
each other, which essentially corresponds to an additive 
measure [14-17]. Nevertheless, the assumption that the 
importance of evaluation indicators is independent of 
each other does not always hold. Due to the possible 
interaction between indicators, the combination of 
different indicators will produce different effects [18]. 
The additive measure only considers the individual 
weights of the evaluation indicators, and does not 
consider the combined weights between different 
indicators, so the traditional multi-attribute decision-
making and evaluation methods will be limited in 
practical applications. Therefore, this paper uses a 
new method that can consider the interaction between 
different indicators for the evaluation of forest ecological 
carrying capacity. The generalized trapezoidal fuzzy 
number and its related concepts will be introduced first, 
and the parameter estimation method of the generalized 
trapezoidal fuzzy number is defined; 12 evaluation 
indicators were selected to construct the indicator 
evaluation system of forest ecological carrying capacity, 
and the generalized trapezoidal fuzzy number was 
used to describe the initial data, and then normalized 
to eliminate the influence of dimension; To measure 
the degree of the interrelationship among attribute 
indicators, the generalized Shapley value with λ-fuzzy 
measure is used, and the optimal fuzzy measure linear 
programming model is established based on similarity, 
the λ-Shapley-Choquet integral operator is used for 
information aggregation, and the centroid method is 
used to rank the comprehensive evaluation values. 

Data and Methods

Expression Form of Data

At present, most studies on the evaluation of 
forest ecological carrying capacity are based on the 
calculation of the ratio of forest ecological carrying 
capacity to environmental pollution pressure, to 
calculate the forest ecological carrying capacity, which 
is expressed in real values. The method is usually to 
carry out year-by-year analysis or use ArcGIS software 
for visualization processing, few of them only use 
numerical values to completely express the data of 
forest ecological carrying capacity in a certain place 
[7]. Most of the analysis methods are to make the load 
rate data over the years into a change trend chart and 
perform descriptive analysis through the change of the 
trend chart. The analysis results rely on the change of 
the line chart, which has certain objectivity limitations. 
If one wants to analyze the forest ecological carrying 
capacity of a certain area over the years, although year-
by-year analysis can ensure accuracy, this method is 
not suitable for large-scale data. With the increase in 
the number of years, the year-by-year analysis method 
becomes very complicated and has high repeatability; 

if the mean and mode of the data over the years are 
used, the accuracy of the data will be greatly reduced 
and the information expression will be distorted. With 
the gradual improvement of the uncertainty theory, the 
research results of fuzzy numbers such as probabilistic 
linguistic fuzzy numbers, Pythagorean fuzzy numbers, 
intuitionistic fuzzy numbers, dual fuzzy numbers and 
so on are getting better and better [19-21]. In terms of 
big data description, some authors use interval numbers 
to describe the data over the years, but interval fuzzy 
numbers only describe the situation of two endpoints, 
without considering that different data have different 
distribution characteristics in the interval, and can’t 
reflect the situation of data in the interval, and are 
vulnerable to the impact of outliers. Some studies use 
triangular fuzzy numbers to describe the data over the 
years. However, due to the limitation of the membership 
function of triangular fuzzy numbers, the most probable 
value is only one point. For a series of parameter sets 
with flat overall distribution and no obvious peak 
value that widely exists in practice, triangular fuzzy 
numbers will bring large simulation errors, and even 
affect the final decision results. Based on inheriting the 
advantages of triangular fuzzy numbers, generalized 
trapezoidal fuzzy numbers represent the most probable 
values in the form of intervals, which can better fit the 
parameters with relatively wide peak values, make up 
for the shortcomings of triangular fuzzy simulation, 
and have greater advantages in data representation.  
At present, no literature uses generalized trapezoidal 
fuzzy numbers to represent the forest ecological 
carrying capacity data of a region over the years. 
According to the characteristics of the data itself, 
this paper combines the two and applies the form of 
fuzzy number to the information expression of forest 
ecological carrying capacity, which can avoid data 
redundancy and express the original information of 
data as much as possible. The generalized trapezoidal 
fuzzy number contains the maximum, minimum, 
most probable interval, and the probability of the most 
probable interval of the data, which can describe the 
data more completely. Therefore, this paper analyzes 
the forest’s ecological carrying capacity based on the 
generalized trapezoidal fuzzy number.

The Definition and Operations of Generalized 
Trapezoidal Fuzzy Number

Fuzzy numbers are widely used in multi-attribute 
decision-making and evaluation research. Among them, 
generalized trapezoidal fuzzy numbers are often used 
to deal with fuzzy multi-attribute evaluation problems 
because it can express the initial information more 
completely [22]. The generalized trapezoidal fuzzy 
number  �A is a fuzzy set defined on real numbers which 
is expressed as  �A = (a, b, c, d; ω), where 0<ω≤1, a, b, 
c, d are all real numbers. If its membership function 
μ  �A (x) is expressed as 
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Then the fuzzy number �A is a generalized 
trapezoidal fuzzy number, where ω is the peak value 
of the generalized trapezoidal fuzzy number �A, if 
ω = 1, then  �A is a normalized trapezoidal fuzzy number, 
denoted as  �A = (a, b, c, d); if a = b and c = d, then 
 �A is a generalized interval fuzzy numbers; if b = c, then
 �A is a generalized triangular fuzzy numbers, and when 
b = c = d,  �A is called a generalized left triangular 
fuzzy number, when a = b = c,  �A is called a generalized 
right triangular fuzzy number, when a = b = c = d and 
ω = 1, generalized trapezoidal fuzzy number �A 
degenerates into a real number.

According to the extension principle proposed by 
Zadeh, the operations of generalized trapezoidal fuzzy 
numbers is defined as follows [23].

Let two generalized trapezoidal fuzzy numbers 
 �A1 = (a1, b1, c1, d1; ω1) and  �A2 = (a2, b2, c2, d2; ω2), that 
is

(1)  �A1⊕  �A2 = (a1 + a2, b1 + b2, c1 + c2, d1 + d2; min(ω1, ω2));

(2)  �A1⊕  �A2 = (a1×a2, b1×b2, c1×c2, d1×d2; min(ω1, ω2));

(3) λ  �A1 
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(4) (  �A1)
ξ = (a1

ξ, b1
ξ, c1

ξ, d1
ξ; min(ω1, ω2)), ξ is an arbitrary 

constant.
Let  �A1 = (a1, b1, c1, d1; ω1) and  �A2 = (a2, b2, c2, d2; 

ω2) denote two generalized trapezoidal fuzzy numbers, 
then their similarity Sim( �A1,  �A2) is defined as follows 
[24]:

  (2)
where

In 2006, Wang defined the centroid sorting indicator 
of fuzzy numbers on the basis of the concept of centroid 
of fuzzy numbers proposed by Cheng according to the 
geometric characteristics of centroid [25]. Let   �A1 = (a1, 
b1, c1, d1; ω1) and  �A2 = (a2, b2, c2, d2; ω2) denote two 
generalized trapezoidal fuzzy numbers, and the abscissa 
and ordinate coordinates of their centroids are:
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the centroid sorting indicator is:

 ( ) ( ) ( ), 1, 2.i i iD A x A y A i
− −

= ⋅ =             (5)

If D(A1)>D(A2), then it is considered that  �A1 takes 
precedence over  �A2, denoted as  �A1   �A2; if D(A1)<D(A2), 
then it is considered that  �A1 is inferior to  �A2, denoted as
 �A1   �A2; if D(A1) = D(A2), then  �A1 is considered to be 
equivalent to  �A2, denoted as   �A1 ~  �A2.

Parameters Estimation Method

This paper refers to some clustering methods of 
fuzzy numbers [26], and uses IBM SPSS Statistics 
software to perform cluster analysis on the panel data of 
a certain place. Panel data has a minimum value, a most 
probable interval, and a maximum value, and the peak 
value of the data is relatively flat, which is suitable for 
constructing the generalized trapezoidal fuzzy number 
  �A = (a, b, c, d; ω).

Suppose there are n indicators, and there are 
p years of data in m regions under the indicators, then 
the data in the k-th year of the j-th indicator in the i-th 
region is expressed as xijk, i = 1, 2, ..., m, j = 1, 2, ..., n, 
k = 1, 2, ..., p.

Perform longitudinal cluster analysis on the data 
of each region, and cluster the pi-year data of the i-th 
region into s classes according to the Euclidean distance 
of the data in the group. Among the s classes, there is 
a class with the largest number of year data, and the 
minimum value of the data in this class is taken as the 
left endpoint of the most probable interval, denoted as  
xijk

L, the maximum value is taken as the right endpoint 
of the most probable interval, denoted as xijk

U, and the 
number of data in this class is zij. The matrix form of the 
generalized trapezoidal fuzzy number is constructed, 
and its mathematical expression is
 

( ) (( , , , ; ))ij mn ij ij ij ij ij mnA a b c d ω=%

where

min( ), , , max( ), , 1, 2, ,ijL U i
ij ijk ij ijk ij ijk ij ijk ij ik k

z
a x b x c x d x k p

p
ω= = = = = = L

.

μ  �A (x)

( �Aij)mn 

...
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Acquisition and Normalization of Data Matrix

This paper selects the provincial panel data of 5 
provinces along the southeastern coast of China for 
17 years from 2004 to 2020, namely, Zhejiang, Fujian, 
Jiangxi, Guangdong, and Guangxi as the evaluation 
objects. The differences in forest ecological carrying 
capacity of each province were analyzed. Provide a more 
scientific basis for the construction of an environment-
friendly economic society and sustainable development 
in the southeastern region. The data comes from the 
seventh national forest resource inventory (2004-2008), 
the eighth national forest resource inventory (2009-2013), 
the ninth national forest resource inventory (2014-2018), 
and the data platform of the National Bureau of 
Statistics, individual missing year data are forecasted 
by the widely recognized ARIMA method in the time 
series forecasting method. According to the parameter 
estimation method in Section 2.3, the generalized 
trapezoidal fuzzy number matrix is generated, and the 
arrangement is shown in Table 2.

Because the dimensions of the data are different, if 
the data is directly calculated, it will lose its practical 
significance. Therefore, it is necessary to standardize 
the data to make the processed data computable and 
comparable. Inspired by the idea of the range variation 
method, the standardized formula of generalized 
trapezoidal fuzzy number is defined [29]. Let the 
initial generalized trapezoidal fuzzy number matrix be  
( �Aij)mn = ((aij, bij, cij, dij, ωij))mn, and the normalized 
generalized trapezoidal fuzzy number matrix be 

, and there are the 
following relational expressions:

Determination of the Indicators 
in the Evaluation System

The forest ecological carrying capacity system 
mainly includes resource indicators and damage 
rate indicators, and the environmental pollution 
pressure system (mainly includes pollution source 
indicators such as water pollution, soil pollution, and 
air pollution). Based on the scientific nature of the 
established indicators and the availability of data, this 
paper refers to the existing evaluation index system of 
forest ecological carrying capacity [6] and theories of 
sustainable forestry development and sustainable forest 
management [27, 28], selecting 12 evaluation indicators. 
Among them, the resource indicators B1 is the forest 
land area C1, and the forest coverage rate C2, forest 
stock volume C3, total stock of living standing trees C4, 
national nature reserve rate C5. Damage rate indicators 
B2 include the area of fire-affected forest C6, and the 
area of forest pests and rodents C7. The environmental 
pollution pressure system measures the environmental 
pressure caused by human production and life in the 
forest ecosystem and is constructed to measure the 
pollution situation with the environmental pollution 
source as an evaluation indicator. The environmental 
pollution indicators B3 are the discharge of chemical 
oxygen demand in wastewater C8, the discharge of 
ammonia nitrogen in the wastewater C9, the discharge of 
sulfur dioxide C10, the total amount of sewage treatment 
C11, and the amount of industrial solid waste generated 
C12. Obviously, there are interactions between these 
indicators, such as the area of damage and resource 
indicators, the amount of environmental pollution, and 
resource indicators. For benefit-type indicators whose 
indicator nature is "+", the larger the attribute value, the 
better, for cost-type indicators whose indicator nature is 
"–", the smaller the attribute value, the better.

Table 1. Evaluation Indicator System of Forest Ecological Carrying Capacity and Environmental Pollution Pressure.

Target layer Primary indicators Secondary indicators Unit Indicator 
nature

Evaluation 
of Forest 

Ecological 
Carrying 
Capacity

Resource indicators B1

Forest land area C1 hm2 +

Forest coverage rate C2 % +

Forest stock volume C3 106m3 +

Total stock of living standing trees C4 106m3 +

National nature reserve rate C5 % +

Damage rate indicators B2

Area of fire-affected forest C6 hm2 -

Area of forest pests and rodents C7 104m2 -

Environmental pollution 
indicators B3

Discharge of chemical oxygen demand in wastewater C8 10kt -

Discharge of ammonia nitrogen in the wastewater C9 10kt -

Discharge of sulfur dioxide C10 10kt -

Total amount of sewage treatment C11 10kt -

Amount of industrial solid waste generated C12 10kt -
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For benefit indicators, there are

* * * *
ˆ ( , , , ; )ij ij ij ij

ij ij
j j j j

a b c d
A

d d d d
ω=

             (6)

For cost indicators, there are

* * * *
ˆ ( , , , ; )j j j j

ij ij
ij ij ij ij

a a a a
A

d c b a
ω=

            (7)

where 
* *max( ), min( )j ij j ijii

d d a a= =  
After standardizing the data in Table 2 according 

to the formula (6) and (7), a standard generalized 
trapezoidal fuzzy number matrix can be obtained, as 
shown in Table 3.

Association Aggregation of Indicator 
Information

Quantitative analysis is carried out on the 
standardized matrix, and the similarity between the 
attribute and the positive and negative ideal solutions 
is calculated based on the closeness of the indicator 
attribute to the ideal attribute [30]. Combined with 
the idea of association aggregation, the optimal 
fuzzy measurement model was constructed to sort 
and evaluate the ecological carrying capacity of the 
provincial forests. Therefore, the calculation method of 
relative similarity between Âij and positive and negative 
ideal solution r ̃ j

+, r ̃ j
– in [31]. Let R̃+

Bt
 = (r1̃

+, r2̃
+, ..., rñ

+), 
R̃–

Bt
 = (r1̃

–, r2̃
–, ..., rñ

–), t = 1, 2, 3 be the positive and 
negative ideal solution vectors, respectively, where

Then the relative similarity formula between Âij and 
the positive and negative ideal solutions r ̃ j

+, r ̃ j
– is [31]:

            (8)

where Sim is the similarity between two generalized 
trapezoidal fuzzy numbers which is defined by formula 
(2).

Taking the C8, C9, C10, C11, C12 attributes under 
the environmental pollution indicator B3 in Table 3 as 
an example, calculate the positive and negative ideal 
solution vectors

According to the similarity formula, carry out the 
pairwise calculation between Âij and the positive 
and negative ideal solutions r ̃ j

+, r ̃ j
–, and obtain 

the similarity matrix and relative similarity matrix 
( ) ( ) ( )

3 33 3 3 3
, ,ij ij ij B BB B B B

S S K+ −

×× ×
 of the positive and 

negative ideal solutions, as shown below. 
Where B3 = {C8, ..., C12}.

( )
3 3

3

1.164 0.857 0.929 1.256 0.584
0.951 0.948 1.038 1.039 0.742

, , .1.206 1.261 1.160 0.583 0.155
1.753 1.633 1.248 1.447 0.743
1.495 1.386 0.946 1.043 0.911

ij B B
S i j B+

×

 
 
 
 = ∈
 
 
  

( )
3 3

3

0.496 0.316 0.486 0.487 0.215
0.355 0.373 0.564 0.353 0.321

, , .0.525 0.585 0.653 0.111 0.632
0.922 0.855 0.718 0.612 0.322
0.730 0.674 0.498 0.356 0.444

ij B B
S i j B−

×

 
 
 
 = ∈
 
 
  

( )
3 3

3

0.701 0.731 0.657 0.720 0.731
0.728 0.717 0.648 0.746 0.698

, , .0.697 0.683 0.640 0.841 0.646
0.655 0.656 0.635 0.703 0.697
0.672 0.673 0.655 0.746 0.672

ij B B
K i j B

×

 
 
 
 = ∈
 
 
  

In the same way, the relative similarity matrix under 
other Primary attributes can be obtained, B1 = {C1, ..., C5},
B2 = {C6, C7}.

( )
1 1

1

0.788 0.609 0.714 0.712 0.703
0.805 0.621 0.850 0.847 0.756

, , .0.990 0.611 0.770 0.772 0.674
0.808 0.598 0.749 0.744 0.756
0.800 0.607 0.807 0.804 0.674

ij B B
K i j B

×

 
 
 
 = ∈
 
 
  

( )
2 2

2

0.749 0.796
0.693 0.718

, , .0.701 0.714
0.686 0.707
0.671 0.710

ij B B
K i j B

×

 
 
 
 = ∈
 
 
  

Most of the hesitant fuzzy aggregation operators 
are based on the assumption that the importance of 
elements is independent. However, in practical multi-
attribute evaluation problems, there are interrelated 
and interdependent phenomena among attributes. 
When there is a certain degree of interdependence 
and interaction between elements or experts, the 
aggregation operator based on additive measures is not 
suitable for decision-making [32-34]. As an effective 
tool to measure the importance of elements and the 
relationship between elements, fuzzy measures solve 
this problem well [35]. To fully reflect the interaction 
between elements in the set, measure the overall 
impact of each element combination, and consider  
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the interaction between attribute indicators, Marichal 
[35] combined Shapley’s method [36] and fuzzy 
measure. To consider the importance of the combination 
of indicators in general and to reflect the interaction 
between them, and to take into account reducing 
the complexity of the fuzzy measure solution and 
calculation at the same time, the fuzzy measure is 
applied to the generalized Shapley value [37], which is 
expressed as follows:

( )
( ) ( ) ( )( )

\

! !
( , ) ,

1 !S
T N S

n t s t
g N g T S g T S N

n sλ λ λ
⊆

− −
Φ = − ∀ ⊆

− +∑ U

       (9)

where gλ is the λ-fuzzy measure, and its expression is
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∏
∑

      (10)

It can be known from formula (10) that for a set N 
with n elements, the fuzzy measure of any subset in the 
set N can be obtained only by determining n values. 
According to the μ(N) = 1 condition of the fuzzy 
measure, the value of λ can be determined by formula 
(11), so when the value of gλ(i) is given, the value of λ 
can be obtained [34]. 

1 (1 ( ))
i N

g iλλ λ
∈

+ = +∏
             (11)

Combined with the concept of Choquet integral over 
discrete sets given by Grabisch [38], Meng [37] defined 
the arithmetic λ-Shapley-Choquet integral operator as 
follows:
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where (·) represents the permutation of f(x(i)), satisfies 
0≤f(x(1))≤f(x(2))≤...≤f(x(n)), A(i) = {x(i), ..., x(n)} and A(n+1) = ∅.

Since all schemes are non-inferior, if the attribute 
weight information is partially known, the optimal 
fuzzy metric linear programming model [15] on the 
attribute set is established as follows:

1 1
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where Φcj
(μ, C) is the Shapley value of cj, and μ is 

a fuzzy measure on C. The possible interval Ucj
 

of the weight is estimated according to the importance, 
and the optimal value is found within the interval.

Results and Discussion

Taking the C8, C9, C10, C11, C12 attributes under the 
environmental pollution indicator B3 as an example, the 
weight value range of the attribute is shown in Table 4, 
and the optimal fuzzy measurement linear programming 
model on the attribute set C is established.

Table 4. Attribute importance interval values.

Target layer Primary indicators Weight interval Secondary indicators Weight interval

Evaluation 
of Forest 

Ecological 
Carrying 
Capacity

Resource indicators B1 [0.4, 0.5]

Forest land area C1 [0.1, 0.3]

Forest coverage rate C2 [0.4, 0.5]

Forest stock volume C3 [0.1, 0.4] 

Total stock of living standing trees C4 [0.2, 0.3]

National nature reserve rate C5 [0.2, 0.3]

Damage rate indicators 
B2

[0.2, 0.5]
Area of fire-affected forest C6 [0.7, 0.9]

Area of forest pests and rodents C7 [0.3, 0.5]

Environmental 
pollution indicators B3

[0.4, 0.7]

Discharge of chemical oxygen demand in wastewater C8 [0.1, 0.7]

Discharge of ammonia nitrogen in the wastewater C9 [0.1, 0.3] 

Discharge of sulfur dioxide C10 [0.4, 0.6]

Total amount of sewage treatment C11 [0.1, 0.3]

Amount of industrial solid waste generated C12 [0.3, 0.5]

...
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The fuzzy measure μ(Cj) is represented by g(Cj) 
and substituted into formula (11), the solution has five 
complex domain roots, and the approximate solution  
λB3 = –0.7697, of B3 is obtained by using Matlab 
software, and the λ-fuzzy measure is calculated by 
substituting it into formula (10).
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According to formula (10) (11), we have
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Table 5. Fuzzy measures of secondary indicator attributes.

S ( )SCµ S ( )SCµ S ( )SCµ

{1} 0.2 {2,4} 0.45 {1,4,5} 0.2

{2} 0.45 {2,5} 0.45 {2,3,4} 0.45

{3} 0.19 {3,4} 0.2 {2,3,5} 0.45

{4} 0.2 {3,5} 0.2 {2,4,5} 0.45

{5} 0.2 {4,5} 0.2 {3,4,5} 0.2

{1,2} 0.45 {1,2,3} 0.45 {1,2,3,4} 0.45

{1,3} 0.2 {1,2,4} 0.45 {1,2,3,5} 0.45

{1,4} 0.2 {1,2,5} 0.45 {1,2,4,5} 0.45

{1,5} 0.2 {1,3,4} 0.2 {1,3,4,5} 0.2

{2,3} 0.45 {1,3,5} 0.2 {2,3,4,5} 0.45

{6} 0.7 {7} 0.35 {1,2,3,4,5} {6,7} 1
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Similarly, the fuzzy measurement values of 
other secondary indicator attributes can be obtained,  
as shown in Table 5. According to formula (11), 
there are five complex domain roots in the solution,  
and the approximate solution of B1, B2 is obtained as 
λB1 = λB2 = –0.4766 by using Matlab, and the λ-fuzzy 
measure is calculated by substituting into formula (10) 
to obtain Table 6. From formula (9), the generalized 
Shapley value of the secondary indicator attribute can 
be calculated, as shown in Table 7.

According to the ranking indicator method of 
generalized trapezoidal fuzzy numbers, the centroid 
ranking value of the secondary indicator attribute 
is calculated, as shown in Table 8. Rearrange the 
evaluation values from smallest to largest. Use the 
arithmetic λ-Shapley-Choquet integral operator 
(Equation (12)) to obtain the comprehensive value 
of the Bi-th attribute of the i-th area, as shown in 
Table 9. The centroid ranking values corresponding  
to the comprehensive evaluation values are listed in 
Table 10.

After calculating the attribute value of the primary 
indicator, the fuzzy measurement value of the primary 
indicator attribute can be obtained, that is μ(B{1}) = 0.4, 
μ(B{2}) = 0.25, μ(B{3}) = 0.5, μ(B{1,2}) = 0.4, μ(B{1,3}) = 0.5, 
μ(B{2,3}) = 0.5, and μ(∅) = 0, μ(B1, B2, B3) = 1. According 

to formula (11), the solution has five complex domain 
roots, the approximate solution λ = –0.1180  is obtained 
by using Matlab, and the λ-fuzzy measure is calculated 
by substituting into formula (10) to obtain: gλ(B{1}) 
= 0.4, gλ(B{2}) = 0.25, gλ(B{3}) = 0.5, gλ(B{1,2}) = 0.6382, 
gλ(B{1,3}) = 0.8764, gλ(B{2,3}) = 0.7352, and gλ(∅) = 
0, gλ(B1, B2, B3) = 1. The generalized Shapley value 
of the secondary index attribute can be calculated by 
formula (9): Φ{1}(gλ, B) = 0.3490, Φ{2}(gλ, B) = 0.2034, 
Φ{3}(gλ, B) = 0.4475, Φ{1,2}(gλ, B) = 0.5691, Φ{1,3}(gλ, B) 
= 0.8132, Φ{2,3}(gλ, B) = 0.6676, and Φ∅(gλ, B) = 0, 
ΦB1, B2, B3(gλ, B) = 1.

Using the arithmetic λ-Shapley-Choquet integral 
operator to get the comprehensive evaluation value of 
each region:     

Calculate the centroid sorting of the comprehensive 
evaluation value of each region, and get D(Z̃ zhejiang) = 0.1456, 
D(Z̃ fujian) = 0.1853, D(Z̃ jiangxi) = 0.1597, D(Z̃guangdong) = 0.0998, 
D(Z̃guangxi) = 0.1137. Therefore Z̃ fujian  Z̃ jiangxi  Z̃ zhejiang  
Z̃guangxi  Z̃guangdong.

The calculation shows that Fujian Province has 
the highest forest ecological carrying capacity index, 
and its forest ecological carrying capacity is the best; 
followed by Jiangxi Province, Zhejiang Province, 

Table 6. λ-Fuzzy measures of secondary indicator attributes.

S ( )Sg Cλ S ( )Sg Cλ S ( )Sg Cλ

{1} 0.2 {2,4} 0.5828 {1,4,5} 0.5149

{2} 0.45 {2,5} 0.5828 {2,3,4} 0.6901

{3} 0.19 {3,4} 0.3616 {2,3,5} 0.6901

{4} 0.2 {3,5} 0.3616 {2,4,5} 0.6958

{5} 0.2 {4,5} 0.3701 {3,4,5} 0.5076

{1,2} 0.5828 {1,2,3} 0.6901 {1,2,3,4} 0.7871

{1,3} 0.3616 {1,2,4} 0.6958 {1,2,3,5} 0.7871

{1,4} 0.3701 {1,2,5} 0.6958 {1,2,4,5} 0.7919

{1,5} 0.3701 {1,3,4} 0.5076 {1,3,4,5} 0.6318

{2,3} 0.5762 {1,3,5} 0.5076 {2,3,4,5} 0.7871

{6} 0.7 {7} 0.35 {1,2,3,4,5} {6,7} 1
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Guangxi Province, and Guangdong Province. One of 
the reasons is that Fujian Province is superior to other 
provinces in terms of forest stock volume C3, total stock 
volume of standing trees C4, rate of national nature 
reserves C5, and COD discharge in wastewater C8. From 
Table 8, it is manifested that the centroid ranking index 
value of C3, C4, C5, C8 in Fujian Province is higher than 
the corresponding attribute values of other provinces. 
It can be seen that in terms of resource indicators such 
as forest stock volume, total standing tree volume, and 
the rate of national nature reserves, Fujian Province 
both occupy a greater advantage, indicating that in 
the forest ecological carrying rate index system, 
resource indicators (such as forest stock volume) play 
an important role, followed by environmental pollution 
on forests. Fig. 1 clearly shows that Fujian’s resource 
indicator B1 is far superior to the other four provinces. 
It should be noted that the situation of Zhejiang Province 
is very special from the perspective of the damage rate 
index, with the corresponding ranking value of 0.3458, 
which is obviously different from other provinces. This 
is one of the reasons why Zhejiang Province did not rank 
in the top two in the comprehensive ranking. Therefore, 

while focusing on resource-based development, the 
impact of fire damage and pests and rodents on forests 
should not be ignored as well.

The generalized Shapley weight value ΦB3 of 
environmental pollution index B3 accounts for 45%, 
which is higher than 35% of resource index B1 and 
20% of damage rate index B2, indicating that in the 
evaluation process of forest ecological carrying capacity 

Table 7. Generalized Shapley values of secondary indicator attributes.

Table 8. Indicator values of generalized trapezoidal fuzzy number centroid ranking of secondary indicator.

S ( , )S g CλΦ
 

S ( , )S g CλΦ S ( , )S g CλΦ

{1} 0.1614 {2,4} 0.3761 {1,4,5} 0.4435

{2} 0.3616 {2,5} 0.3761 {2,3,4} 0.6357

{3} 0.1673 {3,4} 0.2175 {2,3,5} 0.6357

{4} 0.1614 {3,5} 0.2175 {2,4,5} 0.6429

{5} 0.1614 {4,5} 0.2232 {3,4,5} 0.4364

{1,2} 0.3761 {1,2,3} 0.6404 {1,2,3,4} 0.7936

{1,3} 0.2175 {1,2,4} 0.6429 {1,2,3,5} 0.7936

{1,4} 0.2404 {1,2,5} 0.6429 {1,2,4,5} 0.8010

{1,5} 0.2232 {1,3,4} 0.4364 {1,3,4,5} 0.5909

{2,3} 0.3708 {1,3,5} 0.4364 {2,3,4,5} 0.7936

{6} 0.6750 {7} 0.3250 {1,2,3,4,5} {6,7} 1

Region C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

Zhejiang 0.0025 0.3908 0.1212 0.1236 0.1493 0.3512 0.4154 0.2338 0.3361 0.1065 0.0736 0.2387

Fujian 0.0525 0.4548 0.4578 0.4582 0.5298 0.1629 0.1183 0.3040 0.3024 0.1005 0.1431 0.1876

Jiangxi 0.2705 0.4569 0.2090 0.2250 0.1745 0.1877 0.1342 0.2330 0.1980 0.0806 0.3367 0.0867

Guangdong 0.0732 0.3276 0.1984 0.1917 0.5298 0.1658 0.0876 0.1185 0.1083 0.0568 0.0194 0.1192

Guangxi 0.0498 0.4488 0.2734 0.2752 0.1745 0.0735 0.0853 0.1605 0.1493 0.1595 0.1075 0.1125

Fig. 1. The ranking value of the attribute centroid of the primary 
indicator.
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environmental pollution indicators have a large impact 
on the results. Therefore, only relying on the advantages 
of a single aspect to promote the development of forest 
carrying capacity is limited, and we should also pay 
attention to the impact of environmental pollution on 
forest ecology. The improvement of forest carrying 
capacity requires not only improving the self-regulating 

function and ecological function of the forest system 
itself, more need to reduce environmental pollution.

The generalized Shapley weight values and their 
combined weights of the primary indicator attributes 
are shown as radar charts in Fig. 2. It can be observed 
that a single environmental pollution indicator  
ΦB3 = 0.4475 is greater than ΦB1 = 0.3490, ΦB2 = 0.2034,
and the combined weight ΦB1,B3 = 0.8132 of the 
resource indicator B1 and the environmental pollution 
indicator B3 is higher than the other combined weights 
Φ{2,3}(gλ, B) = 0.6676, ΦB1,B2 = 0.5691. 

In addition, the lower the indicator after standardized 
treatment, the greater the pressure of environmental 
pollution and the more serious the environmental 
pollution. According to Table 8, although the bottom 
three provinces performed well in various resource 
indicators, their numerical values in environmental 
pollution indicators such as the discharge of chemical 
oxygen demand in wastewater and the total amount of 
sewage treatment were relatively low, this is also one 
of the reasons for its low comprehensive evaluation 
value, forests bear a heavy burden of environmental 
pollution while maintaining self-renewal. To improve 
the forest carrying capacity, we should implement 
environmental protection policies and actively develop 
an environment-friendly economy to ensure the high-
quality development of forest resources in the southeast, 
to achieve the sustainable development goal of economic 
and ecological civilization construction in the southeast.

Conclusions

In the evaluation of forest ecological carrying 
capacity, according to the characteristics of the 
collected panel data, a generalized trapezoidal fuzzy 
number is fitted to the data for information expression, 
which can fully express the initial information of 
the data. Considering that there may be interactions 
between attribute indicators, the combination of 

Table 9. Atribute values of Primary indicators.

Table 10. The centroid ranking values of the first-level index 
attributes.

Region D(B1) D(B2) D(B3)

Zhejiang 0.0996 0.3458 0.1728

Fujian 0.3868 0.1233 0.1694

Jiangxi 0.2073 0.1297 0.1873

Guangdong 0.2025 0.1057 0.0731

Guangxi 0.1973 0.0750 0.0985

Region 1B 2B 3B

Zhejiang
(0.3038,0.3225,0.3583,
0.4109;0.4118)

(0.0362,0.1060,0.9500,
0.9500;0.8235)

(0.1744,0.2102,0.5358,
0.8976;0.5294)

Fujian
(0.6355,0.7329,0.8145,
0.8146;0.7059)  

(0.0841,0.1036,0.3311,
0.3311;0.7059)

(0.2405,0.3884,0.6138,
0.7150;0.4706)

Jiangxi
(0.5460,0.5666,0.6448,
0.7674;0.4706)

(0.0575,0.0910,0.3412,
0.3412;0.7647)

(0.1658,0.2738,0.5717,
0.6428;0.5882)

Guangdong
(0.3959,0.4337,0.5136,
0.6076;0.5882)

(0.0493,0.0795,0.2318,
0.2318;0.8824)

(0.1360,0.1765,0.2747,
0.4726;0.4118)

Guangxi
(0.4008,0.4127,0.5460,
0.6891;0.5294)

(0.0529,0.0815,0.1595,
0.1818;0.8235)

(0.1701,0.1723,0.3004,
0.6330;0.4706)

Fig. 2. Combined weight radar chart.
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different attribute indicators has different degrees 
of importance, and the assumption that attribute 
indicators are independent may not hold in practical 
applications, therefore, the application scope of 
traditional multi-attribute decision-making based on 
additive measures is limited. In combination with the 
idea of game theory, we use the Shapley value with the 
λ-fuzzy measures, which can determine the attribute 
weight according to the contribution degree when 
considering the correlation between attribute indicators.  
The optimal fuzzy measure linear programming model 
is established, and the generalized Shapley value of 
each layer attribute indicator is determined based on the 
similarity. The arithmetic λ-Shapley-Choquet integral 
is applied for information aggregation to obtain the 
comprehensive evaluation value, to evaluate the forest 
ecological carrying capacity of the five provinces in the 
past 17 years. It is worth mentioning that the method 
given in this article is a useful supplement to the 
provincial forest ecological carrying capacity evaluation 
method without considering the interaction of attribute 
indicators.
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