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Location-routing problem (LRP) thoroughly considers location allocation problem (LAP) and vehicle routing problem (VRP)
which has been an integral part applied in modern logistics. A number of researchers at home and aboard have put forward their
views by establishing fne models. On the basis of studying the previous research results by classifcation, summary, and
comparative analysis, this study hence proposes a new solution-fuzzy clustering model and algorithm to resolve two-layer
location-routing problem based on a heuristic hybrid algorithm: Designing a hybrid genetic and simulated annealing algorithm
(GASA) to optimize the initial value of the fuzzy C-means clustering algorithm (FCM); considering the roving visit characteristics
of vehicles to design the path by employing a special VRP problem—the multiple traveling salesman problem (MTSP).Teoretical
analysis and experimental results show that the algorithm used in this study has the advantages of fast convergence speed and less
iterations, which signifcantly improve the quality of the initial solution of FCM in LAP, shorten the vehicle patrol cycle in VRP to
a great extent, improve the vehicle utilization, and save the vehicle patrol costs. A specifc example is programmed byMATLAB to
verify the feasibility of this method.

1. Introduction

Location allocation problem (LAP) and vehicle routing
problem (VRP) are two essential parts in logistics which are
widely used in life and engineering. On the one hand, LAP
strategically considers the location of the distribution center,
but it fails to include the characteristics of vehicle tours from
a tactical aspect, which may easily lead to a larger actual
distribution distance. On the other hand, VRP takes the
characteristics of vehicle tours into account; however, it does
not consider whether the location of the distribution center
is reasonable from a strategic view, which will easily result in
a high total cost of the entire logistics system [1]. To address
both disadvantages arising from LAP and VRP, some
scholars have put forward the location-routing solution
from the strategic and tactical aspects which comprehen-
sively considers problems of the site selection of distribution
center, coverage of distribution services, and vehicle routing

optimization, aiming to seek the optimal solution of the
entire logistics system by integrating both merits of LAP and
VRP. Te LRP is an NP-complete problem, and a series of
related approximation algorithms have emerged in recent
years, so we hope to obtain a satisfactory solution (may not
be the optimal solution) with high quality through the
approximation algorithm.

In practice, the site selection of the distribution center
and the path design of the distribution service are two vital
aspects. Te site selection is related to the strategic decision
made by the logistics enterprises, while the path design
concerns their tactical decision. In order to better serve the
needs of economic and societal developments, a number of
experts and scholars at home and abroad have actively
explored the feld of LRP and achieved enormous results.

A large number of studies have shown that the overall
optimization of positioning, allocation, and path holds the
key to solving LRP. Previously, scholars were limited to the
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study of a single distribution center, employing the total cost
function to describe the path cost [2]. By comparing the total
cost function and the potential location path cost, Webb
pointed out that the path cost cannot be represented by the
approximate total cost function at a certain moment [3].
Wang dan et al. also made similar fndings in their research
[4]. Later on, scholars realized the importance of site
decision-making and path coordination. Terefore, many
scholars have renewed their research on this matter: Cooper
believes that the appropriate location of the distribution
center directly afects future transportation costs, so the site
selection and the path problem should be integrated for
study [5]. Bookbinder seeks to solve LRP by building
a nonlinear mixed integer programming model [6]. Tere
are also extensive research studies on LRP in China. Some
scholars have established a two-stage planning model to
determine the site selection plan [7], customer division, and
logistics distribution in terms of recycling and trans-
portation path design [8]; studied multiobjective random
LRP in the context of considering a variety of uncertainties
[9]; established a three-layer LRP model on the basis of
introducing the important parameter of storage cost to the
traditional two-layer LRP model; and applied the genetic
algorithm to seek a solution [10, 11].

In addition, the study by Tang et al. is noteworthy, who
solved the TSP with the asymptotic formulation. Te
result was approximately equal to the path length in the
distribution system, while the time cost was much shorter
[12, 13].

For LRP research, there are various common solutions:
Te traditional fuzzy C-means clustering algorithm

(FCM) is essentially a local optimization algorithm, which is
very sensitive to the selection of the initial value and is easy
to converge to the local extreme point.

Te present single heuristic algorithm also has its
shortcomings. For example, genetic algorithms are sus-
ceptible to fall into local optimum; simulated annealing
algorithm is lacking incomprehensive search ability, etc [14].

Te tour feature of vehicles has not been fully utilized.
With regard to the shortcomings of previous studies in

these aspects, this study proposes a new solution, namely, the
fuzzy clustering model and algorithm to resolve a two-layer
location-routing problem based on heuristic hybrid
algorithm:

In the frst-layer mathematical model (LAP model), the
initial value of FCM is optimized by using the genetic
simulated annealing algorithm (GASA) [15].

In the second-layer mathematical model (VRP model),
the genetic algorithm is used to solve a special VRP prob-
lem—the multiple traveling salesman (MTSP) problem [16].

Terefore, this study aims to solve the LRP more ef-
fectively by using the above methods.

2. Problem Statement and Model Building

LRP can be defned as follows: a distribution network plans
to set upm distribution centers, with available vehicles and n
customers. Te set of the distribution center is defned as
M � M|M � 1, 2, . . . , m{ }. Te set of the available vehicles is

defned as S � S|S � 1, 2, . . . , s{ }. Te set of the customers is
defned as N � N|N � 1, 2, . . . , n{ }.

Te set of points composed by the distribution center
and customers is defned as V � M∪N �

V|V � 1, 2, . . . , m + n{ }.
Te set of edges is defned as E � (m, n)|m, n ∈ V{ }. Let

the distance (Euclidean distance) corresponding to each
edge be Dmn, and let the distribution cost be Cmn. Tere is
no capacity limitation for vehicles and distribution
centers.

Each vehicle has only one service path, and the start and
end points must be at the same distribution center. Each
distribution center can have multiple vehicles to provide
service for multiple customers while each customer can only
be served once by one vehicle at the same distribution center.
Te decision variable xmns represents whether the vehicle S
accesses the edge (m, n) (yes� 1, no� 0). Te decision
variable ymn represents whether customer N is within the
service range of distribution center M (yes� 1, no� 0).

Fuzzy C-Means (FCM) can be defned as follows:
selecting m(2≤m≤ n) locations for a distribution center
and let n data samples be X � x1, x2, . . . , xN􏼈 􏼉. Te set of
served customers is defned as P1, P2, . . . , Pm􏼈 􏼉. Te loca-
tion of the distribution center is P1, P2, . . . , Pm􏼈 􏼉 Let the
similarity classifcation matrix be U, and let the degree of
membership of the n customer to the m distribution center
be μmn.

Te dissimilarity between xi and ej is defned as d(xi, ej).
Let the characteristic of the sample be p.

Since this paper focuses on shortening the solution time
on the basis of optimizing the solution method, only the
situation where distance cost is the core factor of site se-
lection will be considered.

2.1. Te First Layer of the Mathematical Model. Let the ob-
jective function be Jq(U, e), and the maximum value of U is
as follows:

min Jq(U, e) � 􏽘
m

i�1
􏽘

n

j�1
μij􏼐 􏼑

q
Dij􏼐 􏼑

2
. (1)

To divide X into m clusters, the following three condi-
tions should be satisfed:

μmn: X⟶ [0, 1],∀m ∈M,∀n ∈ N,

􏽘

m

i�1
􏽘

n

j�1
μmn xk( 􏼁 � 1, k � 1, 2, . . . N,

0< 􏽘
N

k�1
μmn xk( 􏼁<N,∀m ∈M,∀n ∈ N.

(2)

Teminimized constraints of J(U, e) is (4). Tis leads to
the following Lagrange function:

J(U, e) � 􏽘
m

i�1
􏽘

N

j�1
μij􏼐 􏼑

q
Dij􏼐 􏼑

2
− 􏽘

N

j�1
λj μij − 1􏼐 􏼑. (3)

Te membership μmn is calculated as follows:

2 Mathematical Problems in Engineering



μmn �
1

􏽐
m
i�1 Dji/Dli􏼐 􏼑

2/q− 1 . (4)

Te center (distribution center) ei􏼈 􏼉 of each cluster can
be written as follows:

eij �
􏽐

m
i�1 μij􏼐 􏼑

q
xij

􏽐
m
i�1 μij􏼐 􏼑

q . (5)

Tese functions are called membership functions. Te
fuzzy membership function value has the mathematical
characteristics of a set. In other words, each vector x belongs
to multiple clusters at the same time but with a diferent
degree of membership. Te corresponding value μmn in the
interval [0, 1] quantifes the degree of membership. A value
close to 1 indicates a high degree of membership to the
cluster while a value close to 0 indicates a low degree of
membership to the cluster.

2.2. Te Second Layer of the Mathematical Model. Te ob-
jective function can be written as follows:

min Gd � 􏽘
m∈M

􏽘
n∈N

􏽘
s∈S

Cmn ∗xmns, (6)

Cmn depends on the distance from the distribution center m
to the customer n:

Ci j � K∗Di j � K∗D xi − ej􏼐 􏼑 � K∗

���

􏽘

p

j�1

􏽶
􏽴

xi j − ei j􏼐 􏼑
2

,

(7)

here K represents the freight cost per unit, namely the
freight rate.

A customer can only be served by one car:

􏽘
m∈V

􏽘
s∈S

xmns � 1,∀n ∈ N. (8)

A customer can only be served by one distribution
center:

􏽘
m∈M

ymn � 1,∀n ∈ N. (9)

Each vehicle can be dispatched to fnish the delivery tasks
only on one route:

􏽘
m∈M

􏽘
n∈N

xmns ≤ 1,∀s ∈ S. (10)

Neither the customer nor the distribution center is
allowed to ship to itself, which means there is no route
between them:

xmms � 0,∀m ∈ V,∀s ∈ K. (11)

Distribution centers are not allowed to ship between
each other:

􏽘
m∈M

􏽘
n∈M

xmns � 0,∀s ∈ S. (12)

Te number of vehicles departing to and returning from
the customers should be equal:

􏽘
m∈V

xmns − 􏽘
m∈V

xnms � 0,∀n ∈ V, ∀s ∈ S. (13)

Te total number of vehicles in the entire distribution
system should not exceed the total number of existing ve-
hicles S:

􏽘
m∈M

􏽘
n∈N

􏽘
s∈S

xmns ≤ s. (14)

Suppose each distribution center has the same number of
vehicles mean_V:

mean V �
S

cn
,

mean V � 1, 2, . . . .

(15)

In addition, xmns and ymn are 0–1 decision variables, the
properties of which are as follows:

xmns ∈ 0, 1{ },∀m, n ∈ V, ∀s ∈ S,

ymn ∈ 0, 1{ },∀m ∈M,∀n ∈ N.
(16)

3. Algorithm Design

3.1. Implementation of the Fuzzy C-Means Clustering
Algorithm. In the fuzzy C-means clustering method, each
data point belongs to a certain cluster center according to
a certain fuzzy membership degree [17]. Jim Bezdek pro-
posed the clustering technology as an improvement to the
traditional clustering technology in 1981 [18]. Firstly,
a number of cluster centers are randomly selected, and all
data points are given a certain fuzzy membership degree to
the cluster center [19]. Ten, the iterative method is used to
continuously modify the cluster center, and the iterative
process minimizes the distance from all data points to each
cluster center as well as the weighting and optimization
objectives of the membership value [20]. Te output of fuzzy
C-means clustering is a list of cluster centers and the
membership value of each data point for each cluster
center [21].

3.2. Genetic Algorithm. Te genetic algorithm (GA) is
a probabilistic optimization algorithm that is based on
natural selection and genetic theory and uses the combi-
nation of evolutionary survival of the fttest and the random
exchange of chromosome information in a population to
search for global solutions. It was frst put forward by
Professor J. Holland of the University of Michigan in
1975 [22].

Te genetic algorithm is composed of three modules:
encoding and decoding, individual ftness evaluation, and
genetic operation. In the genetic algorithm, we defne
a population or group as the set of encoded chromosomes,
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and each individual is the phenotype of its corresponding
chromosome [23].

3.2.1. Encoding and Decoding. Te encoding and decoding
of genetic algorithms correspond to the genotype and
phenotype of organism at the macro level and correspond to
the transcription and translation of DNA at the micro level
[24]. Te operation object of the genetic algorithm is a point
set (string), the mapping from the solution space of the
problem to the genetic algorithm space is called encoding,
and the mapping from the genetic algorithm space to the
solution space of the problem is called decoding [25].

Binary coding is adopted for the two-layer model in this
study. In the frst layer of the model, each chromosome is
composed of m cluster centers. For the p-dimension sample
vector, the number of variables to be optimized is m∗p∗. If
each variable uses k-bit binary coding, the length of the
chromosome is a binary code string of m∗p∗k. In the second
layer of the model, each chromosome is composed of n
nodes (including customers and distribution centers). For
the q-dimension sample vector, the number of variables to
be optimized is n∗q. If each variable uses l-bit binary coding,
the length of the chromosome is a binary code string of
n∗q∗l.

3.2.2. Individual Fitness Evaluation. Te ftness function is
a measure of individual ftness. In this study, the frst layer of
the model takes (1) as the objective function and its re-
ciprocal 1/Jq as the ftness function, the value of Jq is smaller,
the value of its reciprocal 1/Jq is higher, the individual ftness
value is higher, and it can satisfy two conditions that is the
customer is more intensive, the establishment of distribution
center is more economical and the ftness is higher. Te
chance of genetic inheritance to progeny individuals is
higher. Similarly, the second layer of the model takes
Equation [26]. (6) as the objective function and its reciprocal
1/Gd as the ftness function. Te value of 1/Gd is smaller, the
value of reciprocal 1/Gd is higher, the individual ftness value
is higher, and it can satisfy two conditions: the total distance
of distribution is shorter, the cost is lower, and the prob-
ability of the gene with the highest ftness being passed on to
the progeny individuals is higher [27].

3.2.3. Genetic Operation. Selection Operator: In this study,
the individual ftness of the parent population is evaluated
and sorted according to the size of the ftness value, and then
a random traversal sampling strategy is used to generate the
progeny population.

Crossover Operator: Considering that the number of
efective genes on each chromosome may not be the same,
the single point crossover operator is used in this study.

Mutation Operator: Te mutation operator refers to the
generation of mutation genes with a certain probability and
the selection of mutation genes by a randommethod. In this
study, two individuals are randomly selected, and then two
genes of the selected individuals are randomly exchanged to
achieve mutation operation [28].

3.3. Simulated Annealing Algorithm. Although the parallel
search pattern of the genetic algorithm has a strong search
capability in the whole solution space, it has a slow con-
vergence and poor local search capability. Te probabilistic
abrupt jump nature of the simulated annealing algorithm is
an efective way to fnd the optimal solution to the problem
in the search space. However, the serial search approach of
the simulated annealing algorithm leads to less than com-
prehensive results for the search space and does not facilitate
running the search process in the most promising search
regions [29]. Tus making itself inefcient in terms of op-
erations. Terefore, we combine the advantages of the ge-
netic algorithm and simulated annealing algorithm to
optimize the initial clustering centers of the fuzzy C-mean
clustering algorithm.

Lombard et al. mentioned in their paper that the sim-
ulated annealing algorithm originated from the fndings of
statistical mechanics of materials and was originally pro-
posed by Metropolis et al. In 1983, Kivkpatrick et al. pro-
posed to apply the simulated annealing algorithm to solve
combinatorial optimization problems, and their starting
point was based on the similarity between the annealing
process of physical solids and combinatorial optimization
problems in general [30].

Te simulated annealing algorithm is a kind of stochastic
search algorithm. Teoretically, it is a globally optimal al-
gorithm. Its core is composed of “Tree Functions” and “Two
Criteria.” Te former refers to the state generation function,
state acceptance function, and temperature update function,
and the latter refers to the sampling stability criterion (inner
loop termination criterion) and the annealing termination
criterion (outer loop termination criterion) [10].

3.3.1. State Generation and Acceptance Functions. Te state
generation function, also known as the neighborhood
function, is a function that ensures that the generated
candidate solutions are spread throughout the solution space
as much as possible. In this study, the genetic algorithm is
embedded in the simulated annealing algorithm as its inner
loop structure. In other words, the state generation function
corresponds to the genetic operator in the genetic algorithm,
and the state acceptance function in the simulated annealing
algorithm corresponds to the population iteration operation
in the genetic algorithm [10].

3.3.2. Temperature Update Function. Te temperature up-
date function can have various forms. In this study, it is
given as follows [29]:

Ti+1 � Ti ∗ kq i � 0, 1, 2, . . . , (17)

here kq is the cooling coefcient, and its value determines
how fast the temperature drops.

3.3.3. Sampling Stability Criterion. TeMetropolis sampling
stability criterion, also known as the inner loop termination
criterion, is used to reach thermal equilibrium at any
constant temperature. Its role in the algorithm is to defne
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the acceptance probability in terms of the diference between
the objective function of the new solution and the current
solution, i.e.,

P �

1, if E xnew( 􏼁<E xold( 􏼁,

exp
E xnew( 􏼁 − E xold( 􏼁

K∗T
􏼠 􏼡, if E xnew( 􏼁≥E xold( 􏼁,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(18)

here K is the Boltzmann constant.
In order to better integrate the genetic algorithm and

simulated annealing algorithm, the genetic generation in the
genetic algorithm is set to the length of the Markov chain in
the simulated annealing algorithm as the inner loop ter-
mination criterion in this study [16].

3.3.4. Annealing Termination Criterion. Te annealing ter-
mination criterion, also known as the outer loop termination
criterion, is used in this study to determine whether the
program is terminated or not. If it holds, the program
terminates; otherwise, the program proceeds to the next
iteration.

4. Algorithm and Its Example Verification

4.1. Algorithm Flow of the First Layer Mathematical Model

(1) Initializing control parameters: simulate initial
annealing temperature T0, cooling coefcient kq,
end temperature Tend, individual size of population
sizepop, maximum generation MAXGEN, cross-
over probability pc , and mutation probability
Pm, etc.

Table 1: Client coordinates.

Nos. Coordinates
1 (0.2266, 0.0658)
2 (0.9020, 0.6752)
3 (0.6990, 0.6662)
4 (0.8107, 0.7774)
5 (0.3453, 0.3365)
6 (0.2889, 0.2624)
7 (0.5827, 0.3995)
8 (0.5572, 0.7973)
9 (0.1611, 0.1290)
10 (0.0525, 0.3003)
11 (0.1226, 0.0865)
12 (0.6464, 0.4419)
13 (0.3726, 0.4734)
14 (0.8218, 0.6348)
15 (0.5215, 0.2849)
16 (0.5307, 0.2081)
17 (0.5215, 0.7569)
18 (0.6243, 0.3511)
19 (0.7841, 0.6275)
20 (0.8483, 0.0178)
21 (0.0616, 0.3822)
22 (0.1692, 0.8558)
23 (0.3142, 0.3240)
24 (0.3095, 0.6284)
25 (0.5163, 0.1034)
26 (0.3364, 0.9960)
27 (0.9675, 0.4120)
28 (0.0251, 0.6994)
29 (0.5178, 0.8281)
30 (0.2201, 0.9690)
31 (0.5455, 0.7088)
32 (0.9107, 0.0855)
33 (0.5668, 0.7064)
34 (0.0494, 0.7305)
35 (0.4789, 0.7273)
36 (0.2233, 0.5032)
37 (0.8480, 0.2040)
38 (0.4529, 0.9115)
39 (0.4823, 0.3539)
40 (0.6527, 0.9238)
41 (0.9248, 0.3725)
42 (0.5147, 0.0494)
43 (0.0617, 0.3826)
44 (0.7940, 0.2926)
45 (0.7414, 0.5063)
46 (0.5395, 0.1430)
47 (0.8302, 0.7108)
48 (0.1240, 0.2596)
49 (0.5330, 0.2463)
50 (0.3668, 0.1719)
51 (0.0403, 0.0030)
52 (0.1390, 0.8815)
53 (0.1311, 0.9338)
54 (0.1679, 0.9176)
55 (0.8107, 0.2406)
56 (0.8808, 0.2671)
57 (0.1797, 0.3355)
58 (0.3126, 0.0158)
59 (0.3268, 0.5915)
60 (0.1077, 0.9922)

Table 1: Continued.

Nos. Coordinates
61 (0.0449, 0.8286)
62 (0.5965, 0.2003)
63 (0.1101, 0.9886)
64 (0.2517, 0.1577)
65 (0.3456, 0.6481)
66 (0.5236, 0.5425)
67 (0.1704, 0.6832)
68 (0.9218, 0.4146)
69 (0.0745, 0.3948)
70 (0.4568, 0.6939)
71 (0.9960, 0.1876)
72 (0.7049, 0.8491)
73 (0.2948, 0.0159)
74 (0.6819, 0.7943)
75 (0.4643, 0.4818)
76 (0.1130, 0.8745)
77 (0.7603, 0.5215)
78 (0.7316, 0.1828)
79 (0.2154, 0.2482)
80 (0.6186, 0.6382)
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(2) Randomly initializing cn cluster center generates the
initial population Chrom. Ten, formula (4) is used
to calculate degree of membership μmn of each node
to the cluster center, and formula (1) is used to
calculate the ftness value of each individual fi,
i � 1, 2, . . . , sizepop.

(3) Setting iteration counter gen←0.
(4) Te selection operator, crossover operator, mutation

operator, and other genetic operations of population
Chrom are performed to generate the progeny
population. For the individuals in the progeny
population, the formula (4) is used to calculate the
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Figure 1: Client distribution map of the distribution network.
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Figure 2: Location-distribution map.
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degree of membership of each node to cn cluster
center, and the formula (1) is used to calculate the
ftness value of each progeny individual. Te me-
tropolis algorithm is used to determine whether or
not to accept the progeny individuals. If fi

′ >fi, then
the progeny individuals replace the parent in-
dividuals; otherwise, the progeny individual is
P � exp(fi − fi

′/T).
(5) Determining whether or not out of the inner loop. If

gen<MAXGEN, then gen⟵ gen + 1, turn to
Step4; otherwise, go to Step6.

(6) Determining whether or not out of the outer loop. If
Ti <Tend, then producing the cluster result, the frst
layer model program ends, and the second layer
model program starts.

4.2. Algorithm Flow of the Second Layer Mathematical Model

(1) Initializing control parameters: population size
pop size, maximum number of iterations
MAX num iter, coordinate matrix xy of each node,
distance matrix dm at of each node, maximum
number of vehicles MAX V that can be dispatched
by each distribution center, etc.

(2) Importing the location distribution results of the frst
layermodel. Iffenzu⟵ 1, thenfenzu � 1, 2, . . . , cn.

(3) Initializing the population generates the initial
population tmp pop rte and formula (6) is used to
calculate the ftness value of each individual,
i � 1, 2, . . . , pop size.

(4) Setting iteration counter num iter⟵ 0.
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Figure 3: Te client cluster and the distribution route of the frst distribution center.

0

0.1

0.2

0.3

0.4

0.5

0.6
Te client cluster of the second distribution center

0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6
Total distance = 1.9438

0.4 0.6 0.8 1

Figure 4: Te client cluster and the distribution route of the second distribution center.

Mathematical Problems in Engineering 7



(5) According to the genetic operation, three operations
of selection, crossover, and mutation are used to
make the population tmp pop rte generate progeny
population new pop rte. For the individuals in the
progeny population, formula (7) is used to calculate

the cost of the cluster center to each node, and
formula (6) is used to calculate the ftness value of the
progeny individual to judge whether or not to accept
the progeny individuals fitnessi

′. If fitnessi
′ > fitnessi,

the progeny individuals replace the parent and copy
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Figure 5: Te client cluster and the distribution route of the third distribution center.
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Figure 6: Te client cluster and the distribution route of the fourth distribution center.

Table 2: Te client distribution served by each distribution center (mean_V � 1).

Distribution center Nos. Te number of the
clients Client numbers

1 13 22, 26, 28, 30, 34, 52, 53, 54, 60, 61, 63, 67, 76.
2 20 7, 12, 15, 16, 18, 20, 27, 32, 37, 41, 44, 45, 46, 49, 55, 56, 62, 68, 71, 78.
3 24 2, 3, 4, 8, 14, 17, 19, 24, 29, 31, 33, 35, 38, 40, 47, 59, 65, 66, 70, 72, 74, 75, 77, 80.
4 23 0.1, 5, 6, 9, 10, 11, 13, 21, 23, 25, 36, 39, 42, 43, 48, 50, 51, 57, 58, 64, 69, 73, 79.
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it to the next generation; otherwise, the progeny
individuals are not accepted and the parent in-
dividuals are copied to the next generation.

(6) Determining whether or not out of the iteration loop.
If num iter<MAX num iter, then num iter⟵
num iter + 1 go to Step4; otherwise, go to Step7.

(7) Producing the distribution routes from each distri-
bution center to the customer groups, and the second
layer model program ends.

5. Verification of the Algorithm Case and
Result Analysis

Assuming that 4 distribution centers which can form
a distribution network are going to be built, all 4 available
dispatching vehicles will be sent for 80 clients. Client co-
ordinates are shown in Table 1.

According to the designed algorithm, in the frst-layer
model settings, we set the initial temperature as T0 � 100,
the cooling coefcient as kq � 0.8, the fnal temperature as
Tend � 64, the population size as sizepop � 20, the genetic
maximum as MAXGEN � 30, the crossover probability as
Pc � 0.8, mutation probability as Pm � 0.05. In the second-
layer model settings, we set the the population size as
pop size � 20, the genetic maximum as
MAX num iter � 2000, and the number of the vehicles
available in each distribution center as mean V � 4.
MATLAB R2012a is used to write the program for calcu-
lation in the experiment, and the program runs on the PC
(CPU: Pentium dual-core 1.5G·Hz; memory: 4G; operating
system: window7 64 bit). By running the program, the client
distribution map of the distribution network and the
location-distribution map can be obtained, as shown in
Figures 1 and 2, respectively:

Every vehicle route map corresponding to each distri-
bution center is shown in Figures 3 to 6, respectively.

Te client distribution served by each distribution center
is shown in Table 2.

Te study shows that the designed two-layer location
selection and route model based on the hybrid heuristic
algorithm is of high computational efciency and can deliver
a satisfactory solution in a short time.

6. Conclusion

Tis study has analyzed the advantages and disadvantages of
the c-means clustering algorithm, genetic algorithm, and
simulated annealing algorithm. Te innovations are as
follows:

Te classical algorithm in the fuzzy c-means clustering
algorithm, the original production method of initial value, is
improved.

(1) Tis study has improved the original way of gener-
ating initial values based on the synthesis of previous
scholars’ research. Stimulating the probabilistic jump

of the simulated annealing algorithm can make the
algorithm jump out of the local minimum and fnd
the optimal solution in a large search space, which
efectively makes up for the lack of search ability of
the genetic algorithm in the local solution space and
can efectively converge to the global optimal
solution.

(2) Te parallel search ability of genetic algorithm can
quickly carry out global search. Making use of the
advantages of genetic simulated annealing, a hybrid
heuristic algorithm with global search and parallel
search is designed to optimize the initial value and
improve the convergence speed of the algorithm.
Tis avoids the drawbacks arising from a single al-
gorithm, and at the same time creates the “one plus
one greater than two” efect.

Te traditional LRP model has also been improved as
follows:

(1) Making full use of the tour visit characteristics of
vehicles, the multitraveling salesman problem
(MTSP) is introduced into the LRP model, which
shortens the tour cycle of vehicles, improves the
utilization rate of vehicles, and saves the tour cost of
vehicles. At the same time, it saves the vehicle’s
cruising cost and verifes the feasibility of the method
in this study by implementing a specifc arithmetic
example through MATLAB programming.

(2) Te complex mathematical model is replaced
by a simple mathematical model. Although there
is a sacrifce in the accuracy of the model, the
solution time of the problem is greatly shortened
and the timeliness of the distribution system
is ensured with simple solution method.
Compared with other methods for LRP solution,
the method in this study has a stronger overall
solution efect.
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­e industrialization of new energy vehicles has accelerated, and the recycling industry driven by a large number of retired power
batteries has exploded rapidly. How to control and deal with decommissioned batteries and balance economic and environmental
bene�ts has become an urgent problem to be solved. Considering the in�uence of uncertain interference factors, the dynamic
equilibrium strategy of power battery closed-loop supply chainmembers composed of leadingmanufacturer, recycler, and cascade
utilization enterprise was studied. (1) ­is paper describes the stochastic evolution process of cascade utilization e�ort level by
using Ito process and constructs a stochastic di�erential game model of closed-loop supply chain dynamic system combined with
cost-sharing coordination mechanism. (2) Based on the stochastic di�erential game theory, the optimal pro�t function of the
participants is given, and the dynamic equilibrium strategy of each participant is obtained. (3) In order to grasp the statistical
characteristics of cascade utilization e�ort level, the random evolution characteristics of cascade utilization e�ort level are
revealed. (4) Combined with numerical example, the in�uence of relevant parameters on the dynamic system of power battery
closed-loop supply chain is analyzed. ­e results found that with the increase of the proportion of manufacturer sharing the
innovation cost of cascade utilization enterprise, the cascade utilization e�ort level will improve, the pro�ts of cascade utilization
enterprise and recycler will increase signi�cantly, the pro�ts of manufacturer will decrease slightly, and the overall pro�ts of the
supply chain will increase. ­e cost-sharing coordination mechanism is conducive to ensuring the steady development of the
industry and e�ectively improving the utilization e�ciency of industrial resources.

1. Introduction

At the United Nations General Assembly in 2020, China
made a commitment to achieve carbon peak by 2030 and
carbon neutralization by 2060. ­e discussion on the dual-
carbon goal is heating up. Under this background, the new
energy industry is developing rapidly [1], among which the
most representative is the rapid development of new energy
vehicles. With the rapid growth of production and sales of
new energy vehicles, the output of power batteries has
surged, and the earlier batch of power batteries put into use
have ushered in the retirement period. According to relevant
calculations, the recycling volume of power batteries will
reach 120GWh in 2025 [2]. ­e decommissioned power

batteries are recycled and reused in whole package or dis-
assembled and screened and then reused in other scenarios
with low requirements on battery performance, including
static scenarios of chemical energy storage such as power
generation side, distribution side and power consumption
side, and dynamic scenarios such as low-speed scooters and
logistics vehicles. ­is kind of cascade utilization can ef-
fectively improve the utilization rate of resources, avoid
large-scale idling and abandonment of power batteries be-
fore they have exerted their due e�ect, reduce the harm of
harmful metal leakage in batteries to the environment and
human body, and e�ectively protect the ecological envi-
ronment. At present, due to the various speci�cations of
decommissioned power batteries, the testing standards need
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to be clarified, the industry value evaluation has not reached
a consensus and for other reasons, the cascade utilization
industry is still in the initial stage of extremely unstable
development. How to effectively coordinate relevant subjects
to balance economic and environmental benefits, and jointly
undertake the important responsibility of promoting the
improvement of the comprehensive utilization level of in-
dustrial resources has become one of the hot problems of
common concern of all sectors of society.

At the macro level, in August 2021, the Ministry of
Industry and Information Technology issued the “Admin-
istrativeMeasures for the Cascade Utilization of New Energy
Vehicle Power Batteries,” which put forward relevant re-
quirements for the recycling and processing of cascade
utilization enterprises and the design and production of
cascade products. “Vehicle Power Battery Recycling and
Utilization Cascade Utilization Part 3: Cascade Utilization
Requirements,” which was implemented in March 2022,
regulates the remaining energy requirements, cycle life re-
quirements, safety requirements, and other performance
requirements of cascade utilization of retired batteries. It
aims to ensure the highest cycle value and safety of cascade
utilization products, and lay the foundation for the stan-
dardized and low-carbon cascade utilization of waste power
batteries in China. In general, the cascade utilization of
power batteries is gradually changing from “national rec-
ommended standards” to “national mandatory standards,”
and cascade utilization has become the general trend. At the
micro level, there are many demonstration projects of
cascade utilization at home and abroad. More than 100
enterprises at home and abroad have carried out application
research and business model exploration related to cascade
utilization. Domestically, there is a dual-state trend of
technological upgrading from the single application of
battery disassembly to the application of the whole module
and scale expansion from the kilowatt level to the megawatt
level. China Southern Power Grid build energy storage
power stations, and used local and Beijing-Tianjin-Hebei
electric vehicle retired power batteries in a centralized
manner; State Grid Corporation of China (SGCC) build a
kilowatt-level cascade energy storage project in Daxing,
Beijing to cut peak and fill valleys; Jiangsu Nantong “in-
dustrial and commercial energy storage system based on
cascade utilization of retired power batteries” and related
enterprises led by iron tower company and Bi-Ya-Di also
actively responded to promote the whole module and large-
scale cascade utilization of power batteries. -e foreign
cascade utilization market mainly focuses on the user side
and its economic benefits. For example, 4R Energy Com-
pany, General Electric Company, ABB (Asea Brown Boveri)
Group, EnerDel Company and Bosch Group use retired
power batteries for home energy storage, commercial energy
storage or integrated wind and solar energy storage systems.
In response to the management problems caused by the
classification and parameter differences of batteries in the
cascade utilization, new energy vehicle companies such as
Fengfan, BAIC New Energy, Chehejia, and Weilai auto-
mobile have successively incorporated the “battery swap
mode” into their new development strategies to explore

opening up the entire value chain of cascade utilization,
which has laid the foundation for the development of cas-
cade utilization. With the promotion of the “battery swap
mode” and the development of a circular economy, the
cascade utilization will show a blowout trend in the future.

-is paper takes the power battery closed-loop supply
chain members composed of leading manufacturer, recycler,
and cascade utilization enterprise as the study objects,
aiming at studying the feedback dynamic balance strategy of
power battery CLSC members by introducing the cascade
utilization market and combining the cost-sharing coordi-
nation mechanism, in the case of considering the influence
of uncertain factors. -e contribution of this paper is to
analyze the dynamic equilibrium strategy of members of
power battery CLSC system with cascade utilization market
by using stochastic differential game theory, in view of
uncertain competitive environment and combined with the
cost-sharing coordination mechanism, this paper provides a
theoretical reference for the behavior decision-making of
relevant enterprises, and is also a beneficial supplement and
expansion of existing research in relevant fields, so as to help
the efficient utilization of power batteries. In addition, at the
practice implication level, combined with the actual situa-
tion, this paper provides ideas for improving and innovating
the operation mechanism of internal coordination and in-
teraction of power battery CLSC. -e research results have
important guiding significance for improving the utilization
efficiency of industrial resources and reducing environ-
mental pollution.

2. Literature Review

-e research in related fields of power battery cascade
utilization is also carried out with the emergence of practical
problems. From the perspective of industry operation, Li
et al. sorted out the relevant policies and standards for the
cascade utilization of domestic retired power batteries, in-
vestigated and analyzed the effects and roles of relevant
typical demonstration enterprises and pilot enterprises [2].
Yano pointed out that the recovery of retired power batteries
does have great value through the actual investigation of the
electric vehicle industry [3]. Heymans et al. adopted the life
cycle evaluation system, and further considered the impact
of power battery recycling on the manufacturing cost, and
the results showed that the cost can be greatly saved [4].
From the perspective of power battery raw material supply,
Ahmad et al. analyzed the global output and prices of metals
such as nickel, cobalt, and lithium, and further elaborated on
the hidden benefits of power battery recycling [5]. Harper
et al. combed the current lithium battery recycling methods
and policy measures, classified them and made predictions
on future recycling trends [6]. Huang et al. first introduced
the recycling products of power batteries and the devel-
opment of recycling technology [7]. Zeng et al. analyzed the
opportunities and challenges faced by the power battery
recycling process [8]. Dong et al. sorted out the recycling
modes of new energy vehicle power batteries at home and
abroad, and compared and analyzed the development ad-
vantages of independent recycling of production enterprises,
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industry alliances, and third-party recycling modes [9]. Mu
et al. built a model based on the theory of system dynamics to
analyze the recovery and utilization of power batteries of
new energy vehicles [10]. Wang and Wu proposed an im-
provement strategy to optimize the recovery method and
improve the recovery rate of scarce metals according to
China’s actual situation [11]. Under the background of
circular economy, Hao et al. put forward countermeasures
such as combination of forward and reverse, joint
consultation and joint construction for recycling reverse
logistics [12].

From the perspective of micro-operation, the research
on the CLSC (closed-loop supply chain) of power batteries
should include multi-cycle andmulti-level recycling [13, 14],
dual-channel recycling [15, 16], and supply chain coordi-
nation. Although literature [13, 14] considered multiple
uncertain production processes, it did not consider the
impact of the internal coordinationmechanism of the supply
chain. Literature [15, 16] studied the contract coordination
under different recovery modes, but they were all based on
static vision and did not study the dynamic game process of
the supply chain in depth. Natkunarajah et al. first predicted
the sales volume of electric vehicles, and analyzed the re-
covery rate of the power batteries in different scenarios based
on the life cycle of the power batteries, laying the foundation
for further discussion on the power batteries recovery mode.
Although this study explored different recycling modes, it
did not include the cascade utilizationmarket in the research
process, which has certain limitations [17]. Yang et al.
combined the two recycling methods of “cascade utilization”
and “regenerative dismantling” into the reverse supply chain
of power batteries, built a reverse supply chain model, and
studied the recycling mode of used power batteries for new
energy vehicles. However, this study did not consider the
impact of uncertainty factors on stakeholders’ decision-
making [18]. Aiming at maximizing the profit of the supply
chain, Lin et al. analyzed the influence of different battery
quality, processing cost and other factors on the profitability
of the supply chain, but the study did not consider the
internal coordination of the supply chain [19]. Heydari et al.
constructed a secondary reverse supply chain of a single
manufacturer and retailer, increased consumers’ willingness
to recycle through quantity discounts and payment fees, and
designed cost contracts to achieve CLSC coordination [20].
Zhang and Chen took the third-party recyclers whose power
battery recycling is the core business as the main body of
recycling, and combine the characteristics of the remanu-
facturing, cascade utilization, and dismantling and recycling
of waste power batteries to build a CLSC with multiple
recycling channels, and studied the strategy and coordina-
tion of decision-makers [21]. Both of them deeply studied
the internal coordination problem of supply chain, but they
both carried out research from static vision, without con-
sidering the dynamic decision-making process of supply
chain under the influence of random factor disturbance. Han
et al. studied the impact of the “trade-in” strategy in the
Cournot duopoly competitive secondary CLSC on the
competitiveness of enterprises and product market share,
but did not consider the coordinated decision-making of

internal agents in the supply chain [22]. Hoyer et al.
established a linear analysis model for the CLSC of lithium
power batteries to optimally select multiple given produc-
tion and recycling schemes, but did not consider the im-
portant role of the cascade utilization market in the entire
recycling process [23]. For remanufacturing cost and re-
covery rate, Wang and Deng used a dynamic game to
compare the optimal decision-making of recycling and
remanufacturing supply chain members in three situations,
but ignored the influence of random factors [24]. Guo et al.
introduced the valuable metal recycling station to build a
supply chain model and analyzed the effectiveness of the
revenue sharing contract, but further research from a dy-
namic perspective is needed [25]. Based on the third-party
remanufacturing model considering outsourcing and au-
thorization, Zhang et al. constructed a competitive CLSC of
duopoly manufacturers and remanufacturers, and studied
the strategic trends of each subject [26]. Guan and Hou
considered the internal and external coordination of the
supply chain under a certain environment, and analyzed the
equilibrium decision-making problem of enterprises in the
power battery CLSC which introduced the cascade utiliza-
tion market [27]. However, the impact of uncertain factors
on the system needs to be further explored.

To sum up, the cascade utilization of power batteries is
still in the early stage of development. At present, the re-
search on the power battery CLSC mainly focuses on the
interpretation of the cascade utilization policy, the battery
recycling mode, the determination of recycling channels,
and the discussion of the CLSC coordination mechanism,
both are static and deterministic methodological research, all
of them belong to the research on the equilibrium strategy of
the decision-making subject in a certain environment,
without taking into account the influence of various random
disturbances on decision-making subjects in the decision-
making process. In essence, the operation process of CLSC
system will be affected by a large number of uncontrollable
factors [28], such as the personality and emotion of decision-
makers, the ability to obtain information, the political and
cultural environment where the decision-making subject is
located, industry background and humanistic factors, and
the evolution process of the system state is difficult to
predict. -erefore, in view of the uncertainty of internal and
external interference factors in the system, studying the
internal coordination mechanism of power battery CLSC
and the dynamic equilibrium strategy of decision-makers
have become an important field of current research, which
also has important theoretical and practical guiding sig-
nificance for improving the efficiency of comprehensive
utilization of resources.

Considering the influence of uncertain factors, this paper
introduces cascade utilization market and combines the
cost-sharing coordination mechanism to study the feedback
dynamic equilibrium strategy of the power battery CLSC
members. -e structure of the study is arranged as follows:
first, the Ito process is used to describe the stochastic
evolution process of the cascade utilization effort level, and
the objective function of each participant’s pursuit of profit
maximization is constructed, and the stochastic differential
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game model of the CLSC dynamic system is constructed by
combining the cost-sharing coordination mechanism; sec-
ondly, the stochastic differential game theory and contin-
uous-time dynamic programming theory are used to solve
the dynamic equilibrium control strategy of each partici-
pant; next, in order to reveal the dynamic evolution char-
acteristics of the random cascade utilization effort level, the
stability of the expectation and variance of the random
cascade utilization effort level is analyzed; finally, combined
with a numerical example, the sensitivity of the relevant
parameters is analyzed and verified, and the influence of the
relevant parameters on the dynamic system of the power
battery CLSC is determined.

3. Stochastic Differential Game Model

3.1. Problem Description. In this paper, a CLSC dynamic
system of power battery is constructed, which is composed
of manufacturer, recycler, and cascade utilization enterprise.
Among them, the manufacturer is in a leading position in
the system, responsible for the production and sales (at price
pM

s ) of the power battery for electric vehicles, and at the
same time, in order to promote the healthy development of
the industry and promote the recycling of resources, the
manufacturer bears the innovation cost of the cascade
utilization of retired batteries (at cost-sharing ratio k). -e
recycler recycles, sorts, and processes the retired power

batteries in the market (at recycling rate θ), and makes
profits by selling the waste batteries with high-energy density
to the cascade utilization enterprise (at wholesale price pR

w),
and hands over low-energy density waste batteries to
manufacturers for remanufacturing (at uniform recycle
price pM

u ); Facing the cascade utilization market, cascade
utilization enterprise processes and reorganizes the pur-
chased high-energy density batteries into cascade utilization
products to sell (at price pU

s ), and is responsible for recycling
all the discarded batteries after cascade utilization and
handing them over to the manufacturer for remanufacturing
(at uniform recycle price pM

u ). Figure 1 describes the basic
model of power battery CLSC.

3.2. Variable Description andModel Assumption. In order to
simplify the analysis and build the model, the symbols and
meanings of variables used in this paper are shown in
Table 1.

Based on the product supply chain and resource flow
trajectory of the real power battery industry, combined with
the basic model and reference to existing studies, the model
assumptions are made as follows:

Assumption 1. -e demand function of the electric
vehicle market for new power batteries [29] is
L(pM

s (t)) � a − bpM
s (t), and cM

r < cM
m <pM

s (t).

Manufacturer Electric vehicle market

Cascade utilization enterprise

Cascade utilization market

Recycler

pMs

pMu

pMu

pRw

pUs

k

θ

τ

Figure 1: Power battery CLSC model considering cascade utilization.
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Assumption 2. -e number of retired power batteries re-
covered by recyclers is θ(t)L(pM

s (t)) � θ(t)(a − bpM
s (t)).

-e recovery fixed cost [30] is 1/2Bθ(t)2.

Assumption 3. -e demand function for high-energy-den-
sity waste batteries in the cascade utilization market [31] is:
L(pU

s (t), τ(t)) � (f − gpU
s (t))τ(t), and pR

w(t)<pU
s (t)

<pM
s (t) . cascade utilization effort utility cost [32] is

1/2δA(t)2. -e cascade utilization market is different from
the ordinary reuse market, and its demand is independent of
the demand for new power batteries in the electric vehicle
market. -e cascade utilization enterprise is responsible for
recycling all used batteries after cascade utilization (at unit
recovery cost cU

r ).

Assumption 4. As an emerging market, the scale of the
cascade utilization market is still small, and the number of
high-energy-density waste batteries recovered and sorted by
recycler can fully meet the demand of the cascade utilization
market.

Assumption 5. Manufacturer with remanufacturing pro-
duction lines recycle and remanufacture all used batteries at
a uniform price pM

u (t), and 0< i<pM
u (t)<pR

w(t), pM
u (t)<Δ.

-e power batteries produced with recycled materials and
new materials have the same quality and characteristics, that
is, there is no difference in sales price and consumer
preference.

Assumption 6. In the model, the forward electric vehicle
market sales and the reverse decommissioned battery
recycling, cascade utilization, and remanufacturing are all
completed in one cycle.-at is, the model only considers the
cycle process of the power battery resource in a single cycle.

Assumption 7. In a single cycle, each game participant
discounts its future earnings at a fixed discount rate λ> 0.

3.3. Dynamic Model of Cascade Utilization Effort Level. τ(t)

is the effort made by cascade utilization enterprises to im-
prove the level of cascade utilization, such as developing
high-tech and using new media for publicity. In fact, the
level of cascade utilization effort is affected by many factors,
such as effort effectiveness, consumers’ awareness of envi-
ronmental protection, and other uncontrollable factors.
Similar to the advertising capital model [33], it is assumed
that the utility of cascade utilization effort affects the evo-
lutionary drift rate of cascade utilization effort level, that is,
dτ(t) � αA(t)dt. In addition, it is assumed that the decline
of consumers’ awareness of environmental protection and
the aging of relevant facilities affect the cascade utilization
effort level, which decreases exponentially at a rate

τ(t)
•

/ τ(t) � − β, that is, dτ(t) � − βn(t)dt. In addition,
similar to Prasad and Sethi [34], it is assumed that the
cascade utilization process is influenced by the standard
Wiener process, and the volatility of the cascade utilization
process is directly proportional to the square root of the
cascade utilization effort level, that is, dτ(t) � σ

����
τ(t)

􏽰
dz.

Based on the above factors, the evolution process of cascade
utilization effort level is described as the Ito process given by

dτ(t) � [αA(t) − βτ(t)]dt + σ
����
τ(t)

􏽰
dz(t). (1)

3.4. Fundamental Relation Expression and Stochastic Differ-
ential Game Model. Based on the cost-sharing mechanism,
the goal of supply chain members is all to maximize profits
in the planned period. -e manufacturer’s income comes
from the sales of new power batteries, and its cost comes
from the cost of recycling power batteries and sharing part of
the utility cost of cascade utilization enterprise. -e revenue
of the recycler comes from selling recycled power batteries,
and its cost is the fixed cost of recycling. -e revenue of the
cascade utilization enterprise comes from selling cascade
utilization products to the cascade utilization market, and its

Table 1: Description of variables.

Variable Description Variable Description
pM

s (t) Unit sales price of new power battery τ(t) Cascade utilization effort level
cM

m Unit production cost of new power battery a Electric vehicle market’s market size

cM
r Unit reproduction cost of waste power battery b

Electric vehicle market’s price sensitivity
coefficient

θ(t) Recovery rate of waste battery f Cascade utilization market’s market size

i Unit price of retired battery recovered by recycler g
Cascade utilization market’s price sensitivity

coefficient

pR
w(t)

Unit wholesale price at which recycler sells high-energy
density battery A(t) Cascade utilization effort utility

pM
u (t) Uniform price for manufacturer to recycle waste battery δ Cascade utilization effort utility cost coefficient

pU
s (t)

Unit sales price of cascade utilization battery sold by cascade
utilization enterprise α Influence coefficient of cascade utilization effort

utility on effort level

cU
r Unit recovery cost of cascade utilization enterprise β Attenuation coefficient of cascade utilization effort

level
k Cascade utilization effort utility cost-sharing coefficient λ Discount rate
dz(t) Standard wiener process σ(τ(t)) Volatility of cascade utilization effort level

Δ � cM
m − cM

r

Unit cost-saving of remanufactured products produced by
manufacturer B Recovery difficulty coefficient
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cost is the effort utility cost of cascade utilization. For the
sake of brevity of the model, the time variable t will be
omitted in the following statement.

To sum up, the profit target function of the manufacturer
is given by

max πM
� E 􏽚

∞

0
e

− λt
p

M
s − c

M
m􏼐 􏼑 a − bp

M
s􏼐 􏼑 + Δ − p

M
u􏼐 􏼑 θ a − bp

M
s􏼐 􏼑􏼐 􏼑 − k

1
2
δA

2
􏼔 􏼕dt􏼚 􏼛. (2)

-e profit target function of the recycler is given by

max πR
� E 􏽚

∞

0
e

− λt
p

R
w(t) − i􏼐 􏼑 f − gp

U
s􏼐 􏼑τ + p

M
u − i􏼐 􏼑 θ a − bp

M
s􏼐 􏼑 − f − gp

U
s􏼐 􏼑τ􏼐 􏼑 −

1
2

Bθ2􏼔 􏼕dt􏼚 􏼛. (3)

-e profit target function of the cascade utilization
enterprise is given by

max πU
� E 􏽚

∞

0
e

− λt
p

U
s − c

U
r + p

M
u − p

R
w􏼐 􏼑 f − gp

U
s􏼐 􏼑τ − (1 − k)

1
2
δA

2
􏼔 􏼕dt􏼚 􏼛. (4)

Under the power structure in which the manufacturer
is the system leader and the recycler and cascade
utilization enterprise are the system followers, the

Stackelberg stochastic differential game model of power
battery CLSC system equilibrium strategy is summarized
as given by

max
pM

s ,pM
u[ ]

πM
p

M
s , p

M
u , θ, p

R
w, p

U
s , A􏽨 􏽩,

s.

max πR

pR
w,θ[ ]

p
M
s , p

M
u , θ, p

R
w, p

U
s , A􏽨 􏽩,

max πU

pU
s ,A[ ]

p
M
s , p

M
u , θ, p

R
w, p

U
s , A􏽨 􏽩,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

dτ(t) � [αA(t) − βτ(t)]dt + σ
����
τ(t)

􏽰
dz.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(5)

4. Dynamic Equilibrium Strategy

In order to obtain the dynamic equilibrium strategy of
power battery CLSC system, first, the reverse induction
method was used to obtain the sales price and its own effort
utility of cascade utilization enterprise, and then the re-
covery rate of recycler and the wholesale price of high-
energy density waste batteries sold to cascade utilization
enterprise are obtained based on the response strategy of
cascade utilization enterprise; Finally, based on the re-
sponse strategies of recycler and cascade utilization en-
terprise, the manufacturer’s sales price of new power

batteries and the unified price of recycled waste batteries
are obtained.

Proposition 1. >e response strategy of cascade
utilization enterprise, sales price and their own effort utility, is
given by

p
U
s (t) �

3f + gc
U
r

4g
,

A �
αV

U
τ

δ(1 − k)
.

(6)
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Proof. -e HJB (Hamilton-Jacobian-Bellman) partial dif-
ferential equation that the cascade utilization enterprise
equilibrium strategy should satisfy can be obtained by

using the continuous dynamic programming theory, as
given by

λV
U

(τ) −
1
2
σ2τV

U
ττ(τ) � max p

U
s − c

U
r + p

M
u − p

R
w􏼐 􏼑 f − gp

U
s􏼐 􏼑τ − (1 − k)

1
2
δA

2
+ V

U
τ (τ)(αA − βτ)􏼚 􏼛, (7)

where VU(τ) is the optimal value function of the cascade
utilization enterprise, and VU

τ (τ), VU
ττ(τ) is the first and

second order partial derivatives of the cascade utilization
effort level. In order to ensure the existence of the optimal
solution of the model, it is assumed that 2B − b(Δ − i)2 > 0.

Solving the optimization of the right-hand side of
equation (7), we obtain

zλ V
U

(τ)

zp
U
s (t)

� fτ − p
M
u gτ + p

R
wgτ − 2p

U
s gτ + gc

U
r τ,

zλ V
U

(τ)

zA
� − Aδ(1 − k) + αV

U
τ (τ).

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(8)

-e response strategy of cascade utilization enterprise is
obtained, as given by equation (9), by combining the for-
mulas given in

p
U
s (t) �

3f + gc
U
r

4g
,

A �
αV

U
τ

δ(1 − k)
.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(9)

□

Proposition 2. >e response strategy of recycler, the recovery
rate, and the wholesale price of high-energy density waste
batteries sold to cascade utilization enterprise, expression is
given by

θ �
(p

M
u (t) − i) a − bp

M
s (t)􏼐 􏼑

A
,

p
R
w(t) �

f − gc
U
r

2g
+ p

M
u (t).

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(10)

Proof. -eHJB partial differential equation that the recycler
equilibrium strategy should satisfy can be obtained by using
the continuous dynamic programming theory.

λV
R
(τ) −

1
2
σ2τV

R
ττ(τ) � max p

R
w − i􏼐 􏼑 f − gp

U
s􏼐 􏼑τ + p

M
u − i􏼐 􏼑 θ a − bp

M
s􏼐 􏼑 − f − gp

U
s􏼐 􏼑τ􏼐 􏼑 −

1
2

Bθ2 + V
R
τ (τ)(αA − βτ)􏼚 􏼛, (11)

where VR(τ) is the optimal value function of the recycler,
and VR

τ (τ), VR
ττ(τ) are the first and second order partial

derivatives of the cascade utilization effort level.
To obtain the reaction strategy of the recycler, equation

(9) is brought into equation (11), and the optimization of its
right-hand side is solved, as given by

zλV
R
(τ)

zp
R
w(t)

� f − gp
U
s􏼐 􏼑τ −

1
2

ng p
R
w − p

M
u􏼐 􏼑,

zλV
R
(τ)

zθ
� p

M
u − i􏼐 􏼑 a − bp

M
s􏼐 􏼑 − Bθ.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(12)

-e response strategy of recycler, as given by equation
(13), is obtained by combining the formulas given in

θ �
p

M
u − i􏼐 􏼑 a − bp

M
s􏼐 􏼑

B
,

p
R
w �

f − gc
U
r

2g
+ p

M
u .

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(13)

□

Proposition 3. >e optimal strategy of manufacturer, sales
price of new power batteries, and the unified price of recycled
waste batteries, expression is given by

p
M∗
s �

2B a + bc
M
m􏼐 􏼑 − ab(Δ − i)

2

4Bb − b
2
(Δ − i)

2 ,

p
M∗
u �

(Δ + i)

2
.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(14)
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Proof. -e HJB partial differential equation that the man-
ufacturer equilibrium strategy should satisfy can be obtained

by using the continuous dynamic programming theory, as
given by

λV
M

(τ) −
1
2
σ2τV

M
ττ(τ) � max

p
M
s − c

M
m􏼐 􏼑 a − bp

M
s􏼐 􏼑 + Δ − p

M
u􏼐 􏼑 θ a − bp

M
s􏼐 􏼑􏼐 􏼑

− k
1
2
δA

2
+ V

M
τ (τ)(αA − βτ)

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

, (15)

where VM(τ) is the optimal value function of the recycler,
and VM

τ (τ)VM
ττ(τ) are the first and second order partial

derivatives of the cascade utilization effort level.

To obtain the optimal strategy of manufacturer, equa-
tions (9) and (13) is brought into equation (15), and the
optimization of its right-hand side is solved, as given by

zλV
M

(τ)

zp
M
s

� a − 2bp
M
s􏼐 􏼑 + bc

M
m + Δ − p

M
u􏼐 􏼑θ(− b) + Δ − p

M
u􏼐 􏼑 a − bp

M
s􏼐 􏼑

p
M
u − i􏼐 􏼑(− b)

B
,

zλV
M

(τ)

zp
M
u

� − θ a − bp
M
s􏼐 􏼑 + Δ − p

M
u􏼐 􏼑 a − bp

M
s􏼐 􏼑

a − bp
M
s􏼐 􏼑

B
.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(16)

-e optimal strategy of manufacturer, as given by
equation (17), is obtained by combining the formulas given in

p
M∗
s �

2B a + bc
M
m􏼐 􏼑 − ab(Δ − i)

2

4Bb − b
2
(Δ − i)

2 ,

p
M∗
u �

(Δ + i)

2
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(17)

□

Proposition 4. >e dynamic equilibrium strategy of power
battery CLSC system is given by

p
M∗
s �

2B a + bc
M
m􏼐 􏼑 − ab(Δ − i)

2

4Bb − b
2
(Δ − i)

2 ,

p
M∗
u �

(Δ + i)

2
,

θ∗ �
a − bc

M
m􏼐 􏼑(Δ − i)

4B − b(Δ − h)
2 ,

p
R∗
w �

f + g Δ − c
U
r + i􏼐 􏼑

2g
,

p
U∗
s �

3f + gc
U
r

4g
,

A
∗

�
αV

U
τ

δ(1 − k)
.

(18)

Proof. Taking (18) into the recycler’s reaction strategy
(13), the optimal strategy of recycler, θ∗, pR∗

w , can be
obtained. For the sake of completeness, -eorem 1 also
lists the optimal strategy of cascade utilization enterprise,
pU∗

s , A∗.
To obtain the dynamic equilibrium strategy of the

power battery CLSC system using Proposition 4, it is
necessary to determine the specific form of the
optimal value function of the manufacturer, cascade
utilization enterprise, and recycler in Proposition 4. In
fact, this will face the problem of partial differential
equation solving. -erefore, the specific solution process
of the optimal value function is given by Proposition
5. □

Proposition 5. >e optimal value function of
manufacturer, cascade utilization enterprise, and recycler is
given by

V
M

(τ)
∗

� x
∗
1τ

2
+ x
∗
2τ + x

∗
3 ,

V
R
(τ)
∗

� y
∗
1τ

2
+ y
∗
2τ + y

∗
3 ,

V
U

(τ)
∗

� j
∗
1τ

2
+ j
∗
2τ + j

∗
3 ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(19)

where
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j
∗
1 � −

δ(1 − k)(λ + 2β)

2α2
,

j
∗
2 �

α2 f − gc
U
r􏼐 􏼑 − 8gδσ2(λ + 2β)(1 − k)

16gα2(2λ + 3δ)
,

j
∗
3 �

α2 f − gc1( 􏼁 − 8gδσ2(λ + 2β)(1 − k)􏽨 􏽩
2

512δλg
2α2(2λ + 3β)

2
(1 − k)

,

y
∗
1 � 0,

y
∗
2 �

f − gc
U
r􏼐 􏼑

2

8g(2λ + 3β)
,

y
∗
3 �

f − gc
U
r􏼐 􏼑

2
α2 f − gc

U
r􏼐 􏼑 − 8gδσ2(λ + 2β)(1 − k)􏽨 􏽩

128δλg
2
(2λ + 3β)

2
(1 − k)

+
B a − bc

M
m􏼐 􏼑

2
(Δ − i)

2

2λ 4B − b(Δ − i)
2

􏽨 􏽩
2,

x
∗
1 � −

δk(λ + 2β)

6α2
,

x
∗
2 �

2k(λ + 2β)j
∗
2

3(2λ + 3β) 1 − μm( 􏼁
+

σ2x∗1
(2λ + 3β)

,

x
∗
3 �

B a − bc
M
m􏼐 􏼑

2

λ 4Bb − b
2
(Δ − h)

2
􏽨 􏽩

+
α2j∗2x

∗
2

δλ(1 − k)
−

α2kj
∗ 2
2

2δλ(1 − k)
2.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(20)

Proof. To determine the profit optimal value function of
manufacturer, cascade utilization enterprise, and recycler,
the system dynamic equilibrium strategy in Proposition 4 is

brought into equations (7), (11), and (15), and the partial
differential equations that should be satisfied by the optimal
value functions of manufacturer, cascade utilization enter-
prise, and recycler are obtained.

λV
M

(τ) �
B a − bc

M
m􏼐 􏼑

2

4Bb − b
2
(Δ − i)

2
􏽨 􏽩

−
α2kV

U
τ (τ)

2

2δ(1 − k)
2 +

α2VU
τ (τ)V

M
τ (τ)

δ(1 − k)
− δV

M
τ (τ)τ +

1
2
σ2VM

ττ(τ)τ, (21)

λV
R
(τ) �

f − gc1􏼂 􏼃
2τ

8g
+

B a − bc
M
m􏼐 􏼑

2
(Δ − i)

2

2 4B − b(Δ − i)
2

􏽨 􏽩
2 +

α2VU
τ (τ)V

R
τ (τ)

δ 1 − μm( 􏼁
− βV

R
τ (τ)τ +

1
2
σ2VR

ττ(τ)τ, (22)

λV
U

(τ) �
f − gc1􏼂 􏼃

2τ
16g

+
α2VU

τ (τ)
2

2δ(1 − k)
− βV

U
τ (τ)τ +

1
2
σ2VU

ττ(τ)τ. (23)

In order to obtain the solutions of the partial differential
equations (15) to (17), try the following optimal value
function form of manufacturer, cascade utilization enter-
prise, and recycler with undetermined coefficients.

V
M

(τ) � x1τ
2

+ x2τ + x3,

V
R
(τ) � y1τ

2
+ y2τ + y3,

V
U

(τ) � j1τ
2

+ j2τ + j3.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(24)

-e first and second derivatives are given by

V
M
τ (τ) � 2x1τ + x2

V
R
τ (τ) � 2y1τ + y2

V
U
τ (τ) � 2j1τ + j2

V
M
ττ(τ) � 2x1,

V
R
ττ(τ) � 2y1,

V
U
ττ(τ) � 2j1.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(25)

Substituting equations (24) and (25) into equations (21)
to (23), and use the identity relationship to obtain the
nonlinear equations that the undetermined coefficient
should satisfy

λx1 �
4α2j1x1

oδ(1 − k)
−

4α2kj
2
1

2δ(1 − k)
2 − 2βx1,

λx2 �
2α2j1x2

δ(1 − k)
+
2α2j2x1

δ(1 − k)
−

4α2kj1j2

2δ(1 − k)
2 − βx2 + σ2x1,

λx3 �
B a − bc

M
m􏼐 􏼑

2

4Bb − b
2
(Δ − h)

2 +
α2x2j2

δ(1 − k)
−

α2kj
2
2

2δ(1 − k)
2,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(26)

λy1 �
4α2j1y1

δ(1 − k)
− 2βy1,

λy2 �
f − gc1􏼂 􏼃

8g

2

+
2α2j1y2

δ(1 − k)
+
2α2j2y1

δ(1 − k)
− βy2 + σ2y1,

λy3 �
B a − bc

M
m􏼐 􏼑

2
(Δ − i)

2

2 4Bb − b
2
(Δ − i)

2
􏽨 􏽩

2 +
α2j2y2

δ(1 − k)
,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(27)
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λj1 � −
4α2j21

2δ(1 − k)
− 2βj1,

λj2 �
f − gc1􏼂 􏼃

16g

2

+
4α2j1j2
2δ(1 − k)

− βj2 + σ2j1,

λj3 �
α2j22

2δ(1 − k)
.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(28)

Next, the undetermined coefficients are obtained by
solving equations (26) to (28) of the nonlinear equations.
-e process is: first calculate j∗1 , j∗2 , j∗3 , then calculate
y∗1 , y∗2 , y∗3 , and finally determine x∗1 , x∗2 , x∗3 . Hence, Propo-
sition 5 is proved. □

5. Dynamic Evolution Characteristics of
Cascade Utilization Effort Level

Since the effort level of cascade utilization is affected by the
random disturbance of uncontrollable factors in reality,
whether the stochastic evolution characteristics of cascade
utilization effort level can be grasped and what kind of
evolution characteristics it has. -is section discussed the
expectation and variance of cascade utilization effort level
and the stability of the expectation and variance of cascade
utilization effort level.

Proposition 6. Expectation and variance of random cascade
utilization effort level, and when t⟶∞, the expectation
and variance of cascade utilization effort level are given by

E(τ) � e
Qt τ0 + NQ

− 1
− NQ

− 1
e

− Qt
􏼐 􏼑,

lim
t⟶∞

E(τ) � − NQ
− 1

,

D(τ) � e
2Qt τ0 + NQ

− 1
− NQ

− 1
e

− Qt
􏼐 􏼑

2
− e

2Qt
τ20 + Qτ0 + N( 􏼁 2N + σ2􏼐 􏼑Q

− 2
−

N 2N + σ2􏼐 􏼑 2Q
2

􏼐 􏼑
− 1

⎛⎜⎝ ⎞⎟⎠

− e
Qt

Qτ0 + N( 􏼁 2N + σ2􏼐 􏼑Q
− 2

+ N 2N + σ2􏼐 􏼑 2Q
2

􏼐 􏼑
− 1

,

lim
t⟶∞

D(τ) � N 2N + σ2􏼐 􏼑 2Q
2

􏼐 􏼑
− 1

− N
2
Q

− 2
,

(29)

where Q � − (3β + λ), N � α2j∗2 [δ(1 − k)]− 1.

.

Proof. Bringing the optimal effort utility of the cascade
utilization enterprise in Proposition 4 and the optimal value
function of the cascade utilization enterprise in Proposition
5 into equation (1), the dynamic model of cascade utilization
effort level, and the Ito process of the change of cascade
utilization effort level are obtained.

dτ �
2α2j∗1

δ(1 − k)
− β􏼠 􏼡τ +

α2j∗2
δ(1 − k)

􏼢 􏼣dt + σ
����
τ(t)

􏽰
dz , τ(0) � τ0.

(30)

Assuming Q � − (3β + λ), N � α2j∗2 [δ(1 − k)]− 1, equa-
tion (30) can be written as

dτ � [Qτ + N]dt + σ
����
τ(t)

􏽰
dz, τ(0) � τ0. (31)

Solving the differential equation (31), we obtain

E(τ) � e
Qt τ0 + NQ

− 1
− NQ

− 1
e

− Qt
􏼐 􏼑. (32)

Due to Q< 0, when t⟶∞,

lim
t⟶∞

E(τ) � − NQ
− 1

. (33)

-e random change process of the square of cascade
utilization effort level is obtained by using ITO lemma.

dτ2 � 2Qτ2 +(2N + σ)
2τ􏽨 􏽩dt + 2στ

����
τ(t)

􏽰
dZ(t), τ2(0) � τ20.

(34)

Integrating both sides of the equation (34) and using the
boundary conditions, we obtain

τ2 � τ20 + 􏽚
t

0
2Qτ2 + 2N + σ2􏼐 􏼑τ􏼐 􏼑dt + 􏽚

t

0
2τσ

����
τ(t)

􏽰
dZ(t).

(35)

Taking the expectation on both sides, and using the zero-
expectation property of Wiener process, we obtain

E τ2􏼐 􏼑 � τ20 + 􏽚
t

0
2QE τ2􏼐 􏼑 + 2N + σ2􏼐 􏼑E(τ)􏼐 􏼑dt. (36)

Substituting equation (25) into equation (29), we obtain
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E τ2􏼐 􏼑 � e
2Qt τ20 +

Qτ0 + N( 􏼁 2N + σ2􏼐 􏼑

Q
2 −

N 2N + δ2􏼐 􏼑

2Q
2

⎛⎝ ⎞⎠

− e
Qt

Qτ0 + N( 􏼁 2N + σ2􏼐 􏼑

Q
2 +

N 2N + σ2􏼐 􏼑

2Q
2 .

(37)

-en, the variance of cascade utilization effort level is
obtained by using the relationship D(τ) � E(τ2) − [E(τ)]2.
Due to Q< 0, when t⟶∞,

lim
t⟶∞

E τ2􏼐 􏼑 �
N 2N + σ2􏼐 􏼑

2Q
2

􏼐 􏼑
. (38)

From equations (33) and (38), we obtain lim
t⟶∞

D(τ) �

lim
t⟶∞

E(τ2) − lim
t⟶∞

[E(τ)]2 � N(2N + σ2)/(2Q2) − N2/Q2.

In particular, in the absence of random interference (σ � 0),
lim

t⟶∞
E(τ2) � N2/Q2, therefore D(τ) � E(

τ2) − [E(τ)]2 � 0. Hence, Proposition 6 is proved. □

6. Sensitivity Analysis of Parameters

Analyze the impact of the price sensitivity of the cascade
utilization market g, the recycling price of recycler i, and the
cost-saving of manufacturer in producing remanufactured
products Δ on the sales price pU

s and effort utility A of
cascade utilization enterprise, the wholesale price pR

w of
selling high-energy density batteries and the recovery rate θ
of recycler, the sales price of new power batteries pM

s , and
the unified price of repurchasing used batteries pM

u of
manufacturer. Relevant conclusions are summarized in
Table 2 and subsequent inferences.

Inference 1. As the price sensitivity degree of the cascade
utilization market g increases, pM∗

s , A∗ , and pR∗
w will

decrease. θ∗, pM∗
s , and pM∗

u remain unchanged.

Proof

zA

zg
� −

α f − gc
U
r􏼐 􏼑

2

16g
2
(2λ + 3β)δ(1 − k)

< 0;
zp

U
s

zg
� −

3f

4g
2 < 0;

zp
R
w

zg
� −

f

2g
2 < 0,

zθ
zg

�
zp

M
s

zg
�

zp
M
u

zg
� 0.

(39)

□

Inference 2. With the increase in the price of recycler
recycling retired batteries i, pR∗

w will increase, θ∗ will

decrease, and the manufacturer’s strategy pM∗
s and pM∗

u will
increase. pU∗

s and A∗ remain unchanged.

Proof

zp
R
w

zi
�
1
2
> 0;

zθ
zi

� −
a − bc

M
m􏼐 􏼑 4A + b(Δ − i)

2
􏽨 􏽩

4A − b(Δ − i)
2

􏽨 􏽩
2 < 0,

zp
M
u

zi
�
1
2
> 0;

zp
M
s

zi
�

2ab(Δ − i) 4Bb − b
2
(Δ − i)

2
􏽨 􏽩−

2b
2
(Δ − i) 2B a − bc

M
m􏼐 􏼑 − ab(Δ − i)

2
􏽨 􏽩

4Bb − b
2
(Δ − i)

2
􏽨 􏽩

2 > 0,

zp
U
s

zi
�
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zi
� 0.

(40)

□
Inference 3. With the increase in cost-saving of remanu-
facturing by manufacturer Δ, pR∗

w and θ∗ will increase, pM∗
s

will decrease, and pM∗
u will increase. pU∗

s and A∗ remain
unchanged.
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Proof
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2
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2
􏽨 􏽩

2 < 0,

zA

zΔ
�

zp
U
s

zΔ
� 0.

(41)

□

7. Numerical Example

In order to describe the model and reveal the law more
intuitively, Section (7) analyzes the dynamic equilibrium
strategy of the power battery CLSC system under the in-
fluence of random disturbance factors. -e system param-
eters are selected as follows: B� 2, λ � 0.3, a� 70, b� 0.5, Δ
� 4, β � 0.3, cU

r � 1, δ � 100, α � 3, f� 35, k� 0.1, i� 2,
g � 0.5, and σ � 0.01.

7.1. EvolutionPathAnalysis. In Figure 2 shows the evolution
trajectories of the expectation of cascade utilization effort

level, manufacturer, recycler, and cascade utilization en-
terprise profits under the cost-sharing scenario considering
the impact of uncertain factors.

-e expectation of cascade utilization effort and the
profit trajectory of each participant show a nonlinear up-
ward trend with a gradually decreasing growth rate over
time, and will eventually reach a steady state. At the same
time, the profit of the manufacturer has always been the
highest, and the profit of the cascade utilization enterprise
has been in a low state.

7.2. Sensitivity Analysis

7.2.1. Cost-Sharing Ratio. Keeping other parameters un-
changed, Figure 3 shows the impact of the change in the
cost-sharing ratio, k, on the expectation of cascade utili-
zation effort level and the profit of each participant.

With the increase of k, the cascade utilization effort level,
the profits of recycler, and cascade utilization enterprise all
show a nonlinear upward trend, while the manufacturer’s
profit shows a nonlinear downward trend. As manufacturer
shares the increase in the innovation cost of cascade utili-
zation enterprise, the overall profits of manufacturer are
decline. However, from the perspective of the overall supply
chain, manufacturer still occupy a large market share, and

Table 2: Sensitivity analysis.

pU∗
s A∗ pR∗

w θ∗ pM∗
s pM∗

u

g ↓ ↓ ↓ ⟶ ⟶ ⟶
i ⟶ ⟶ ↑ ↓ ↑ ↑
Δ ⟶ ⟶ ↑ ↑ ↓ ↑
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Figure 2: Evolution trajectory of system state variables.
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the profit is always higher than that of recycler and cascade
utilization enterprises. At the same time, the profits of re-
cycler and cascade utilization enterprises are increasing,
which will greatly improve their enthusiasm for recycling
resources and effectively promote the steady improvement
of cascade utilization levels.

7.2.2. Price Sensitivity Coefficient of Cascade Utilization
Market. Keeping other parameters unchanged, Figure 4
shows the impact of the change in the price sensitivity
coefficient of the cascade utilization market, g, on the dy-
namic system of the power battery CLSC.

With the increase of g, A∗, pU∗
s , pR∗

w πR, and πU all show
a nonlinear downward trend, and πR is always greater than
πU, only πM show a nonlinear upward trend. -e increasing
sensitivity of consumers to the price of cascade utilization
products has a negative impact on both cascade profit and
recycling market, and the impact on cascade utilization
enterprises is more severe. -e demand change of cascade
utilization market does not affect the manufacturer’s pro-
duction and recycling decision, but due to the reduction of
the cascade utilization effort utility, the cost of cascade
utilization effort utility sharing by the manufacturer de-
creases accordingly. -erefore, when other parameters re-
main unchanged and g increase, only manufacturers can
make more profits.

7.2.3. Recycled Battery Price of Recycler. Keeping other
parameters unchanged, Figure 5 shows the impact of

changes in the price of recycled batteries by recycler, i, on the
dynamic system of the power battery CLSC.

With the increase of i, pM∗
u , and pR∗

w show a linear
upward trend, pM∗

s shows a nonlinear upward trend. θ, πR,
and πM show a nonlinear downward trend, πR has a larger
decline, πM is always greater than πR, and πU is the smallest
and remains unchanged.-e increase in i enables recycler to
increase pR∗

w and reduce θ, but such decision-making
changes have not stopped the decline of their own profits;
Manufacturer thus raises pM∗

u , and then increase pM∗
s , so as

to reduce consumer demand and eventually damage their
own interests; -e increase of i has little impact on cascade
utilization enterprise, and the decision-making and profit of
cascade utilization enterprise will not change.

7.2.4. Cost-Saving for Manufacturers in Remanufacturing.
Keeping other parameters constant, Figure 6 shows the
impact of changes in cost-saving in the manufacture of
remanufactured products, Δ, on the dynamic system of the
power battery CLSC.

With the increase of Δ, pM∗
u , and pR∗

w show a linear
upward trend, pM∗

s shows a nonlinear downward trend. θ,
πR, and πM show a nonlinear upward trend, πM is always
greater than πR, πU is the smallest and remains unchanged.
-e increase in Δ has greatly improved the enthusiasm and
motivation of manufacturer to recycle resources, so that
manufacturer can still be profitable whereas reducing pM∗

s

to attract consumers, which reflecting the importance of
manufacturer’s relevant technology research and develop-
ment and innovation; Recycler earns large profits by
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Figure 3: Sensitivity analysis of cost-sharing ratio.
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increasing pR∗
w and θ; cascade utilization enterprise is not

affected by Δ, the decisions and profits remain unchanged.

8. Conclusions

-is paper studies the dynamic equilibrium strategy of
power battery CLSC members under the interference of
uncertain factors. -e stochastic evolution process charac-
teristics of cascade utilization effort level of power battery
CLSC dynamic system are described by using Ito process.
According to the profit composition of participants, the
target function of each participant pursuing profit maxi-
mization is constructed. Aiming at the dynamic system of
power battery CLSC with the manufacturer as the leader, the
stochastic differential game model is established, and the
dynamic equilibrium control strategy of each participant is
solved by using stochastic differential game theory and
continuous-time dynamic programming theory. In order to
reveal the evolution characteristics of random cascade uti-
lization effort level, the stability of expectation and variance
of random cascade utilization effort level is analyzed.
Combined with numerical examples, the evolution path
analysis of state variables and parameter sensitivity analysis
of dynamic systems are carried out to verify the influence of
relevant parameters on dynamic systems.

-e results found that with the increase of cost-sharing
ratio, the effort level of cascade utilization enterprise is
improved, themanufacturer’s profit is decreased slightly, but
it does not affect its industry dominant position, the profits
of recycler and cascade utilization enterprise are increased,

which effectively improves the enthusiasm of resource
recycling in the supply chain. Manufacturer shares part of
the innovation cost of cascade utilization enterprise that can
effectively improve the profit space of relevant subjects,
stimulate the enthusiasm of relevant subjects to recycle
resources, reduce environmental pollution, and guarantee
the effective improvement of cascade utilization level, so as
to promote the prosperity and development of the industry.
At the same time, the price sensitivity degree of cascade
utilization market has a significant negative impact on the
members of the supply chain. -e administrative supervi-
sion department should actively improve the industry
regulations and strictly supervise the whole process of power
battery production, recycling, and reuse, and at the same
time, it can also enhance consumers’ green awareness by
carrying out relevant publicity work, supply chain members
should also jointly build and improve the battery recycling
platform and network system, formulate relevant industry
standards and other measures to deepen customer trust,
make joint efforts to effectively resist the interference of
internal and external uncertain factors, reduce the potential
risks of the industry, and ensure the long-term and steady
development of the battery recycling industry. In addition,
the increase in the cost-saving of manufacturer’s remanu-
factured products can effectively improve the enthusiasm of
manufacturers for recycling resources, reflect the impor-
tance of technology research and development and inno-
vation, drive the development of the industry with
innovation, and promote the effective improvement of re-
source recycling efficiency.
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All parties should strengthen information exchange and
cooperation, jointly build and share, link interests, achieve
mutual benefit and win-win results, give full play to the
effectiveness of the internal coordination mechanism of the
supply chain, promote the coordinated development of the
supply chain, effectively resist the interference of internal
and external uncertain factors, and jointly undertake the
responsibility of improving the level of industrial resource
recycling. -e contribution of this paper is to study and
analyze the dynamic equilibrium strategy of the members of
the power battery CLSC from the dynamic perspective, in
view of the influence of uncertain factors and the cost-
sharing coordination mechanism. At the theoretical level, it
provides theoretical reference for the behavior decision-
making of related enterprises, enriches, and expands the
theoretical research in related fields. At the practical level, it
provides ideas for improving and innovating the operation
mechanism of the power battery CLSC. -e research results
have important guiding significance for relevant enterprises
to fully and efficiently use the cascade, improve the level of
resource utilization, and reduce environmental pollution.

However, this paper only considers the business strategy
selection of enterprises in a single channel, and does not
consider the impact of online and offline dual-channel
recycling and sales, competitive cooperation game and other
situations. -e next research direction is to establish a dy-
namic cooperative game model considering factors such as
consumers and different recycling and sales channels, and to
study the influence of multi-channel sales and recycling of
cascade products on the cascade utilization of power
batteries.
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(e data of new urban investment bonds in cities from 2011 to 2021 to represent the growth of local government debt is used in
this article.(is paper studies the relationship between the increase of local government debt and the underinvestment of A-share
listed enterprises, which are nonfinancial companies in China. (e research finds that the increase in local government debt will
crowd out the debt financing of enterprises and then significantly the degree of underinvestment of enterprises, which is
represented non-state-owned enterprises, enterprises with high financing constraints, and enterprises with nonlocal debt invested
in the industry. As for listed enterprises with relatively low fixed assets, the increase in local debt will further lead to the degree of
underinvestment.(e above conclusions remain unchanged after a series of robustness tests in this paper. Further research shows
that the increase in local government debt will weaken the stimulus effect of loose monetary policy and thus affect the un-
derinvestment of enterprises. (is paper expands the research on the factors affecting the underinvestment of enterprises and
deepens the research on the consequences of the influence of local government debt on the economic activities of microsubjects.

1. Introduction

(e problem of public debt and its risk have always been an
important financial and economic problem faced by
countries all over the world. Unlike the United States,
Europe, and other developed countries, which mainly point
to the central government, China’s debt problem is mainly
manifested in the continuous and rapid expansion of the
scale of local government debt. In 1994, the Chinese gov-
ernment implemented the tax-sharing reform at the national
level, shifting the fiscal power to the hand of the central
government while keeping the local government’s admin-
istrative power unchanged. In the same year, the Budget Law
of the People’s Republic of China was promulgated [1, 2]. It
stipulates that local governments should not announce fiscal
deficits or list funds raised through bonds. It also prohibits
local governments from issuing local government bonds
(LGBs). As stipulated, local governments legal and com-
pliant financing channels are restricted. Also, lending pol-
icies are restricted due to the huge capital demand and the
imbalance of administrative and fiscal powers of local

governments. As a result, local governments lack funds to
fulfill administrative powers to develop the local economy,
livelihoods, infrastructure construction, etc. [3–5].

In the face of financial shortages, local governments had
to establish platform companies through methods like land
asset allocation and receive bank loans to make up for the
huge financial gap [6]. (erefore, local government financial
vehicles (LGFVs), as local governments’ investment and
financing carriers, came into being. At the same time, the
tax-sharing reform led to the mismatching of administrative
power and financial power in the central and local gov-
ernments, reducing the local government fiscal revenue’s
share of the national fiscal revenue while the number of
public welfare projects and quasi-public welfare projects
increased [7–9]. (e shifts in administrative and fiscal
powers’ funding widened the gap in local governments’
funds. (e financing methods are usually bank loans and the
issuance of municipal corporate bonds, known as urban
investment bonds.(e 4 trillion yuan stimulus plan in China
was launched after the global financial crisis in 2008. (e
central government has funded 1.18 trillion yuan, and most
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of the remaining funds need to be raised by local govern-
ments [10–12]. In the same year, the People’s Bank of China
jointly issued the Guiding Opinions with the China Banking
Regulatory Commission (CBRC). Local governments have
started to establish their LGFVs. Financing instruments such
as corporate bonds, short-term financing bonds, and me-
dium-term notes were issued, and the number of LGFVs
grew rapidly [13, 14]. Since then, LGFVs have prospered
unprecedentedly with the rapid expansion of government
debt and an increase in urban investment bonds. With years
of development, huge scale, opaque information, and
nonstandard management have led to great risks in urban
investment bonds, which have become an important source
of hidden debt risks for local governments [15, 16]. In
addition to paying attention to the systemic risks posed by
local government debt, the impact of local debt on the
economy has also attracted great attention in academic
circles. On the one hand, local government debt plays an
important role in promoting the construction of public
facilities and rapid economic recovery; on the other hand,
the priority of local government financing leads to the re-
distribution of funds in the credit market, which has a
negative impact on the overall efficiency of fund allocation.

Local fiscal and financial risks were accumulating
gradually, which made the prevention of and solution to
local government debt risks important. In 2012, benefiting
from the National Development and Reform Commission’s
relaxation of the approval of corporate bonds, as well as the
central government’s strategy of expanding domestic de-
mand and accelerating urbanization, urban investment
bonds showed a blowout increase in the amount of nearly
one trillion yuan, about three times that of 2011. In 2015, the
restriction on the administrative level of the issuing body of
urban investment bonds was relaxed while the urban in-
vestment bonds issued previously were due at maturity,
making encashments prevailing [17–19]. (e issuance of
urban investment bonds reached a new level that year,
doubling that of 2014. By December 2021, the debit balance
of local governments rose to 30.5 trillion yuan, from 10.7
trillion yuan in 2010. Although the increase of government
debt can improve basic public services to some extent, es-
pecially in a period of economic recession, governments’
borrowing could increase their expenditure, which is con-
ducive to driving consumers’ demand, accelerating regional
industrialization and urbanization, and narrowing the re-
gional gap [20, 21]. However, most studies believe that local
government bonds are advantageous in the capital market
because of their features, including recessive guarantee and
rigid redemption, which, to a certain extent, left little space
for other credit resources and produced a crowding-out
effect on private investment [22–24]. According to docu-
ment No. 35 of 2011, issued by the National Audit Office,
46.38% of local government debt is issued by local financing
platforms in China. (erefore, it is reasonable and repre-
sentative to select the scale of additional urban investment
bonds to measure the increase in local debt [25]. Urban
investment bonds are enterprise bonds, medium-term notes,
and short-term financing bonds publicly issued by local
government investment and financing platforms as the

issuing entities, which are mostly used for local infra-
structure construction or public welfare projects. At present,
China’s urban investment bonds are mainly divided into
three categories: corporate bonds, short-term financing
bonds, and medium-term notes, of which corporate bonds
are the main ones, and the development is relatively mature.

(e current research on the relationship between gov-
ernment debt and corporate underinvestment can be cate-
gorized as follows: some scholars believe that the
increasingly growing government debt ties up more social
funds, which is detrimental to corporate financing. An
excessive concentration of funds in local government debt
and financing platforms can crowd out some highly pro-
ductive SMEs. As a result, private capital cannott create a
sufficient investment scale and enough opportunity in the
real economy. As a large amount of floating debt is used in
large-scale investments for the government and the public
sector, and some floating debt is used for enormous due
repayment, social funds will decrease. On the other hand, the
government issues debt to raise funds from the capital
market, which will lead to an increase in the market rate and
a decrease in private investment and consumption. (ere-
fore, it will have a crowding-out effect on corporate in-
vestment. In order to balance the budget deficit, the
government issued government bonds to raise funds from
the private borrowing market, which raised the market
interest rate and reduced private investment and expendi-
ture accordingly. (is is the crowding-out effect of the fiscal
deficit caused by public expenditure on private investment
and expenditure. Some scholars suggest that the increase in
government debt will reduce banks’ loanable funds. It is
worth noticing a negative correlation between the rise in
government debt and corporate finance. With credit en-
dorsement from the local government, local government
debt enjoys high security and liquidity. (us, financial in-
stitutions such as banks regard it as reserves, resulting in
decreased loanable funds in banks.

Although there is massive existing research on the re-
lationship between government debt and investment, there
are still notable limits. First, there is a lack of relevant lit-
erature that uses data from municipal governments and
enterprises at the prefecturelevel to study the relationship
between local government debt and corporate underin-
vestment. Most of the literature solely focuses on the impact
of local public debt on corporate financing and regional
economic development, whereas prefecture-level cities and
enterprises are the main driving forces for local economic
development in China and are better placed to reveal the
internal relationship between local government debt and
corporate underinvestment. Second, there is little existing
research exploring the impact of local government debts on
corporate investment at the prefecture level and little re-
search that directly examines how local debt influences
underinvestment in enterprises. Besides, there is a lack of
discussion on the impact of local debt on economic growth
from microeconomic perspectives.

(e contributions of this paper lie in the following three
aspects: first, it provides new mechanistic validation and
empirical evidence on the impact of local government debt
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upon the investment activities of microentities in the
market. (is paper unveils the mystery of Chinese corporate
investment from a brand-new angle, namely that neither
easing policies nor stimulus measures contribute to miti-
gating corporate underinvestment. Second, by analyzing the
debt of prefecture-level city governments and the under-
investment of enterprises, this paper offers a new perspective
to explore how local governments’ debt influences the un-
derinvestment of enterprises. (ird, it complements the
mechanism of slowing growth. (e article emphasizes that
the increase in local government debt will exacerbate the
misallocation of financial resources and lead to the un-
derinvestment of enterprises, which is one of the factors
contributing to the slowdown of economic growth.

Our research is based on the research background
mentioned above by optimising investment structure as an
essential part of economic stabilization and structural ad-
justment policies, we lay a solid foundation for policy dis-
cussion. It can also be viewed as a worth-exploring academic
subject with Chinese characteristics to illustrate better the
dynamic relationship and mechanism between local gov-
ernment debt and corporate underinvestment. (erefore,
this paper will focus on the following research questions: 1.
Does local government debt crowd out corporate debt fi-
nancing? 2. Do enterprises with unmet funding needs suffer
from underinvestment? 3. Will the increase of local debt
affect the local effects of other monetary policies and further
affect the underinvestment of enterprises?

Based on the annual data of Chinese A-shares listed
nonfinancial companies from 2011 to 2021, this paper an-
alyzes the impact of local government debt on corporate
underinvestment. (e results show that: first, there is a
significant correlation between local government debt and
underinvestment. (e scaling up of local government debt
will cause underinvestment in non-stated-owned enterprises
and non-local debt-invested enterprises. Second, the influ-
ential mechanism of local debt on underinvestment is as
follows: local government debt squeezes corporate debt fi-
nancing, reinforces corporate financing constraints, and
results in the underinvestment of enterprises. (ird, further
research has found that the increase in local debt will in-
crease the degree of underinvestment and further reduce
enterprise value. Last but not least, the increase in local debt
will influence the stimulus effect of loose monetary policy on
corporate investment. In the capital supply-demand rela-
tionship composed of the government, microenterprises,
and financial institutions, the expansion of local government
debt financing demand is likely to crowd out the credit
resources of microenterprises, and the government’s pref-
erential access to capital market financing will also interfere
with the market’s allocation of credit resources. Capital is the
lifeblood of enterprise production, investment, and R&D
innovation.(e financing constraint caused by the crowding
effect of government debt on enterprise credit capital will
have an unavoidable impact on enterprise investment and
financing decisions and R&D innovation activities. (ese
two are also important factors affecting the high-quality
development of enterprises.

(e remainder of this paper is structured as follows:
Section 2 presents the analysis of related theories and the
main hypotheses put forward on the basis of theoretical
studies. Section 3 introduces the data and empirical strat-
egies used. Section 4 focuses on the major empirical results
of the analysis and the influential mechanism. Section 5
shows a series of robustness tests. Sections 6 and 7 sum-
marize the key findings and offers relevant policy
recommendations.

2. Literature Review and Research Hypothesis

(e current literature on the subject, which pays attention to
the question of how local government debt affects the in-
vestment and production activities of microenterprises,
mainly focuses on the following three research viewpoints.
(e first view holds that government debt financing has a
significant negative impact on the capital structure of en-
terprises, which will reduce private investment. Government
debt may also crowd out corporate investment by crowding
out bank credit resources and raising corporate financing
costs. (e traditional view of the budget deficit believes that
when the budget deficit increases aggregate demand, it also
leads to a rise in interest rates and a corresponding decrease
in investment. (e second study finds that government
borrowing can increase public investment expenditure,
improve the infrastructure environment, increase aggregate
demand and investment opportunities, and then create a
good investment environment for enterprises. In addition,
the third view holds that the relationship between govern-
ment debt financing and private investment depends on the
type of public investment.

As the second largest economic entity in the world,
China has made remarkable achievements in its economic
development in the past, which are attributed to the gov-
ernment’s characteristic of concentrating its efforts to ac-
complish large undertakings. To some extent, the investment
of these local debts in public goods will have an “external”
effect, such as improving local infrastructure and attracting
investment, which will reduce the marginal cost of enter-
prises and promote enterprises’ investment and production.
However, the government will impose a financial backstop
on local financing vehicles and other enterprises, which will
lead to severe “soft budget constraint” between local fi-
nancing vehicles and state-owned enterprises, and then
make the interest rate sensitivity of state-owned enterprises
to financing generally low. (is means that ordinary en-
terprises, especially private enterprises, often have an “unfair
disadvantage” in the competition with local financing
platforms in the capital market. As local government debt
increases, more ordinary enterprises will withdraw from the
financing market and reduce the investment spending,
which then lead to enterprises underinvestment.

At present, there are few empirical studies on the impact
of local government debt on the investment and production
activities of microenterprises in China, and the heteroge-
neity of this subject is also lacking. We believe that it is
necessary to test the influence of local debt on the investment
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activities of microenterprises and to test the mechanism of
local government’s influence on the investment of enter-
prises by using the data of prefecture-level cities in China.
(ese studies will reveal the micromechanism of local debt
affecting economic efficiency.

2.1. Corporate Financing and Under-Investment of
Enterprises. As for the influencing factors of enterprise
investment efficiency, existing research focuses on the as-
pects of corporate governance, information disclosure, ac-
counting conservatism, characteristics of the board of
directors and managers, and corporate heterogeneity. It can
be summarized two points as the following: (1) based on
principal-agent theory and the factors of corporate gover-
nance with information asymmetry theory, existing research
literature has introduced the conflicts of interest between
creditors and shareholders and the conflicts of interest
between shareholders and managers into the decision-
making of company investment. (2) Based on the status of
investment and financing, the existing literature analyzes the
impact of investment and financing on the underinvestment
of enterprises. (is paper will focus on the analysis of the
impact of enterprises’ investment and financing conditions
on enterprises investment shortages.

Financing management refers to the financing strategy
and corresponding financing mode selected by the enter-
prise through risk and feasibility analysis to meet its own
capital needs and realize the dual control of the risk and cost
of financing, so as to build a more reasonable enterprise
capital structure. (e main contents of financing manage-
ment include: clarifying the financial objectives of the en-
terprise, scientifically predicting the demand for funds,
selecting reasonable financing channels and methods, and
ensuring the rationality of the capital structure. In a perfect
capital market, there is no difference in the financing cost of
all enterprises. No matter what kind of financing method an
enterprise chooses, its capital cost is consistent. (e change
of financing mode will not affect the discount rate, so the
investment decision of enterprises does not need to consider
the financing factor, the investment decision of enterprises
completely depends on the current investment opportunity.
When enterprises are faced with investment projects with
NPV greater than zero and investment projects with NPV
less than zero, they will choose to expand investment ex-
penditure and refuse to increase investment expenditure,
respectively, which means that in a perfect capital market,
the investment expenditure of enterprises can always be in
the optimal investment decision. However, there are often
financial frictions in the real capital market, making in-
vestment decisions not only depend on the investment
opportunities they face, but also depends on the cost of using
funds and the degree of financing constraints. Relying on
external debt financing may restrict the ability of enterprises
to invest in the future, and enterprises’ investments may
deviate from the optimal investment decision, resulting in
insufficient investment.

2.2. Local Government Debt and Insufficient Enterprise
Investment. Macroeconomic policies and environment
(e.g., macroeconomic stability, economic cycle, monetary
policy, credit policy, financial development level, and fiscal
and tax policy) will directly or indirectly affect the financing
cost and scale of enterprises, thus affecting the underin-
vestment of enterprises.

Local government debt refers to the debt that the local
government, as the debtor, undertakes the obligation of fund
repayment to the creditor in accordance with the provisions
of the agreement or contract, including the direct debt
formed by direct borrowing and default of project funds and
the debt formed by providing credit support such as
guarantee or rescue. In recent years, the rapid expansion of
local government debt in China has occupied a considerable
amount of bank credit funds. Existing studies at home and
abroad have shown that with the increase of local govern-
ment debt, the debt capital obtained by enterprises decreases
correspondingly. (e crowding-out effect of local debt
makes the financing costs of Chinese enterprises, which are
generally constrained by financing, rise and the scale of debt
financing decrease. (erefore, the growth of local govern-
ment debt will have an impact on the degree of underin-
vestment of enterprises. Even if there are good investment
opportunities, enterprises will give up investment due to the
crowding-out effect of local government debt. China’s credit
market has the characteristics of geographical segmentation,
which provides an ideal environment for testing the local
crowding out effect. However, the impact of the different
nature of borrowing enterprises is not the same. In order to
maximize profits, banks will tighten lending to higher risk
borrowers. In the Chinese market, state-owned enterprises
have explicit or implicit government guarantees, which
makes it easier to obtain bank funds.

From the existing literature research, the crowding out
effect of local government debt on corporate financing can
be divided into bond financing channels and bank credit
channels. From the perspective of bond financing channels,
under the credit and financial guarantee of local govern-
ments, the default risk of government bonds and private
corporate bonds are significantly lower than corporate
bonds. Once a large number of new government bonds flood
into the bond market, they will form a substitute role for
corporate bonds, especially those issued by non-state-owned
enterprises. In order to raise funds, companies have to raise
the yield to maturity on the bonds they issue. (e increase of
yield to maturity makes the financing cost of corporate
bonds rise and increases the financing constraint of
enterprises.

From the bank credit squeezing channel: our country’s
enterprise departments and local debt financing sources
have a lot of overlap parts, and bank loans for local gov-
ernment debt are huge. (e two forms a strong competitive
relationship between bank credit demand and government
debt. Because of its government background and implicit
guarantee, government debt enjoys an absolute advantage in
the competition with bank loans in the enterprise sector.
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First of all, in the bank-dominated financial system in China,
the overall financing structure of enterprises is dominated by
indirect financing. Compared with equity financing, en-
terprises prefer debt financing. In external financing, long-
term corporate bank loans account for more than 60%, bond
financing accounts for about 10%, other financing sources
account for 20%, and equity financing only accounts for
10%. It can be seen that bank loans have long been the most
important channel for Chinese enterprises to seek external
financing. According to the audit results of local government
debt nationwide in 2011, the growth rate of local government
debt in 2010 and 2011 was 61.92% and 18.86%, respectively.
In that year, new local government debt was 2.0472 and
2.021.3 billion yuan, respectively. Bank loans accounted for
79% of the financing sources of local government debt, and
1617.3 billion yuan and 1596.8 billion yuan of new local
government debt came from bank credit. According to the
statistical data report on the scale of social financing released
by the central bank, the total amount of RMB loans in 2010
and 2011 was 7,904 billion yuan and 7,479.9 billion yuan
respectively, accounting for 56.7% and 58.3% of the total
scale of social financing. Local government debt accounted
for 20.46% and 21.35% of bank loans in 2010 and 2011.
(erefore, local debt is a very important force in the credit
markets. Based on the above facts, the phenomenon of local
debts competing with the private enterprise sector in cor-
porate bank loans is an objective existence. Secondly, due to
the government background attribute of local debt and the
implicit guarantee of the government to the financing
platform and the credit enhancement behavior of injecting
assets such as land and other collateral. Banks and other
financial institutions with “political motivation” and risk
considerations are more inclined to lend funds to local debt.
(erefore, compared with the bank loans of local govern-
ment debt, the enterprise sector is at an absolute disad-
vantage. (e amount of credit available to enterprises
decreases as local government debt increases. In addition,
the infrastructure construction industry to which local
government debt funds are invested had a large capital
demand with a long construction cycle, which occupied
bank credit resources for a long time, aggravating the long-
term occupation of bank credit funds. According to the
financing priority theory, enterprise financing generally
follows the sequence of internal financing, debt financing
and equity financing. When the external financing cost rises,
enterprises tend to choose internal financing. In addition,
too much local government debt will lead to the increase of
economic policy uncertainty, thus inhibiting the investment
intention of enterprises and reducing the external financing
demand of enterprises. As the local government debt pushes
up the debt financing cost of enterprises through the price
mechanism, and the debt financing cost rises, enterprises
tend to replace debt financing through equity financing.

(e article constructed a DID model based on the dif-
ference of the time of establishing local government fi-
nancing platform in different counties, by matching the list
of financing platforms of county-level local governments
with the loan data of county-level financial institutions from
2006 to 2010.(erefore, with the expansion of local debt, the

investment of bank credit to the nonefficient enterprise
sector was largely influenced by the intervention of local
governments. In addition, with the regulations on traditional
sources of bank loans coming from the central government
becoming increasingly strict, local governments have turned
to nontraditional sources of credit loans for debt financing,
such as the shadow banking system. As a result, local
governments have greatly increased the demand for shadow
banking products and have raised the borrowing rates of
local shadow banks. (is has increased the cost of financing
for non-state-owned enterprises, crowding out non-state-
owned enterprises.

To sum up, the crowding out of local government debt
on corporate debt funds will lead to an increase of the
underinvestment of enterprises.

Excessive growth of local government debt will crowd
out private sector funds. However, compared with non-
state-owned enterprises, state-owned enterprises have a
great priority in obtaining bank credit funds due to their
natural political relations and implicit government guar-
antees. (e implicit guarantee provided to state-owned
enterprises refers to the self-evident guarantee provided by
the government for the competition failure and operational
loss of state-owned enterprises. (is kind of guarantee is an
abuse of the government’s credit. It is the offside of the
government, which is beyond its functions. It excludes
private credit and private guarantees that meet the re-
quirements of market economy laws and regulations. (e
information it conveys also deviates from the market rules
and undermines the market order of “survival of the fittest.”
In addition, the crowding-out effect of government debt had
little impact on state-owned enterprises. As for these en-
terprises with low financing constraints, they are less de-
pendent on debt funds. When debt funds are squeezed by
local debts, they can make financing investments through
more channels, such as internal financing, which relies on
their own cash flow, and equity financing. (erefore, the
crowding out effect of local government debt on enterprises
with high financing constraints is stronger. Local debt funds
can invest mainly in infrastructure projects in the region.
(e construction of infrastructure needs to cooperate with a
class of construction enterprises, so the investment crowding
out effect of local government debt on enterprises is weaker.
(e industry attributes of these enterprises are that local
government debt mainly invests to industry.

Based on the above theoretical analysis, the following
research hypotheses are proposed in this paper.

2.3. Local Government Debt, Proportion of Fixed Assets, and
Underinvestment of Enterprises. Fixed assets are the main
credit collateral provided by enterprises when they lend
money to banks. With the increase of the proportion of fixed
assets, the ability of enterprises to obtain bank credit is also
enhanced. In particular, after the implementation of ≪the
Property Law of the People’s Republic of China in 2007, the
real right system of security in China has been improved,
and the mortgage guarantee value of fixed assets in bank
credit has been further enhanced. (e expansion of the debt
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scale of local government squeezes the scale of bank credit
financing of enterprises and further aggravates the scarcity of
credit funds and the shortage of supply in the market. So
banks will pay more attention to the guarantee of corporate
credit collateral when they grant credit loans to enterprises.
In the context of the rapid growth of local government debt,
when enterprises carry out bank credit financing, enterprises
with high fixed assets ratios are less squeezed by local
government debt than those with low fixed assets ratios.
(erefore, the impact of local government debt on the
underinvestment of enterprises with a high fixed asset ratio
will be relatively less. In other words, with the increase of the
proportion of fixed assets of enterprises, the impact of the
scale of local government debt on the underinvestment of
enterprises decreases. We call this effect the “collateral ef-
fect” of fixed asset ratio.

In addition, the proportion of fixed assets in the total
assets of an enterprise often means the strength of the li-
quidity of fixed assets in the capital market, namely the
degree of reversibility of enterprise assets, which is mainly
reflected in the sunk costs and transaction costs that en-
terprises have to bear when disposing of investment assets.

(e effect is embodied in the following: on the one hand,
when investment assets are realized, sunk costs of existing
investments cannot be recovered due to factors such as asset
specificity. On the other hand, in order to conclude a
transaction to dispose of the investment assets, enterprises
need to pay the transaction costs and bear the purchasing
costs of assets. At the same time, when waiting for the right
transaction opportunity, enterprises need to bear the op-
portunity cost of time in the waiting process. (e revers-
ibility of assets measures a firm’s ability to protect itself in
times of trouble. When external financing is tight, compa-
nies with more irreversible assets are more likely to cut down
investment spending. (erefore, with the increase in the
irreversibility of enterprise assets, the greater the degree of
local government debt crowding out enterprise investment.
(is effect is called “the asset irreversible effect” of fixed asset
proportion.

Based on the above theoretical analysis, this paper
proposes the following hypotheses.

3. Research Design

3.1. Sample Sources and Data Description. (e annual fi-
nancial data of A-share listed companies used in the study is
derived from the CSMAR database, and the data span is
from 2011 to 2021. At the same time, we obtained the
geographic information of enterprise registration and office
location from the Wind database, and combined the in-
formation with that obtained from the CSMAR database.
Based on the availability on data of local bonds, and local
financing platforms in each city, the urban investment bonds
issued by each prefecture-level city are used in the paper to
represent the new local bonds of the prefecture-level city
every year. (e data of urban investment bonds used is from
the Wind database which includes corporate bonds, cor-
porate bonds, medium-term notes, short-term financing
bonds, privately raised bonds and other types of bonds

issued by various urban investment and financing platform
companies in the bond market (including the interbank
bond market and the exchange bond market) in the same
year. It should be noted that, though most local government
debt funding comes from bank loans, the crowding out effect
of local government debt on enterprise investment will be
underestimated, due to the availability of data. In the article,
urban investment bonds instead of local government bonds.
(e paper also emphasizes the crowding out effect of local
government debt on corporate bank credit is one of the
important factors affecting cause enterprises’ lack of in-
vestment. M2 money supply and other macro data are
derived from the CEIC database. In this paper, samples were
screened according to the following criteria: (1) excluding
financial and insurance companies; (2) excluding these
companies which are ST or ST∗; (3) excluding insolvent
companies; (4) the article winsorized the extreme value of
each variable according to 1% quantile.

3.2. Variable Selection

3.2.1. A Measure of Underinvestment in a Business. (e
residual regression of this model εit represents the inefficient
investment expenditure of the company. When εit >0, it
means that the company’s investment is overinvested, which
is denoted as Over_INV. When εit <0, it means that in-
vestment of the company is underinvested, which is denoted
as Under_INV.

Investi,t � α0 + α1 Growthi,t−1 + α2Sizei,t−1 + α3Levi,t−1

+ α4Cashi,t−1 + α5Agei,t−1

+ α6Ri,t−1 + α7Investi,t−1 + 􏽘 Industry + 􏽘Year + εit.

(1)

Among them, variable Invest represents the investment
expenditure of a business. Variable growth represents the
growth rate of core operations of an enterprise, which
measures the growth of the enterprise. Variable size mea-
sures the size of a company. Variable Lev represents the
company’s financial leverage ratio. Variable cash represents
the cash holdings of a company. Age represents the com-
pany’s age. R represents the return on shares. (e detailed
composition of variables is shown in Table 1.

3.2.2. Measurement of Financing Constraints. (ere are
many indexes to measure corporate financing constraints,
but most of them have strong endogenous problems with
corporate financial indicators. For example, financing
constraints are mutually determined by cash flow and le-
verage ratio. When the value of SA is negative, and the
greater the value of SA, enterprises will face stronger fi-
nancing constraints. (erefore, the financing constraint SA
index is temporarily adopted as the grouping basis of cor-
porate financing constraints to test the hypothesis1 in this
paper. When the SA index of the companies is below 50%,
the companies are classified into the low financing constraint
group. When the SA index of the companies is above 50%,
the companies are classified into the high financing con-
straint group.
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(e specific calculation formula is as follows:

SA � −0.737∗ Size + 0.043∗ Size2 − 0.04∗Age. (2)

3.3. Model Setting

3.3.1. Local Government Debt and Insufficient Enterprise
Investment. If corporate financing, especially bank credit
financing, has been squeezed by local government debt,
enterprises will face tighter financing constraints. (is leads
us to wonder whether local government debt is increasing
the underinvestment of companies. In order to verify hy-
pothesis 2, a benchmark model (4) was used to test the
relationship between local government debt scale and en-
terprise underinvestment. (e model is referenced by the
underinvestment model in Zhang [26].

UnderInvj,i,t � α0 + β1Debtj,t + c1CFi,t + c2Levi,tcr

+ c6OPRi,t + c7TobinQi,t + c8GDPRj,t cr
(3)

In model (3), we mainly focus on the coefficient of β1. If
β1 is significantly positive, it means that as the scale of local
government debt grows, the underinvestment of enterprises
rises.

3.3.2. Local Government Debt, the Proportion of Fixed Assets,
and Insufficient Enterprise Investment. In the article, we
need to explore whether there is a difference in the impact
of local government debt on the underinvestment of
enterprises with different fixed asset proportions. We
need to find out whether the difference is dominated by

the “collateral effect” of fixed assets or by the “irreversible
effect” of fixed assets. Based on the basis of model (3), we
add the variable L. PPE, which measures the proportion
of fixed assets of enterprises lagging behind the first stage,
and variable L.PPE ×Debt is also added in the article. (e
interactive items L.PPE ×Debt represents the product of
the proportion of fixed assets of enterprises lagging be-
hind in one period and local debt. (erefore, the em-
pirical model 4 is constructed, which mainly examines the
moderating effect of the ratio of fixed assets to local
government debt and the underinvestment of enterprises.

UnderInvi,j,t � α0 + β1Debtj,t + β2L.PPEi,t

+ β3L.PPEi,t ∗Debtj,t + c1CFi,t

+ c2Levi,t + c3Growthi,t + c4Cashi,t

+ c5Sizei,t + c6OPRi,t

+ c7TobinQi,t + c8GDPRj,t

+ 􏽘 Individual + 􏽘 Year + εit.

(4)

In model (4), we mainly focus on the coefficient of β3. If
β3 is significantly positive, it indicates that with the increase
of the proportion of fixed assets, the influence of the scale of
local government debt on the underinvestment of enter-
prises is strengthened, and the “irreversible effect of assets”
of the proportion of fixed assets is dominant. If β3 is sig-
nificantly negative, it indicates that with the increase of the
proportion of fixed assets, the influence of the scale of local
government debt on the underinvestment of enterprises is
weakened, and the “mortgage guarantee effect” of the
proportion of fixed assets is dominant.

Table 1: Main variables and description.

Variable name Variable
symbol Variable definition

Underinvestment of
enterprises UnderInv (e residual of the expected investment model is greater than zero, and the absolute value is

taken

Availability of debt financing Loan (Total borrowings in the current period - total borrowings in the previous period)/total
borrowings in the previous period

(e scale of local government
debt Debt (e additional quota of urban investment bonds issued by various prefecture-level city

financing platforms pluses 1; then, we take its log
Proportion of fixed assets PPE Net value of fixed assets/total assets
(e growth of the enterprise Growth Growth in the main business
(e size of a company Size ln(total assets)
Leverage ratio Lev Total liabilities/total assets
Cash holdings Cash (Monetary funds + net short-term investments)/total assets
Firm age Age ln༈Year established +1༉

Return on equity R
Annual return on a single stock taking into account the reinvestment of cash dividends-a
weighted average method of the combined annual market return and current market value

taking into account the reinvestment of cash dividends
Operating margin OPR Net profit/operating income
Investment opportunity Q Market value of the company/(total assets at year-end-net intangible assets)
Year-on-year growth rate of
M2 M2R Year-on-year growth rate of M2

Year-on-year GDP growth
rate GDPR Year-on-year GDP growth

Mathematical Problems in Engineering 7
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3.3.3. 2e Test of the Influence Channel of Local Government
Debt on the Underinvestment of Enterprises. (is paper
argues that the increase in local government debt will reduce
the availability of corporate debt financing through bank
credit channels and bond financing channels, thus leading to
the underinvestment of enterprises.(is paper adopts a two-
step empirical analysis order to verify the influence mech-
anism of local debt on the underinvestment of enterprises..
First of all, the loan growth rate of enterprises is used as the
dependent variable, and the debt growth scale of local
government is used as the explanatory variable for the re-
gression.(is regression mainly tests the crowding out effect
of local debt issuance on corporate debt financing. (en,
variable Invest, which represents investment expenditure of
the company is used as the dependent variable, and variable
Loan, which represents growth rate of corporate loans is
used as the explanatory variable for the regression. (is
regression mainly tests the impact of debt financing on
corporate investment. Model (5) and model (6) are as
follows:

Loani,j,t � α0 + β1Debti,j,t + λ1PPRi,t + c2CFi,t

+ c3Levi,t + c4Growthi,t

+ c5Cashi,t + c6Sizei,t + c7OPRi,t + c8TobinQi,t

+ c9GDPRj,t

+ 􏽘 Individual + 􏽘 Year + εit.

(5)

In model (5), Loan is an indicator to measure the
availability of corporate debt financing. If β1 is less than 0, it
indicates that the growth of local debt squeezes the debt
financing of enterprises.

Investi,j,t � α0 + β1Loani,j,t + λ1PPRi,t + c2CFi,t

+ c3Levi,t + c4Growthi,t

+ c5Cashi,t + c6Sizei,t + c7OPRi,t + c8TobinQi,t

+ c9GDPRj,t

+ 􏽘 Individual + 􏽘Year + εit.

(6)

In model (6), Invest is an indicator to measure the in-
vestment spending of a company. If β1 is less than 0, it
indicates that the reduced availability of debt financing
makes enterprises reduce investment expenditure.

(is avoids the influence of the clustering effect, which is
at the company level and the annual level, on the standard
error.

Table 1 shows the names, symbols, and definitions of the
main variables.

4. Empirical Analysis

4.1. Descriptive Statistics. (e main descriptive statistics are
shown in Table 2.

4.2. Local Government Debt and Insufficient Enterprise
Investment

4.2.1. Baseline Regression Results. (e estimation results of
model (3) on local government debt and enterprise in-
vestment underinvestment are shown in Table 3. (e re-
gression results of OLS regression were showed in column
(1), column (2), and column (3). (e individual fixed effect
and annual effect were controlled during the regression.
(e results show that the regression coefficient between the
scale of local government debt and the sample of enterprise
underinvestment is significantly positive at the 1% level,
respectively. Namely, the scale of local government debt
(Debt) has a significant positive impact on the underin-
vestment level (Under_INV) of local listed companies. It
means that, with the expansion of local government debt
scale, the phenomenon of underinvestment in enterprises
also increases. (e results confirm the prediction in eco-
nomic theory that the expansion of government debt will
crowd out private investment, and hypothesis 1 is
supported.

In terms of the regression results of microcontrol var-
iables, the cash flow coefficient generated by the business
activities of enterprises is significantly negative, indicating
that enterprises with good cash flow can alleviate the degree
of underinvestment. (e coefficient of enterprise scale and
leverage financial leverage is significantly negative, indi-
cating that with the increase of enterprise scale and financial
leverage, the phenomenon of underinvestment will be al-
leviated. (e coefficient of cash holding and growth of
enterprises is significantly positive, indicating that the in-
crease in cash holding and growth level will increase the
underinvestment of enterprises. (e main reason is that
enterprises with insufficient investment often lack relatively
stable and low-cost financing channels, so they need to hold
a certain cash flow to prepare for an unexpected “liquidity
shock.” As cash holdings are hoarded, the scale of enterprise
investment expenditure will fall, thus resulting in under-
investment. Companies with good growth prospects are
usually small-scale and have been established for a short
time, and they are often faced with relatively strong fi-
nancing constraints.(emore a company grows, the more it
shows strong precautionary cash holding. (erefore, with
the growth of enterprises, the phenomenon of underin-
vestment increases. (e coefficient of operating profit ratio
(OPR) and investment opportunity (TobinQ) is significantly
positive, but the coefficient value closes to zero, indicating
that the underinvestment level of listed companies is not
strongly correlated with profitability and investment
opportunities.

4.2.2. Heterogeneity Analysis

(1) Heterogeneity of Ownership Attributes. State-owned en-
terprises in our country often have implicit government
guarantees due to the care of fatherhood that comes from
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local government [27]. (e care allowed state-owned en-
terprises to be bailed out by the government in the event of
failed investments and financial difficulties. (erefore,
compared with private enterprises, state-owned enterprises
have unique advantages in external financing because of
their “soft budgetary constraint.” In the context of the

expansion of local government debt, the underinvestment
level of state-owned enterprises is not affected. However,
local government debt squeezes more external sources of
capital for private companies, thus resulting in a rise in
underinvestment. We need to investigate whether there is a
heterogeneity between local government debt and enterprise

Table 2: Descriptive statistics of major variables.

Variable Mean Sd min p50 Max
Under INV 0.0122 0.0148 0.0022 0.0314 0.0985
Over INV 0.0904 0.1135 0.0031 0.0547 0.3846
Loan 0.0632 0.4256 −0.3584 0.0221 0.2267
Debt 5.1324 2.3458 0.0017 4.5426 6.8642
PPR 0.1856 0.1435 0.0014 0.1359 0.9227
Growth 0.2654 0.5324 −0.4358 0.1046 3.2416
Size 26.2451 1.4652 18.7652 23.4508 24.5138
CF 0.0347 0.1138 −0.2541 0.0254 0.3385
Lev 0.3846 0.2456 0.0457 0.3184 0.8756
Cash 0.2754 0.1807 0.0216 0.1358 0.9648
OPR 0.3561 24.6859 −1.3568 0.1085 1.2648
TobinQ 3.1652 7.6258 0.1854 2.2437 72.1548
Age 2.4239 0.5429 1.0423 2.4585 2.4584
BC 0.6854 0.3755 0.0042 0.8756 0.8456
OC 53.1435 16.7548 13.2456 57.8546 97.5848
GDPR 0.1852 0.1854 −0.9617 0.1237 0.2345

Table 3: Local government debt and insufficient enterprise investment.

Variables (1) (2) (3)
Under_INV Under_INV Under_INV

Debt 0.006∗∗ 0.008∗∗ 0.012∗∗∗
(5.48) (3.42) (1.56)

CF −0.018∗∗∗ −0.126∗∗ −0.026∗∗∗
(−11.24) (−4.07) (−5.64)

Lev −0.107∗∗ −0.042∗∗∗ −0.068∗∗
(−18.65) (−6.53) (−5.14)

Growth 0.005∗∗∗ 0.002∗∗ 0.002∗∗
(4.99) (2.34) (2.26)

Cash 0.018∗∗∗ 0.124∗∗∗ 0.026∗∗∗
(12.15) (4.25) (6.12)

Size −0.252∗∗∗ −0.012∗∗∗ −0.026∗∗∗
(−28.26) (−4.14) (−6.85)

OPR 0.001∗∗∗ 0.006∗∗∗ 0.006∗∗∗
(20.15) (54.56) (36.54)

TobinQ 0.008∗∗ 0.026∗∗∗ 0.011∗∗∗
(2.24) (4.46) (2.56)

GDPR −0.015∗ 0.026∗∗∗ 0.002
(−1.26) (2.25) (1.96)

Observations 9542 9542 9542
Adjusted R-squared 0.245 0.054 0.056
Individual effect Yes No Yes
(e annual effect No Yes No
Control variables No No Yes
F 565.4 618.6 258.6
Note：∗∗∗, ∗∗, and ∗ are significant at the 1%, 5%, and 10% levels, respectively.
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investment insufficiency, due to the difference in enterprise
ownership attributes. Model (3) is used for sample regres-
sion. (e cross product of dummy variable of ownership
attribute (NSOE) and local government debt (Debt) is added
into model (3), and then model (7) is constructed.

UnderInvi,j,t � α0 + β1Debtj,t + β2NSOEi

+ β3NSOEi ∗Debtj,t + c1CFi,t

+ c2Levi,t + c3Growthi,t + c4Cashi,t

+ c5Sizei,t + c6OPRi,t

+ c7TobinQi,t + c8GDPRj,t

+ 􏽘 Individual + 􏽘 Year + εit.

(7)

If the property of enterprise ownership is non-state-
owned, the value of NSOE is 1. If the property of enterprise
ownership is a state-owned enterprise, the value of NSOE is
0. We predict that the coefficient of β3 is positive. It means
that, compared with state-owned enterprises, non-state-
owned enterprises will faced a more serious crowding-out
effect, which comes from the local government debt.

Columns (1) and (2) of Table 4 show the regression
results for model (3) based on the ownership attribute, In
column (1), the scale of local government debt and un-
derinvestment of enterprises is significantly negative, sug-
gests that an increase in the scale of local government debt
reduces the level of underinvestment of state-owned en-
terprises. In column (2), the scale of local government debt
and underinvestment of enterprises is positive, suggesting
that an increase in the scale of local government debt in-
creases the level of underinvestment of non-state enterprises.
In column (3), the dummy variable for ownership attributes,
NSOE×Debt is significantly positive, which indicates that
an increase in the scale of local government debt causes more
severe underinvestment in private enterprises.

(2) Heterogeneity under Different Financing Constraints.
Debt financing is the main external financing for enterprises.
It refers to the working capital or capital expenditure raised
by the enterprise through the sale of bonds and notes to
individual or institutional investors. Individual or institu-
tional investors lend funds, become the creditors of the
company, and obtain the commitment of the company to
repay the principal and interest. (e financing decision-
making of enterprises should consider the financing chan-
nels and financing costs, so a series of financing theories have
been produced. As for enterprises with tight financing
constraints, when they face the “squeeze” of local govern-
ment debt on bank credit resources and the “substitution” of
corporate bonds, the degree of underinvestment will in-
crease. Compared with enterprises with lower financing
constraints, enterprises with tight financing constraints tend
to reduce the scale of their investments scale. In order to
investigate whether there is a heterogeneity between local
government debt and enterprise investment insufficiency
due to the difference in the degree of financing constraints,
model (3) is used for sample regression, according to the

degree of financing constraints.(e cross product of dummy
variables of financing constraints (FC) and local government
debt (Debt) is added into model (3), and then model (8) is
constructed.

UnderInvi,j,t � α0 + β1Debtj,t + β2FCi,t

+ β3FCi,t ∗Debtj,t + c1CFi,t

+ c2Levi,t + c3Growthi,t + c4Cashi,t

+ c5Sizei,t + c6OPRi,t

+ c7TobinQi,t + c8GDPRj,t

+ 􏽘 Individual + 􏽘 Year + εit.

(8)

According to the financing constraint SA index, the
samples were divided into two groups according to the
quantile statistics. (ose with less than 50% quantile were in
the low financing constraint group, while those with more
than 50% quantile were in the high financing constraint
group. When the sample enterprise is in the group with high
financing constraints, the value of FC is 1. When the sample
enterprise is in the group with low financing constraints, the
value of FC is 0. We predict that the coefficient of β3 is
positive. (at is, compared with enterprises with low fi-
nancing constraints, enterprises with high financing con-
straints will face a more serious crowding out effect.

(e regression results of model (8) are shown in columns
(1) and columns (2) in Table 5. According to the financing
constraint SA index, the underinvestment enterprises were
divided into two groups: enterprises with low financing
constraints and enterprises with high financing constraints.
In the group with high financing constraints, the coefficient
between local debt and underinvestment was significantly
positive. It shows that regardless of whether enterprises have
low financing constraints or high financing constraints, the
increase in local debt causes an increase in the level of
underinvestment in enterprises. Meanwhile, the positive
effect of local debt on the level of underinvestment of en-
terprises with low financing constraints is slightly greater
than that of enterprises with high financing constraints. In
column (3), the cross product of the dummy variable CF,
which represents the degree of financing constraint, and
local government debt (Debt), is significantly positive. (is
means that the increase in local government debt will cause
more serious underinvestment for enterprises with tight
financing constraints. (e impact of local government debt
on underinvestment has different results among enterprises
with different financing constraints.

4.2.3. 2e Heterogeneity of Different Investment Industries.
Local debt funds mainly flow to infrastructure projects in the
region. (e project investment process is an organizational
configuration process based on the project’s own stake-
holders. (e investment subject of the project needs to focus
on the construction of the infrastructure project and gather
the construction party, investor, and material supplier of the
project. Among the infrastructure enterprises cooperating
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with the government, construction enterprises account for
most of the enterprises. According to the results of the
national local debt audit in 2011 and 2013, the outstanding
expenditures of local government debt were mainly used for
basic and public welfare projects such as municipal con-
struction, land purchase and storage, transportation, low-
income housing, education, science, culture, and health,
agriculture, forestry, water conservancy, and ecological
construction, accounting for 86.54% and 86.77% of the total
local debt in the same year, respectively. (erefore, the sharp
increase in local government debt has less impact on the
investment of enterprises investing in the industry. How-
ever, it has a greater impact on enterprises that are not
invested in the industry. In order to analyze whether the
impact of the expansion of local government debt on the
underinvestment of listed companies is related to their in-
dustries, the paper divides the local government debt ex-
penditure into the following industries: (1) Transportation,
warehousing, postal services;(2) water conservancy, envi-
ronmental , public facilities management; (3) electricity,
heat, gas , water production and supply; (4) residential
services, repairs, and, other services; (5) education; (6)
health, and, social work; (7) culture, sports, and, recreation;
(8) construction. If the enterprise does not invest money to
the industry above, the value of INDU is 1. If the enterprise

invests the money to the industry above, the value of INDU
is 0. In order to investigate whether there is the heterogeneity
between local government debt and enterprise investment
insufficiency, due to the difference of industry attributes,
model (3) is used for sample regression, according to the
difference of industry attributes. (e cross product of
dummy variable of financing constraints (FC) and local
government debt (Debt) is added into model (3), and then
model (9) is constructed.

UnderInvi,j,t � α0 + β1Debtj,t + β2INDUicr

+ c2Levi,t + c3Growthi,t + c4Cashi,tcr

+ c7TobinQi,t + c8GDPRj,t cr

(9)

We predict that the coefficient of β3 is positive. It means
that if companies do not belong to one of these eight sectors,
the squeeze from government debt is significant.

(e regression results of model (9) are shown in the
columns (1) and column (2) in Table 6, according to the
industry group. (e dummy variables for the degree of fi-
nancing constraints are all significantly positive, suggesting
that in both enterprises that are invested in the industry and
enterprises that are not invested in the industry, an increase
in local debt causes an increase in the level of

Table 4: (e regression results of local debt and enterprise investment under different ownership attributes.

Variables
(1) (2) (3)State-owned enterprises Non-state-owned enterprises

Under_INV Under_INV Under_INV

Debt −0.008∗∗ 0.009∗∗∗ −0.007∗∗∗
(−0.85) (3.26) (−0.46)

NSOE×Debt 0.008∗∗
(3.37)

Adjusted R-squared 0.207 0.158 0.254
Individual effect No Yes Yes
(e annual effect Yes Yes No
Control variable No Yes Yes
F 257.6 18.52 248.7
Note. ∗∗∗, ∗∗, and ∗ are significant at the 1%, 5%, and 10% levels, respectively.

Table 5: (e regression of local debt and enterprise investment under different financing constraints.

Variables
(1) (2) (3)Low financing constraints High financing constraints

Under_INV Under_INV Under_INV

Debt 0.017∗∗ 0.012∗∗∗ 0.019
(0.46) (3.14) (0.46)

FC −0.253
(−1.89)

FC×Debt 0.038∗∗
(1.85)

Adjusted R-squared 0.168 0.047 0.185
Individual effect Yes No Yes
(e annual effect Yes Yes No
Control variable No Yes Yes
F 286.4 11.37 314.5
Note. ∗∗∗, ∗∗, and ∗ are significant at the 1%, 5%, and 10% levels, respectively.
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underinvestment by firms, while the positive effect of en-
terprises that are invested in the industry level of under-
investment is slightly greater than that of enterprises that are
not invested in the industry. As for the results in column (3),
the cross term between the dummy variable INDU, which
represents the industry attribute and local government debt
(Debt) is significantly positive, indicating that local gov-
ernment debt will cause more serious underinvestment for
these enterprises that do not belong to the industry that local
government debt invests in.

4.3. Local Government Debt, Proportion of Fixed Assets, and
Insufficient Enterprise Investment. (e regression results of
model (4) are shown in Table 7. (e coefficient of
PPE×Debt of the ratio of fixed assets and local debts is
significantly greater than 0, indicating that the increase of
local government debt will have a greater impact on the
underinvestment of enterprises, that have a higher ratio of
fixed assets. (is shows that the “irreversible effect of assets”
plays a dominant role in regulating the relationship between
local government debt and enterprise investment deficiency.
With the increase in the proportion of fixed assets, enter-
prises will have greater probability to bear the sunk cost,
transaction cost and fall into financial difficulties. With
external financing constrained by local government debt,
companies with more irreversible assets are more likely to
cut investment spending.

4.4. 2e Test of the Influence Channel of Local Government
Debt on the Underinvestment of Enterprises. (e regression
results of model (5) are shown in Table 8. On the whole, the
regression coefficient between the scale of local government
debt and the availability of corporate debt financing is
negative significant, which is at the significance level of 1%.
It means that local government debt has a crowding-out
effect on corporate debt financing.

In columns (2) and (3), the regression coefficients be-
tween the scale of local government debt of SOEs, and n
non-SOEs enterprises and the availability of corporate debt
financing are s significantly negative at levels of 1% and 5%,
respectively, the absolute value of the impact coefficients is
larger than the coefficients of the whole sample༌ It shows

that whether state-owned or non-state-owned enterprises,
local debt increases crowding out affect the availability of
corporate debt financing. (e negative impact of the scale of
local government debt on corporate debt financing is greater
for nonSOEs than for SOEs, indicating that the scale of local
debt has a greater significant impact on nonSOEs. In col-
umns (4) and (5), the regression coefficients between the
scale of local government debt of invet to the industry and
Invet not to the industrial enterprises and the availability of
corporate debt financing are significantly negative in levels
1% and 5%, respectively, the absolute value of the impact
coefficients is larger than the coefficients of the whole
sample, It shows that whether invet to the industry enter-
prises or Invet not to the industry enterprises, local gov-
ernment debt increases crowding-out effect the availability
of corporate debt financing. (e negative impact of the scale
of local government debt on corporate debt financing is
greater for Invet not to the industrial enterprises than for
invet to the industry enterprises, indicating that the scale of
local debt has a greater significant impact on not to the
industry enterprises.

(e regression results of model (6) are shown in Table 9,
which mainly test the change of corporate debt financing on
corporate expenditure. (e coefficient of corporate debt
financing and local debt is significantly positive at the sig-
nificance level of 1%.(is result is not affected by the overall
regression results nor the sample regression results. (e
samples mainly refer to state-owned enterprises and non-
state-owned enterprises, invested industries and non-
invested industries. (e increase of corporate debt financing
can increase corporate investment expenditure. In other
words, enterprise’s investment expenditure is highly sensi-
tive to the change of enterprise’s debt financing. When
enterprise’s debt financing is squeezed by local debt, en-
terprise will reduce investment expenditure.

Based on the regression results in Tables 8 and 9, the
influence mechanism of local debt on the underinvestment
of enterprises is verified. (e expansion of local government
debt is crowding out the debt financing channels of cor-
porations in the bond market and financial institutions such
as banks. However, the investment expenditure of enter-
prises is very sensitive to the increase or decrease of debt
financing, and the reduction of debt financing makes

Table 6: Insufficiency under the attribute of different industries.

Variables
(1) (2) (3)Invet to the industry Invet not to the industry

Under_INV Under_INV Under_INV

Debt 0.019∗∗ 0.004∗∗∗ 0.065∗∗
(0.26) (1.86) (0.16)

INDU×Debt 0.016∗
(1.28)

Adjusted R-squared 0.108 0.208 0.135
Individual effect No Yes Yes
(e annual effect Yes Yes No
Control variable Yes Yes No
F 942.5 22.15 308.6
Note. ∗∗∗, ∗∗, and ∗ are significant at the 1%, 5%, and 10% levels, respectively.
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enterprises reduce investment expenditure, thus showing the
phenomenon of underinvestment.

5. Robustness Test

To a large extent, the robustness of the above research
conclusions depends on the reliability measured by under-
investment and the reliability of urban investment bond data.
(emethods of reducing the number of sample and changing
the estimationmethod of underinvestment are used to further
test the robustness of the above conclusions.(e regression of

model (3) is carried out again by using these urban investment
bond data, collected and published by existing scholars.

5.1. Reducing the Number of the Sample and Changing the
Estimation Method of Underinvestment. First of all, consid-
ering that there are few enterprises that meet the expected
investment expenditure in the expected investment model (1),
the residual value, which is greater than 25% quantile and less
than 75% was eliminated in this paper. (e residual represents
the cost of the firm’s inefficient investment. If the residual is

Table 7: Regulating effect of different fixed assets proportion.

Variables
(1) (2) (3)Invet to the industry Invet not to the industry

Under_INV Under_INV Under_INV

Debt 0.019∗∗ 0.004∗∗∗ 0.065∗∗
(0.26) (1.86) (0.16)

INDU×Debt 0.016∗
(1.28)

Adjusted R-squared 0.108 0.208 0.135
Individual effect No Yes Yes
(e annual effect Yes Yes No
Control variable Yes Yes No
F 942.5 22.15 308.6
Note. ∗∗∗, ∗∗, and ∗ are significant at the 1%, 5%, and 10% levels, respectively.

Table 8: Local government debt and the availability of corporate debt financing.

Variables

(1) (2) (3) (4) (5)

Whole sample State-owned enterprise Non-state-owned
enterprise Invet to the industry Invet not to the industry

Loan Loan Loan Loan Loan

Debt −0.038∗∗∗ −0.045∗∗∗ −0.107∗∗ −0.054∗∗∗ −0.113∗∗
(−2.86) (−0.68) (−3.16) (−0.39) (−3.25)

Adjusted R2 0.249 0.165 0.254 0.281 0.217
Individual effect Yes Yes No Yes No
(e annual effect Yes Yes Yes Yes Yes
Control variable Yes Yes Yes No Yes
F 59.65 33.24 24.25 25.64 30.13
Note. ∗∗∗, ∗∗, and ∗ are significant at the 1%, 5%, and 10% levels, respectively.

Table 9: Regression of debt financing and corporate investment.

Variables

(1) (2) (3) (4) (5)

Whole sample State-owned enterprise Non-state-owned
enterprise Invet to the industry Invet not to the industry

Invest Invest Invest Invest Invest

Loan 0.146∗∗∗ 0.234∗∗∗ 0.068∗∗ 0.124∗∗∗ 0.023∗∗
(17.54) (11.36) (14.17) (16.54) (8.64)

Adjusted R2 0.314 0.185 0.264 0.288 0.184
Individual effect Yes Yes Yes No Yes
(e annual effect Yes No Yes No Yes
Control variable Yes Yes Yes Yes No
F 64.38 28.65 38.46 58.64 13.56
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greater than 0, it means the company has overinvested, which is
recorded as Over_INV. If the residual is less than 0, it means
that the company has underinvested. For the convenience of
understanding, the absolute value of the sample with a residual
of less than 0 is taken in the regression analysis to measure the
degree of underinvestment, which is recorded as Under_INV.
Secondly, the growth of investment opportunities in the ex-
pected investment model is replaced by the TobinQ with a lag
phase. And then the underinvestment was reestimated and the
model (3) was reregressed. (e regression results of the re-
duction sample are shown in column 1 and column 2 in
Table 10. (e regression results of changing the underinvest-
ment estimationmethod are shown in column 3 and column 4.
(e regression results of enterprise underinvestment and local
government debt are consistent with the above results, both of
which are significantly positive. (e increase in local gov-
ernment debt will reduce enterprises’ underinvestment, which
is specifically manifested as underinvestment.

5.2. Substitution Independent Variable. In this paper, two
alternative independent variables are used to test the ro-
bustness of the results. First of all, the independent variable
Debt was replaced by a dummy variable Debt_Dum. Variable
debt represents the number of urban investment bonds issued
in the city where the enterprise is located. If the city where the
enterprise is located has issued urban investment bonds, the
value of Debt_Dum is set to 1 in that year, otherwise it is set to
0.(is can reduce the influence of some extreme values on the
regression results. In addition, Inverse Hyperbolic Sine (IHS),
the amount of bonds issued after the transformation, is used
as a variable to reflect the issuance scale of urban investment
bonds, according to some research by Mao Jie [28]. (e
regression result after replacing the independent variable is
shown in Table 11. (e calculating formula is ln (Debt IHS)
= ln [the number of debt issuance + ((the number of debt
issuance)2 + 1)1/2].

6. Further Studies

6.1. A Quasi-Natural Experiment Based on the New Budget
Law. (e debt capital is financed by a local financing
platform and is mainly used for the construction of local
infrastructure and public goods. (e payback of a project
invested in debt is longer, and the return on the project is
low. If we only rely on the low yield of the financing vehicle
itself, it is difficult to repay the principal and interest when

the debt matures. Based on this, if local financing vehicles are
“real” debt subjects, banks and bond market investors will
not lend money and buy the issued bonds at a lower rate,
which is less than the average corporate loan interest rate
and average corporate bond yield. And then the “crowding
out effect” of local debt on corporate debt financing will be
weakened or even nonexistent. However, in our country, the
government often acts as the “actual controller” of the local
financing platform. (e government can inject a large
number of land assets controlled by local state-owned en-
terprises’ equity into the financing platform and also in-
crease government subsidies for financing platforms.
(erefore, the government not only provides invisible
guarantees for financing platform, but also helps to improve
enterprise profitability to meet the regulatory ’threshold’ for
issuing of corporate bond [29]. Based on this, banks and
investors assess the default risk of financing vehicles and
urban investment bonds to be much lower than that of
general corporate bonds. (erefore, government debt can
have a “squeeze effect” on corporate debt financing, thus
affecting corporate investment and resulting in underin-
vestment. In other words, if the relationship between the
government and urban investment companies is weakened
and the confidence of banks and investors in the implicit
government guarantee is shaken, then the crowding out
effect of local debt on corporate debt financing will also be
weakened. Since January 1, 2015, the implementation of the
New Budget Law has provided us with an excellent op-
portunity for quasi-natural experiment. After the new law
takes effect, local government debt can only be in the form of

Table 10: Regression results of reducing the sample and reestimating firm underinvestment.

Variables (1) (2) (3) (4)
Under_INV Over_INV Under_INV Over_INV

Debt 0.128∗∗∗ 0.025∗∗ 0.008∗∗∗ 0.006∗∗
(1.85) (0.32) (2.58) (0.54)

Adjusted R-squared 0.118 0.238 0.164 0.224
Individual effect Yes Yes Yes Yes
(e annual effect No Yes Yes Yes
Control variable Yes Yes Yes Yes
F 8.567 9.234 225.6 16.58
Note. ∗∗∗, ∗∗, and ∗ are significant at the 1%, 5%, and 10% levels, respectively.

Table 11: (e regression result is after replacing the independent
variable.

Variables (1) (2)
Under_INV Under_INV

Debt_Dum 0.122∗∗∗
(3.16)

DebtIHS 0.018∗∗∗
(2.26)

Adjusted R-squared 0.215 0.264
Individual effect Yes Yes
(e annual effect Yes No
Control variable Yes Yes
F 265.4 282.4
Note. ∗∗∗, ∗∗, and ∗ are significant at the 1%, 5%, and 10% levels,
respectively.
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government bonds. At the same time, local government debt
is implemented through quota management. Now the debts
that come from financing platforms don’t’t belong to the
government debt. (e introduction of the ≪New Budget
Law≫ clarifies the responsibilities of the government and
enterprises. It means that government debts shall not be
borrowed through corporate financing platforms, and cor-
porate debts shall not be repaid by the government, which
ensures that who borrows what and who pays what and take
risks on their own, further demarcating the boundary be-
tween financing vehicles and local government debt.
(erefore, after the establishment of the new law, the im-
plicit guarantee and guarantee effect brought by the local
government to enterprises will be reduced, and the
“crowding out effect” on enterprises will be weakened. (e
status quo of enterprises’ underinvestment will be alleviated.

Based on the above analysis, the DID model was con-
structed in this paper to study the impact of the≪NewBudget
Law≫ on the underinvestment of enterprises. In this paper,
the dummy variable was designed to represent the imple-
mentation of the ≪New Budget Law≫. (e value of the
dummy variable is 1, when the years are 2015 and after 2015.
While in other years, the value of the dummy variable is 0.(e
phenomenon of under-investment appeared in non-state-
owned enterprises, because that the local debt significantly
squeezed out the debt financing of non-state-owned enter-
prises. However, this crowding out effect is not obvious in
state-owned enterprises. (erefore, non-state-owned enter-
prises were set as the experimental group and state-owned
enterprises as the control group. And then a double difference
model (10) and triple difference model (11) were constructed.

UnderInvi,j,t � α0 + β1Lawt ∗NSOEi + c1CFi,t + c2Levi,t

+ c3Growthi,t + c4Cashi,t + c5Sizei,t + c6OPRi,t

+ c7TobinQi,t + c8GDPRj,t

+ 􏽘 In di vi du al + 􏽘 Year + εit,

Loani,j,t � α0 + β1Lawt ∗NSOEi + β2debtj,t

+ β5Lawt ∗NSOEi ∗ debtj,t + Controli,t.

(10)

In model (9), the coefficient β1 is the mainly concern. If
β1 is less than 0, it indicates that the underinvestment of
enterprises has been alleviated after the implementation of
the new law. In model (10), the coefficient β5 is mainly
concerned. If β5 is less than 0, it indicates that the crowding
out effect of local debt on corporate debt financing decreases
after the implementation of the new law.

(e regression results of model (10) and model (11) are
shown in column (1) and column (2) of Table 12, respectively.
Since the annual fixed effect and enterprise fixed effect have
been controlled in the model, the regression results do not
include the variables Law and SOE separately. (e coefficient
β1 ofmodel (9) is significantly negative at the significance level
of 5%. It means that the underinvestment level of enterprises
has improved after the implementation of the New Budget
Law. (e coefficient β5 in model (10) is significantly negative
at the significance level of 5%. It means that the crowding out

effect of local debts on enterprises’ debt financing has
weakened after the implementation of the new law.

6.2. 2e Economic Consequences of Insufficient Investment.
With the increase of local government debt, the amount of
enterprise investment will be significantly reduced, leading
to the underinvestment of enterprises. (en what are the
economic consequences of underinvestment? We analyze
the economic consequences caused by local debt from the
perspective of enterprise value. (e information about an
enterprise investment decision is easily captured by relevant
stakeholders and market investors. And investors will judge
the value of the business. (erefore, the lack of debt funds
may cause enterprises to miss a lot of development op-
portunities, thus adversely affecting the market value of
enterprises. In order to verify this hypothesis, Tobin Q as the
measurement index of enterprise value was used in this
paper. (e interaction term of Debt×Under_INV was
added into the model, which is the product of local gov-
ernment debt (Debt) and underinvestment (Under_INV), to
test the impact of underinvestment driven by local gov-
ernment debt on enterprise value.(e result of column (3) in
Table 12 shows that the regression coefficients of local
government debt and underinvestment are both negative,
and he regression coefficients of Debt×Under_INV are
positive which are both significant at the 1% significance
level. (is indicates that the increase of local government
debt and the increase of underinvestment significantly re-
duce the value of enterprises. With the increase of local
government debt, the investment of enterprises is gradually
squeezed out, which is not conducive to the improvement of
enterprise value.

Table 12: Quasi-natural experiment and the economic conse-
quence of regression based on the new budget law.

Variables (1) (2) (3)
Under_INV Loan TobinQ

Debt −0.207∗∗∗ −0.214∗∗∗
(−1.36) (−1.86)

Law×NSOE −0.128∗∗ 0.148∗
(−1.86) (1.84)

NSOE×Debt 0.128
(0.84)

Law×Debt 0.058∗∗
(1.86)

Law×Debt×NSOE −0.186∗∗∗
(−2.64)

Under_INV −5.546∗∗
(−3.18)

Debt×Under_INV 2.126∗∗∗
(7.58)

Adjusted R-squared −0.426 −0.152 −0.138
Individual effect Yes Yes Yes
(e annual effect Yes No Yes
Control variable Yes Yes Yes
F 44.58 62.58 90.18
Note. ∗∗∗, ∗∗, and ∗ are significant at the 1%, 5%, and 10% levels,
respectively.

Mathematical Problems in Engineering 15



RE
TR
AC
TE
D

6.3. Indirect Impact of Local Government Debt on Underin-
vestment in Enterprises. In the above benchmark equation,
we analyzed the direct impact of local government debt on
the underinvestment of enterprises. (e expansion of local
government debt has a wide and far-reaching impact. Will it
affect the investment of enterprises through the partial effect
of other variables? (erefore, the indirect impact of local
government debt on the underinvestment of enterprises was
discussed in further research: Does local government debt
affect the effectiveness of monetary policy?.

(e traditional theory holds that loose monetary
policy can effectively reduce the market interest rate on
money by increasing the money supply. (e short-term
price of the means of production can stimulate enterprises
to expand the scale of investment and improve the phe-
nomenon of underinvestment. However, enterprises
(especially non-state-owned enterprises and
manufacturing industries) have been suffering from
sluggish investment in China. It seems that not all the
funds released by the central bank have gone into in-
dustrial investment. (e effect of stimulating industrial
investment is relatively weak, resulting in an increasingly

high cost of stimulus policies. (is situation may be due to
the expansion of local government debt rules. In addition,
a considerable part of the liquidity released by the loose
monetary policy flows into local government debt, thus
affecting the transmission effect of monetary policy to
boost the real economy. Based on this, the dummy var-
iables of monetary policy and the cross product of local
debt and monetary policy were added into model (3):

UnderInvi,j,t � α0 + β1debtj,t + β2Mpt

+ β3debtj,t ∗Mpt + c1CFi,t

+ c2Levi,t + c3Growthi,t + c4Cashi,t

+ c5Sizei,t + c6OPRi,t

+ c7TobinQi,t + GDPRj,t

+ 􏽘 Individual + εit.

(11)

(e annual monetary policy variable was set in this
paper. If the year is a year of tight monetary policy, the value
of the variable is 0. If this year is a year of loose monetary
policy, the value of the variable is 1. Monetary policy is

Table 13: Partial effect of local government debt on the effect of monetary policy (underinvestment).

Variables

(1) (2) (3) (4) (5)

Whole sample Non-state-owned
enterprise

State-owned
enterprise Invet not to the industry Invet to the industry

Under_INV Under_INV Under_INV Under_INV Under_INV

Debt 0.124∗∗∗ 0.014∗∗∗ 0.018∗∗ 0.018∗∗∗ 0.009∗∗
(6.38) (5.68) (0.86) (5.18) (0.46)

MP −0.024∗∗∗ −0.004∗∗∗ −0.034∗∗∗ −0.218∗∗∗ −0.128
(−2.18) (−1.58) (−3.68) (−1.58) (−0.84)

MP× debt −0.015∗∗ −0.008∗∗ −0.028∗∗∗ −0.009∗∗ −0.014∗∗∗
(−1.46) (−1.58) (−0.26) (−2.86) (−0.18)

CF −0.038∗∗∗ −0.142∗∗∗ −0.128∗∗∗ −0.114∗∗ −0.128∗∗∗
(−5.65) (−5.64) (−4.86) (−2.56) (−2.68)

Lev −0.108∗∗ −0.318∗∗∗ −0.026∗∗∗ −0.028∗∗ −0.084∗∗∗
(−8.42) (−7.52) (−6.52) (−7.85) (−1.85)

Growth 0.014∗∗ 0.018∗∗ −0.018∗∗∗ 0.023∗∗∗ 0.014∗∗
(2.58) (3.58) (−0.15) (1.84) (1.08)

Cash 0.014∗∗∗ 0.028∗∗∗ 0.012∗∗ 0.142∗∗∗ 0.108∗∗∗
(7.58) (5.68) (5.42) (8.56) (6.25)

Size −0.024∗∗ −0.024∗∗∗ −0.018∗∗∗ −0.084∗∗∗ −0.065∗∗
(−5.46) (−6.58) (−3.86) (−6.58) (−3.86)

OPR 0.028∗∗∗ 0.008∗∗ 0.005∗∗∗ 0.018 0.264∗∗∗
(38.18) (0.14) (53.46) (0.68) (34.58)

TobinQ 0.018∗∗ 0.003∗∗ 0.024∗∗∗ 0.082∗∗ 0.124∗∗∗
(1.84) (1.46) (3.54) (3.48) (2.14)

GDPR −0.014∗∗∗ −0.008∗∗ 0.005∗∗ −0.007∗∗∗ 0.468∗
(−0.24) (−0.38) (0.24) (−0.58) (0.86)

Adjusted R-
squared 0.034 0.018 0.104 0.034 0.028

Individual effect Yes Yes NO Yes Yes
(e annual effect NO NO NO Yes NO
Control variable Yes Yes Yes Yes Yes
F 181.54 17.64 482.28 18.46 332.46
Note. ∗∗∗, ∗∗, and ∗ are significant at the 1%, 5%, and 10% levels, respectively.
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defined as follows: HP filtering was applied to theM2 growth
rate time series to generate long-term trend terms and
periodic fluctuation terms. If the periodic fluctuation is
greater than zero, then the corresponding year is defined as
the year of monetary policy easing, and if it is less than zero,
it is defined as the year of monetary policy tightening.
Within the sample period, 2011–2015 are the years of
monetary easing, 2016–2021 are the years of monetary
tightening.

(e estimated results of equation (11) are reported in
Table 13. (e coefficient of MP is negative significant, which
indicates the loose monetary policy can alleviate the problem
of underinvestment by businesses. (e coefficient of cross
product between MP, a dummy variable of loose monetary
policy, and local government debt (Debt) is significant
negative. (is suggests that the increase in local government
debt has weakened the effect of easy monetary policy. (e
weakening effect is significant between non-state-owned
enterprises and enterprises in nonlocal government debt
input industry, but not significant between state-owned
enterprises and enterprises in nonlocal government debt
input industry. (is suggests that the money injected by
loose monetary policy is likely to be absorbed as local
government debt rises in short term.(emoney should have
gone to private and noninvested companies.

7. Conclusions and Policy Recommendations

(is paper mainly studies the impact of local government
debt on the underinvestment of enterprises. Conclusions are
drawn in the article that with the increase in local debt,
business underinvestment has increased. (is kind of
phenomenon is most obvious in state-owned enterprises,
enterprises with high financing constraints, and enterprises
with local debt invested in the industry. (e issuance data of
urban investment bonds at the city level, which is a proxy
indicator to measure local debt growth, is used in the em-
pirical process. (e main reason is that the increase in local
debt has squeezed the channels of debt financing for local
companies. (is crowding out effect is obvious in nonstate-
owned enterprises and enterprises whose nonlocal gov-
ernment debts are invested in the industry. We compared
with enterprises with a low fixed assets ratio, enterprises with
high fixed assets ratio will have a less positive impact of local
debt on the underinvestment in enterprises. (is is mainly
due to the role of fixed assets as collateral. In the further
study, the conclusion is drawn that the “crowding out effect”
of local debt will cause the decline of enterprise value. Fi-
nally, it is found that the monetary fund brought by the loose
monetary policy in the short-term are likely to be absorbed
by the increase in local government debt. However, this fund
should have gone to private enterprises and enterprises
whose money is not invested in industry.

(e conclusion of this paper provides new clues and
empirical evidence for the current sluggish investment in
China’s enterprise sector, which has very important policy
implications. For a long time, local governments have been
expanding their own debt to achieve the goal of economic
development while ignoring the fact that the increase in local

debt will squeeze out financing channels of real enterprises
that are in urgent need of external capital support, thus
leading to the underinvestment of enterprises. Local gov-
ernments should properly handle the scale of government
debt issuance in the course of steady economic growth, and
should not interfere toomuch in the flow of credit funds.(e
government should give full play to the role of the market in
resource allocation and let capital flow to efficient sectors.
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�is research aims to �nd the barriers that a�ect the implementation of sustainable supply chain management (SSCM) and rank
them using hybrid multiple-criteria decision analysis (MCDA) methods in the healthcare industry. As companies seek to earn
revenue by providing goods or services to customers, they must also consider social responsibility, economics, and the envi-
ronment as other multiple external factors. One of the most crucial factors is the company’s stewardship of the environment, but
economic factors must be regarded when keeping the environment clean by balancing the economic situation to make a pro�t.
�is study extracts the barriers to implementing SSCM from previous studies, adapts these barriers to the healthcare industry, and
ranks them using a hybrid best-worst method (BWM) and combined compromise solution (CoCoSo)method.�e result indicates
that hospital 7 should rank SSCM higher than the other six healthcare centers evaluated. Moreover, among the barriers, high
disposal costs is the most crucial factor when considering implementing SSCM.

1. Introduction

Healthcare is one of the most signi�cant industries that play
a critical role in life. It is also a crucial factor in assessing a
country’s level of development [1]. �e healthcare industry
can help people survive illnesses, and it can be a source of
pro�t for a country in terms of attracting healthcare tourism
[2]. Even though healthcare is one of the most signi�cant
sources of pollutant materials for the environment, recycling
such materials requires large budgets and unique processes
[3]. However, providing materials for hospitals and
healthcare centers is very important [4]. A delay in deliv-
ering critical materials and facilities to these centers

translates into multiple deaths [5]. Hence, implementing
supply chain management (SCM) with a protected envi-
ronment at a fair pro�t is an arduous task.

SCM is converting raw materials into �nal goods or
services delivered to end-users, encompassing procurement,
processing, inventory, shipping, etc [6]. Designing the best
approach for these activities decreases production costs and
increases customer satisfaction [7]. �e SCM process con-
sists of many parts, each having a crucial role in delivering
the best result [8]. Many other relevant concepts have
emerged after the SCM concept such as green SCM, fourth-
party logistics (4PL), third-party logistics (3PL), etc. One
such concept is sustainable SCM (SSCM), which is closely
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related to green SCM. Whereas green SCM focuses on
environmental issues only; SSCM, in addition to environ-
mental issues, encompasses substantial other problems such
as economics [9]. Hence, SSCM is a more developed and
complex approach than green SCM.

SSCM has many barriers to implementation in the real
world [10]. However, companies are challenged to design
improvement programs to eliminate these barriers because
of limited resources in terms of human resources (HR),
financial issues, information, time, etc. +erefore, first and
foremost, barriers must be identified. Second, barriers must
be customized according to the research environment and
then ranked to find each barrier’s degree of importance.
Many methods have been used for ranking factors. One of
the most popular and valuable methods is multi-criteria
decision analysis (MCDA). In this study, the best-worst
method (BWM) and the combined compromise solution
(CoCoSo) method will be applied to rank both the barriers
and the hospitals to find which hospitals need to give more
attention to implementing SSCM.

+e contribution of this research is the combination of
BWM and CoCoSo methods to rank barriers to imple-
menting sustainable supply chain management (SSCM) in
the healthcare industry. Although ranking barriers to SSCM
is one of the most popular topics among researchers, using a
combination of BWM and CoCoSo is a novel approach to
implementing SSCM in the healthcare industry. +e next
section will describe the reasons for combining these
methods.

+e research questions of this study are as follows:

RQ1. What are the barriers to implementing SSCM in
the healthcare industry?
RQ2. What are the weights of these customized
barriers?
RQ3. Which of these hospitals must put a focus on
eliminating SSCM barriers?

+e rest of the study is organized as follows: Section 2
gives the literature review. Section 3 describes the research
methodology, while Section 4 consists of the data analysis.
+e final section covers the conclusion and managerial
implementation.

2. Literature Review

SSCM seeks to protect the environment, but implementing
this method and other methods faces many barriers. Hence,
many studies have been done to learn how to mitigate these
barriers.

Regarding the implementation of SSCM, Paul et al. [11]
did a review study about using MCDA in SSCM. +eir
study lists which kinds of MCDA methods have been
applied in SSCM. Kouhizadeh et al. [12] explored the
barriers to using blockchain in SSCM and found 21 bar-
riers categorized into technological context; organizational
context; environmental context from an SCM standpoint;
environmental context from an external perspective; and
then the relationship among these methods was identified

according to the decision-making trial and evaluation
laboratory (DEMATEL) method. +e result indicated that
supply chain and technology were the most significant
barriers to using blockchain in implementing SSCM.
Moktadri et al. [13] modelled the relationship of barriers to
SSCM in the leather industry using Grey-DEMATEL.+ey
found 35 barriers to implementing SSCM in the leather
industry in Bangladesh. +e relationship between these
barriers was then identified using the DEMATEL method
in an uncertain environment (Grey method). +e result
suggested that the largest barriers included (a) lack of
awareness of local customers in green products and (b)
lack of commitment from top management. Moreover, the
most common barriers were the lack of reverse logistic
practices and outdated machinery. Yadav et al. [14]
designed a model to eliminate barriers to SSCM in an
Industry 4.0 environment in the automobile industry.
First, the barriers to SSCM were extracted then they were
ranked based on Elimination and Choice Expressing Re-
ality (ELECTRE) and BWM, both MCDA methods. +e
results indicated that among 28 barriers, the highest were
lack of budget, technology, and HR; conflict between free
trade and the product sustainability policy; provisions; and
a penurious commitment from management to adopting
sustainability. +en, using Industry 4.0, they sought to find
a solution to tackling these barriers among 22 solutions.
+e best solutions were the companying adopting the 6 Rs,
lifecycle analysis and environmental product design,
and automation of supply chain activities. Paliwal et al.
[15] undertook a review of previous studies using block-
chain in SSCM. +ey classified related research into eight
categories.

Kumar et al. [16] designed the SSCM method according
to Industry 4.0. In this research, the primary barriers to
implementing SSCM are extracted and then the barriers are
ranked based on ELECTRE and the Analytical Hierarchy
Process (AHP). +e result indicated that ineffective strate-
gies combined with a lack of funds were the most significant
barriers. Torkabadi et al. [17] implemented hybrid MCDM
(multiple-criteria decision-making) methods for improving
SSCM. +e study, which focuses on sustainable production
and consumption in terms of SSCM and its barriers, used a
fuzzy analytical network process (FANP) to rank these
barriers with the most significant barrier being the orga-
nization dimension. Gardas et al. [18] evaluated SSCM in the
oil and gas industry. +is research identified the SSCM
factors that affected business operating performance using
the ISMmethod.+e results indicated which of these factors
affected the others. Gupta et al. [19] illustrated how to cope
with barriers to implement SSCM and used BWM for
ranking these barriers. +eir results suggested that a lack of
expertise, “lack of R&D capabilities,” “commitment to use
traditional technology,” “high priority to investment in the
latest technology,” and “fear of loss of flexibility and over
workload” were the most critical factors. Delmonic et al. [20]
evaluated barriers to the implementation of SSCM in
emerging economies. +e study showed that organizational
culture was the most crucial factor. Sanchez-Flores et al. [21]
carried out a literature review of SSCM in emerging
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economies and evaluated 56 papers from 2010 to 2020,
compiling and organizing the relevant factors.

Moheimani et al. [22] studied hospital preparation
when they faced the COVID-19 disaster by rough set.
+ey evaluated 25 hospitals in Tehran and showed how
these hospitals could cope with this disaster by using fit
rules. Sarkar and Sana [23] used a data mining method to
predict disease in the healthcare industry. By using two-
step DSS, the best prognosis for these diseases is obtained.
+e result pointed out that this model can predict the
illnesses for initial diagnosis. Moheimani et al. [24]
evaluated agile hospitals whenever they faced disaster by
using interval type-2 fuzzy. In this study, the relationship
between agile and disaster management is evaluated
according to four agile steps for hospitals. +e result
indicated which hospital is agile whenever it is faced with
disaster.

Table 1 shows the method employed in previous studies.

2.1. Research Gap. Although many papers about ranking
barriers to SSCM implementation have been published
using MCDA methods both in certainty and uncertainty
environments, this study sought to use the hybrid MCDA
methods with high accuracy and reliability. Hence, the
BWM and CoCoSo methods were combined to form a
hybrid MCDA method with high accuracy and reliability.
+e healthcare industry is one that disposes dangerous
substances into the environment, while destroying or
recycling used hospital equipment is very hard and costly.
+erefore, SSCM is crucial for the hospital in the envi-
ronment as equipment must be provided for all patients.
Hence, balancing between SSCM and providing equip-
ment for the patient is essential. +is research demon-
strates that hospitals must focus on that to not only
implement SSCM, but also provide all necessary patient
equipment and afterwards recycle or destroy them without
harmful effects on the environment. As Table 1 implies, no
paper has been published about ranking barriers to SSCM
using these two methods, especially in healthcare indus-
tries. Some DMs were selected for answering the ques-
tionnaires. +ese DMs have expertise in the hospital
subjects and training and in SSCM, so these DMs can
answer these questionnaires accurately. Some of the
drawbacks of the Analytical Hierarchy Process (AHP)
methods, such as less pairwise and increased model ac-
curacy, have been removed by BWM. Moreover, BWM is
more user-friendly than other families such as AHP,
Analytical Network Process (ANP), etc.

Most of theMCDAmethods generate a single result such
as the Technique for Order of Preference by Similarity to
Ideal Solution (TOPSIS), VIekriterijumsko KOmpromisno
Rangiranje (VIKOR), multi-objective optimization based on
ratio analysis (MOORA), and multiple objective optimiza-
tion based on ratio analysis plus full multiplicative form
(MULTIMOORA). However, one of the crucial advantages
of using the CoCoSo method is that the result generates
three aggregate rankings, which leads to increased accuracy
and reliability [25].

3. Research Methodology

3.1. MCDA Techniques

3.1.1. Best-Worst Method. +e BWM method is a kind of
MCDA method that ranks factors according to pairwise
comparison.+is method is the invention of Rezaei [26].+e
computation of this method involves several steps:

Step 1.+e criteria and alternatives of the model (C) are
found as follows:

C � c1, c2, . . . , cn􏼈 􏼉. (1)

Step 2. +e best criterion is identified and denoted as
B. +en, this criterion is compared with the rest of
the criteria according to a 1–9 scale. +e preferences
of the best criterion B are indicated as
AB � (aB1, aB2, . . . , aBn). +e criterion of aBB is 1.
Step 3. +e worst criterion is denoted as W. +is cri-
terion is compared with the other criteria according to a

Table 1: Previous studies.

Author(s) Methods
[12] DEMATEL
[13] Grey-DEMATEL
[14] ELECTRE-BWM
[16] ELECTRE-AHP
[17] Fuzzy-ANP
[18] ISM
[19] BWM
+is research CoCoSo-BWM

Table 2: Barriers to implementing SSCM.

Author(s) Barriers
[28, 29] Lack of legislation
[30] Lack of strategy
[31, 32] Lack of highly skilled workforce
[33, 34] Organizational culture
[35, 36] Lack of management support
[32, 34] Lack of training
[37, 38] Lack of sustainability awareness
[39, 40] High cost of sustainability
[41, 42] High disposal cost
[43, 44] Limitation of knowledge
[34, 45] Lack of waste management technology
[32, 34] Lack of sustainable supplier

Table 3: DM composition.

DMs Education Years of experience
DM1 PhD 27
DM2 PhD 25
DM3 MSc 29
DM4 PhD 31
DM5 MSc 26
DM6 MSc 27
DM7 PhD 28
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1–9 scale. +e worst preference of the worst criterion is
indicated as Aw � (aw1, aw2, . . . , awn). +e aww is 1.
Step 4. Weights (W) are obtained per the following
formula, which are (W∗1 , W∗2 , . . . , W∗n ).

+e maximum absolute differences |wB/wj − aBj| and
|wJ/ww − awj| such as the ratio of weights related to best
relative preferences are minimized for all j, while n shows the
number of iterations and j demonstrates the number of
criteria. +e following equation shows this computation
[26]:

min maxj

wB

wj

− aBj

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
,

wj

ww

− awj

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
􏼨 􏼩. (2)

Subject to

􏽘
j

wj � 1, wj ≥ 0, for all j.
(3)

+e following is another form of equation (3) [25]:

max
j

wB/wj − aBj

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌, wj/ww − awj

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼚 􏼛

min ξ
(4)

Subject to

wB

wj

− aBj

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
≤ ξ for all j,

wj

ww

− awj

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌
≤ ξ for all j,

􏽘
j

wj � 1, wj ≥ 0 for all j.

(5)

3.1.2. CoCoSo Method. +e combined compromise solution
(CoCoSo) method is one of the MCDA methods that uses a
decision matrix for computation data.+is model consists of
two kinds of MCDA methods:

(i) Simple additive weighting (SAW) and
(ii) Exponentially weighted product (EWP) [27].

+e steps of the CoCoSo method are as follows:

Step 1:
Create decision matrix

xij �

x11 . . . x1n

⋮ ⋱ ⋮

xm1 . . . xmn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (6)

xij is the preference of a DM for criterion j to alter-
native i.
Step 2:
Normalize the decision matrix according to the fol-
lowing equations:

rij �
xij − min

i
xij

max
i

xij − min
i

xij

, (7)

rij �

max
i

xij − xij

max
i

xij − min
i

xij

. (8)

Step 3:
Compute the sum of the sequences of weighted com-
parability (Si) and the power-weighted comparability
sequence (Pi) for each estimated alternative: wj is
weights of criteria obtained from BWM.

Table 4: Screening the barriers to SSCM.

DM1 DM2 DM3 DM4 DM5 DM6 DM7 Average Result
Lack of legislation 5 5 5 4 4 5 4 4.57 Accepted
Lack of strategy 3 4 4 3 3 4 5 3.71 Rejected
Lack of highly skilled workforce 4 5 5 4 3 4 5 4.28 Accepted
Organizational culture 4 4 3 3 4 5 3.83 Rejected
Lack of management support 5 5 5 4 4 3 4 4.28 Accepted
Lack of training 3 3 4 3 5 3 4 3.57 Rejected
Lack of sustainability awareness 5 5 5 4 4 3 4 4.28 Accepted
High cost of sustainability 4 4 5 5 4 3 4 4.14 Accepted
High disposal cost 4 4 4 5 5 3 4 4.14 Accepted
Limitation of knowledge 5 5 4 4 3 4 5 4.28 Accepted
Lack of waste management technology 4 4 5 5 5 5 3 4.42 Accepted
Lack of sustainable supplier 3 4 5 4 5 3 4 4 Accepted

Screen these barriers using the Delphi method

Rank the barriers using BWM

Rank healthcare centers using the CoCoSo method

Step 1

Step 2

Step 3

Step 4

Find barriers to implementing SSCM from previous studies

Figure 1: Research methodology procedure.
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Si � 􏽘
n

j�1
wjrij􏼐 􏼑. (9)

Pi � 􏽘

n

j−1
rij􏼐 􏼑

wj
. (10)

Step 4:
Compute the similar weights of the alternatives:
Use three aggregate evaluation scores to produce rel-
ative performance scores for the other options, which
are as follows:

kia �
Pi + Si

􏽐
m
i�1 Pi + Si( 􏼁

, (11)

kib �
Si

Si

+
Pi

Pi

, (12)

kic �
λ Si( 􏼁 +(1 − λ) Pi( 􏼁

λSi +(1 − λ)Pi( 􏼁
, 0≪ λ≪ 1. (13)

Equation (11) expresses the arithmetic mean of the
sum of the weighted product model (WPM) and
weighted sum model (WSM) scores. Meanwhile in
(12), the best alternative shows the sum of the relative
WPM and WSM scores. Also, a balanced/accurate
compromise score of the WPM and WSM models is
computed in equation (13). Also, in Equation (13), λ
(the threshold λ� 0.5) ranges from 0 to 1, as selected
by the decision-maker.
Step 5:
+e ranking of the alternatives is calculated based on ki
values.
+e rank of alternatives ki is demonstrated below [27].

ki � kiakibkic( 􏼁
1/3

+
1
3

kia + kib + kic( 􏼁. (14)

3.2. Barriers to Implementing SSCM and Its Customization.
According to previous studies, the barriers to implementing
SSCM are as listed in Table 2:

3.3. Customized Barriers. Many methods have been used for
screening factors. One of these methods is the Delphi
method for screening factors according to the DM’s

viewpoint. For the preliminary screening, the questionnaire
was designed according to these barriers. +e questionnaires
were distributed among DMs who have the best knowledge
about this subject. +e appropriate number of DMs is a
matter of dispute among academics. Some in the scientific
community believe that this number must be between 5 and
15, while others believe that this number must be more than
100. In this research, the number of DMs is seven. +ese
DMs are not only specialists about hospital procedures, but
they also have implemented many SCM projects in the
healthcare industry and spent more than 100 hours in most
of the SCM fields such as SSCM.

+e DM information is tabulated in Table 3.
+en a related questionnaire according to the 5-point

Likert scale was distributed among the DMs. If the average
score equaled four or more, the factor was accepted, oth-
erwise it was rejected. +e results of the screening variables
are shown in Table 4.

+e result shows that only three of the twelve obstacles
were eliminated with nine remaining.

3.4. Research Procedure. We adopted the following proce-
dure in this research:

Step 1: +e barriers related to implementing SSCM are
compiled from previous studies.
Step 2:+e barriers are screened using the Delphi method.
Step 3: +e customized barriers are ranked by BWM.
Step 4: Seven healthcare centers are organized to im-
plement SSCM using the CoCoSo method. Figure 1
shows this procedure.

4. Data Analysis

First, the barriers are ranked using the BWM. In this
method, the best criterion is selected. +is criterion is then

Table 5: Preferences of DMs for best criterion.

Best Lack of
legislation

Lack of
highly
skilled

workforce

Lack of
management

support

Lack of
sustainability
awareness

High cost of
sustainability

High
disposal
cost

Limitation
of

knowledge

Lack of waste
management
technology

Lack of
sustainable
supplier

High
disposal
cost

9 8 9 7 9 1 8 8 9

Table 6: Preferences of DMs for worst criterion.

Weakest barrier Ranking
Lack of legislation 4
Lack of highly skilled workforce 6
Lack of management support 4
Lack of sustainability awareness 7
High cost of sustainability 7
High disposal cost 8
Limitation of knowledge 5
Lack of waste management technology 4
Lack of sustainable supplier 1
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compared with the other criteria according to DM pref-
erences. +e DMs ascribe their preferences using a 9-point
Likert scale. +e top criterion is “high disposal cost.” +e
mode of DM answer is used for calculation in BWM for
reaching only one answer. After finding the mode of the
answer, the result informs all DMs to confirm them.
Table 5 shows the preferences of DMs regarding the best
criterion.

+e weakest criterion is “lack of sustainable suppliers.”
Table 6 shows the preferences of DMs regarding the worst
criteria, and Table 7 points out the final weights.

+e result shows the ranking and weights of each cri-
terion. +ese weights were obtained according to equations
(3)–(5).

High disposal cost> lack of sustainability awareness,
high cost of sustainability> lack of highly skilled work-
force> limitation of knowledge> lack of waste management

technology, lack of legislation, lack of management sup-
port> lack of sustainable supplier.

Moreover, the inconsistency rate of this computation
was 0.17. +e best ratio for the accepted inconsistency rate is
less than 0.18, which this research was included in this range.

+e CoCoSo method was then used to rank these seven
healthcare systems.

First, an initial matrix was created according to Table 8.
+is matrix was created according to DM preferences who
ascribed scores from 1 to 10. +e average scores show the
final preferences (equation (6))

+e normalized matrix shown in Table 9 was created
according to equations (7) and (8).

Weighted comparability sequence and Si are demon-
strated in Table 10 according to equation (9).

Exponentially weighted comparability sequence and Pi
are displayed in Table 11 based on equation (10).

Table 9: Normalized matrix.

Weights
of criteria 0.068 0.076 0.068 0.087 0.068 0.44 0.07 0.07 0.03

Kind of
criteria

−1 −1 −1 −1 −1 −1 −1 −1 −1

Lack of
legislation

Lack of
highly
skilled

workforce

Lack of
management

support

Lack of
sustainability
awareness

High cost of
sustainability

High
disposal
cost

Limitation
of

knowledge

Lack of waste
management
technology

Lack of
sustainable
supplier

A1 0.0732 1.0000 0.5829 0.0000 0.8020 1.0000 0.8729 0.0855 0.5291
A2 0.8838 0.9304 0.5653 0.0272 0.7669 0.0028 0.7650 0.8158 0.2767
A3 0.1288 0.1907 0.4322 1.0000 1.0000 0.0000 0.0863 0.4254 0.0000
A4 0.2753 0.0000 0.9673 0.9101 0.0000 0.6817 1.0000 0.2149 0.6699
A5 0.0000 0.8737 0.5402 0.5232 0.2531 0.9803 0.5516 1.0000 0.6214
A6 0.1237 0.3995 0.0000 0.5014 0.2682 0.6085 0.0000 0.0000 0.7573
A7 1.0000 0.0464 1.0000 0.1144 0.5990 0.8197 0.5372 0.9035 1.0000

Table 7: Final weights.

Lack of
legislation

Lack of
highly
skilled

workforce

Lack of
management

support

Lack of
sustainability
awareness

High cost of
sustainability

High
disposal
cost

Limitation
of

knowledge

Lack of waste
management
technology

Lack of
sustainable
supplier

Weights 0.068 0.077 0.068 0.088 0.068 0.443 0.077 0.077 0.034

Table 8: Initial matrix.

Weights
of criteria 0.0682095 0.07673569 0.0682095 0.08769793 0.0682095 0.443361754 0.076736 0.076736 0.034105

Kind of
criteria

−1 −1 −1 −1 −1 −1 −1 −1 −1

Lack of
legislation

Lack of
highly
skilled

workforce

Lack of
management

support

Lack of
sustainability
awareness

High cost of
sustainability

High
disposal
cost

Limitation
of

knowledge

Lack of waste
management
technology

Lack of
sustainable
supplier

A1 9.29 5.91 6.76 9.39 6.29 6.22 6.17 9.27 6.57
A2 6.08 6.18 6.83 9.29 6.43 9.76 6.62 5.94 7.09
A3 9.07 9.05 7.36 5.72 5.5 9.77 9.45 7.72 7.66
A4 8.49 9.79 5.23 6.05 9.49 7.35 5.64 8.68 6.28
A5 9.58 6.4 6.93 7.47 8.48 6.29 7.51 5.1 6.38
A6 9.09 8.24 9.08 7.55 8.42 7.61 9.81 9.66 6.1
A7 5.62 9.61 5.1 8.97 7.1 6.86 7.57 5.54 5.6
Max 9.58 9.79 9.08 9.39 9.49 9.77 9.81 9.66 7.66
Min 5.62 5.91 5.1 5.72 5.5 6.22 5.64 5.1 5.6
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+efinal weights are shown in Table 12. Lambda is 0.5.+e
final weights were found according to equations (11)–(14).

4.1. SensitivityAnalysis. In this section, the different Lambda
amounts were ranked from 0.1 to 0.9 to find whether this
change affected the result. Table 13 shows the sensitive
analysis of the result.

+e result of this sensitivity analysis suggested that with
different Lambda amounts, between 0.1 and 0.9, all re-
sponses are the same as each other.

5. Conclusion and Managerial Implementation

SSCM has a critical role in industries. Many companies are
eager to implement SSCM whether arbitrarily or by legal
force. Additionally, other vital factors such as customer
sentiment force them to adopt SSCM.+e method advanced
in this work considers all comprehensive factors such as
environment, economics, and society for implementing
SCM. However, implementing SSCM is not a trivial task as
there are many barriers to SSCM and therefore companies
must cope with all of them. Unfortunately, none of the
companies can directly access resources such as HR, budget,
etc., so they must first rank these factors and then, according
to their priority, design improvement projects to eliminate
them. +is study sought to do so in the healthcare industry,
which is an industry that significantly pollutes the envi-
ronment, thus hospitals must allocate more of their budget
to process these materials, including seeking ways to increase
revenues to tackle the lack of funding. Additional funding
must be allocated to develop their departments, acquire new
technology to treat disease, and help the poor with affordable

Table 13: Sensitivity analysis.

Lambda 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
A1 3 3 3 3 3 3 3 3 3
A2 5 5 5 5 5 5 5 5 5
A3 7 7 7 7 7 7 7 7 7
A4 4 4 4 4 4 4 4 4 4
A5 2 2 2 2 2 2 2 2 2
A6 6 6 6 6 6 6 6 6 6
A7 1 1 1 1 1 1 1 1 1

Table 10: Weighted comparability sequence.

Lack of
legislation

Lack of
highly
skilled

workforce

Lack of
management

support

Lack of
sustainability
awareness

High cost of
sustainability

High
disposal
cost

Limitation
of

knowledge

Lack of waste
management
technology

Lack of
sustainable
supplier

A1 0.0050 0.0767 0.0398 0.0000 0.0547 0.4434 0.0670 0.0066 0.0180
A2 0.0603 0.0714 0.0386 0.0024 0.0523 0.0012 0.0587 0.0626 0.0094
A3 0.0088 0.0146 0.0295 0.0877 0.0682 0.0000 0.0066 0.0326 0.0000
A4 0.0188 0.0000 0.0660 0.0798 0.0000 0.3022 0.0767 0.0165 0.0228
A5 0.0000 0.0670 0.0368 0.0459 0.0173 0.4346 0.0423 0.0767 0.0212
A6 0.0084 0.0307 0.0000 0.0440 0.0183 0.2698 0.0000 0.0000 0.0258
A7 0.0682 0.0036 0.0682 0.0100 0.0409 0.3634 0.0412 0.0693 0.0341

Table 11: Exponentially weighted comparability sequence.

Lack of
legislation

Lack of
highly
skilled

workforce

Lack of
management

support

Lack of
sustainability
awareness

High cost of
sustainability

High
disposal
cost

Limitation
of

knowledge

Lack of waste
management
technology

Lack of
sustainable
supplier

A1 0.8367 1.0000 0.9639 0.0000 0.9851 1.0000 0.9896 0.8280 0.9785
A2 0.9916 0.9945 0.9618 0.7291 0.9821 0.0740 0.9797 0.9845 0.9571
A3 0.8695 0.8806 0.9444 1.0000 1.0000 0.0000 0.8286 0.9365 0.0000
A4 0.9158 0.0000 0.9977 0.9918 0.0000 0.8438 1.0000 0.8887 0.9864
A5 0.0000 0.9897 0.9589 0.9448 0.9105 0.9912 0.9554 1.0000 0.9839
A6 0.8672 0.9320 0.0000 0.9412 0.9141 0.8023 0.0000 0.0000 0.9906
A7 1.0000 0.7901 1.0000 0.8269 0.9656 0.9156 0.9534 0.9922 1.0000

Table 12: Final weight.

Alternatives KA Ranking KB Ranking KC Ranking K K Final ranking
A1 0.1545 3 4.2585 3 0.9028 3 2.6125 2.6125 3
A2 0.1492 4 2.8439 5 0.8721 4 2.0064 2.0064 5
A3 0.1250 6 2.1858 7 0.7302 6 1.5979 1.5979 7
A4 0.1343 5 3.5656 4 0.7846 5 2.2163 2.2163 4
A5 0.1579 2 4.4105 1 0.9228 2 2.6933 2.6933 2
A6 0.1089 7 2.6001 6 0.6362 7 1.6798 1.6798 6
A7 0.1703 1 4.3676 2 0.9953 1 2.7491 2.7491 1
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health treatment pricing or free of charge, so this contra-
diction surrounding the implementation of SSCM must be
balanced.+e two research questions tackled in this research
are outlined in the introduction.

First, related barriers are compiled from previous studies
to address the first question. Twelve factors have been
extracted for addressing this question of earlier research, but
these factors must be customized.+eDelphi method, which
is used in this research, helps customize these factors. Using
this method showed that nine of them were accepted among
these factors and three were rejected. +e second research
question sought to find which of the seven hospitals had the
implementation of SSCM as its highest priority, which was
achieved using CoCoSo and BWM. First, all customized
barriers are weighted using BWM, a model with several
advantages compared to the AHP method. Among these
barriers, high disposal costs was given the highest priority,
which means that hospitals must pay more attention to this
factor. +en, seven healthcare industries are ranked using
CoCoSo. +e result of ranking hospitals by the CoCoSo
method demonstrated that hospital 7 must focus on
implementing SSCM. +is method has the advantage over
other similar techniques in that the result is obtained in just
three stages.

+is study demonstrated a road map for the healthcare
industry to implement SSCM. +is industry is critical
because it directly impacts people’s lives. Healthcare is a
hybrid industry because it must focus on earning revenue
while still respecting environmental issues. Hence, the
implementation of SSCM is vital for this industry. +e
limitation of this research is that the DMs who contributed
to this research are doctors and head nurses and unfamiliar
with MCDA methods. For future research, researchers
could investigate an uncertain environment using a variety
of kinds of fuzzy numbers such as Pythagorean, hesitant,
and so on.
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In recent years, sustainable environmental issues have attracted attention from all circles due to environmental variation and the
depletion of natural resources. Modern thinking about the environment contains the human environment, historical tradition,
and social life of the whole ecosystem. In this research, the design, development, and construction of the environmental system are
assessed. In this regard, sustainable development, environmental issues, venue administrators and sta
, tourists’ education, and
service quality evaluation are investigated. After correction to build four broad categories of 26 education venue service quality
evaluation indexes, the ecological environment issues venue service quality of the Hakka Romantic Avenue project was conducted
by questionnaire survey in Taiwan. Moreover, the VIKOR method is used for service quality evaluation of di
erent subjects,
sorting visitors to the evaluation results of the reference, �nding the government supervisors, and environmental planning venue
administrators. �e results showed that the Service Preference (SERVPERF) model combined with Fuzzy-AHP and VIKOR
method was e
ective in the ranking of service quality evaluation of environmental planning venues, and it was signi�cant to
eliminate the complacent tendency of the administrators of environmental planning venues to improve the service quality of
education venues.

1. Introduction

In recent years, the environmental problems caused by
global warming have become increasingly serious. In order
to restore the environment after being damaged, it is not
enough to engage in pollution prevention and ecological
conservation [1–3]. �e only way is to let people understand
the seriousness of environmental problems and change their
attitude. �erefore, environmental planning has become
very important for a country, and some countries have taken
measures to promote environmental planning [4–6]. In
order to protect and promote the development of good and
popularization of environmental education, various forms of
environmental planning legislation are carried out.�e 1972
United Nations Conference on the human environment

issued a “declaration of Human” that caused humans to pay
attention to environmental problems, the starting of the
Human and Natural Environment harmonious co-existence
of the benign interaction with the natural ecological concept
in the new era. Environmental rehabilitation cannot catch
up with the pace of human development, and the concept of
coexistence with nature needs to be transmitted and in-
ternalized through education and be deeply rooted in the
living environment so as to actively restore the overall
operation of the large ecological system [7–10].

For environmental protection, people need to have the
same feeling of “human being is one of all things” and
rethink the relationship between humans and nature. En-
vironmental planning is an education mode that exists in all
aspects of people’s life. It is new thinking that obtains respect
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for ecology and the balance between manmade and ecology
through living experience [11–13]. Its scope and projects are
numerous and wide. At present, Taiwan has set up many
environmental planning venues for citizens, aiming at
strengthening the idea of implementing ecological envi-
ronment education in living areas, looking for planning
factors of ecological environment education field from
existing regional conditions and community development,
injecting local care of environmental conservation and
cultural inheritance, and trying to achieve the goal of en-
vironmental sustainability [14–16].

Environmental planning venues not only assist local
teaching but also bring about attention to local tourism. )e
motivation of this study is how to provide unique and in-
novative services to attract more tourists to environmental
planning venues [17–19]. In the public sector management
evaluation stage, the biggest problem is not yet establishing
environmental planning venue in the Taiwan certification
system and evaluation standard. At present, only less than
50% of the environment education venue permits a legal
registration certificate. And the operator is doing everything
they can to design features of leisure venues. )e “service
quality” is the good, and bad are intermingled, for tourists, as
the advantages and disadvantages of environmental plan-
ning could not be distinguished, may be under the condition
of insufficient information of the environmental planning of
the lower quality of service venue, evaluation of environ-
mental planning venue, and the shadow’s impression of the
whole industry. )e uneven quality of “service quality” will
impact the development of environmental planning venues
[20–23].

Industry supervisors, administrators, and staff of envi-
ronmental planning venues and tourists, as the four main
participants of environmental planning venues, stand from
different perspectives of service providers and demanders,
respectively, and there may be differences in evaluation
results of environmental planning service quality [24–27].
According to the service gap model, service quality is ulti-
mately determined by the gap between customer perceived
performance and expectation, which is formed in other gaps
in the delivery process of enterprise managers and front-line
employees to customers [28–30]. Service providers estimate
the quality of service is too high or underestimated or
overestimated, can produce complacency, and make the
service personnel service [31–33]. Peiró et al. [20] found that,
from the awareness to the cognitive process, pleasant in-
formation will be processed to be more accurate and effi-
cient, and service quality evaluation of employees will
enlarge the information to form a “positive law” (Pollyanna
Principle) [3]. Schneider et al. [23] confirmed the perception
gap between the service provider and customer is negatively
related to the final service quality evaluation. Unlike most of
the services sector, the government subsidies for environ-
mental planning venue administrators or staff in accordance
with the requirements of industry management departments
to provide the corresponding services, such as professional
knowledge, dress, manners, etc., and accept the inspection;
regulators will pass audit means adjustment of environ-
mental planning venue or cancel subsidies amount [3, 6]. By

establishing the gap model of environmental planning
service quality, different types of perceived gaps in the
service delivery process can be found, but to narrow or
eliminate these gaps, the consistency of service quality
evaluation of the participants should also be conducted, and
the root causes of different gaps should be analyzed.
)erefore, this paper takes the evaluation of tourist service
quality as a reference tomeasure the consistency between the
evaluation of service providers and tourists, which not only
is conducive to the development of service guidelines
according to the needs of tourists but also helps to imple-
ment regulatory policies in a tourist demand-oriented
manner.

2. Literature Review

)e definition of the word “environmental education” by
UNESCO (United Nations Educational Scientific and Cul-
tural Organization) is as follows: “the environment educa-
tion is a kind of education process; in this process, personal
and social understanding of their environment and the
environment of the interaction between the biological,
physical, and social culture, get the knowledge, skills, and
values can individually or collectively solve the present and
future environmental problems.” Many environmental
pollution problems are caused by global warming, climate
change, and industrialization. It affects the whole ecology.
)e more advanced the civilization, the more problems we
have with the Earth’s resources. People care about nature
and environment; however, it comes mainly from the scope
of their exposure to the environment, so if we would like to
raise public concern degree on the nature and environment,
the environmental governances should be emphasized;
despoiled tourism should be replaced by the ecological
tourism formulate, which is a good method of environ-
mental education. )e concept of ecological tourism was
first proposed by Hetzer in 1965 [11]. He called on cultural,
educational, and tourism operators to rethink the meaning
of “recreation” and first proposed the concept of “ecological
tourism.” )e concept of Eco-tourism is to provide tourists
with the greatest satisfaction and bring the greatest eco-
nomic efficiency to the local area with the minimum impact
on the local culture and environment.

)is study analyzes the definitions of several scholars,
and the connotation of Eco-tourism should cover the fol-
lowing major projects: (1) Eco-tourism is based on re-
sources. Some scholars emphasize that the resources used in
Eco-tourism are mainly natural resources, especially land-
scapes and wildlife [18, 25]. In addition, Ziffer [29] believes
that resources should include local historical relics and
indigenous culture. (2) Most Eco-tourism activities take
place in undisturbed natural areas: Ziffer [29] and Valentine
[26] emphasize that Eco-tourism mainly goes to relatively
undeveloped areas. (3) Special tourist motivation/purpose:
)e Eco-tourism society emphasizes that Eco-tourism is a
purposeful journey to natural areas to learn about nature and
culture; Boo [4] and Sirakaya [25] believed that appreciating,
participating, feeling, learning, and studying scenery, plants
and animals are the main motivation and purpose for
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tourists to participate in ecological tourism activities. Eco-
tourism is not only an ecologically reliable journey but also
an effort to strengthen protection through tourism. Ac-
cordingly, Eco-tourism is actually nature tourism that
promotes conservation. (4) Concept of sustainable devel-
opment: Buckley [5] emphasized that ecological tourism
must be managed in the concept of sustainability; Eco-
tourism emphasizes that recreation activities should reduce
the impact on the local area and reduce the consumption of
local resources to make the sustainable use of local resources
and make the sustainable development of local tourism
industry be repeated in relevant literature [26]. (5) Emphasis
on the concept of conservation: Wight [28] argues that Eco-
tourism must contribute to ecosystem conservation. Hve-
negaard and Dearden [12] further believed that ecological
tourism should emphasize the protection of the local natural
environment in tourism and convey the important con-
notation of ecological tourism as an ecosystem. (6) Con-
tribution to local communities: Martin [15] stresses that
ecological tourism must maintain the welfare of local
communities; (7) Responsible tourist behavior: Tourists
must behave in a responsible way when participating in
ecological tourism activities, and the so-called responsible
tourist behavior means that there will be no tourist behavior
that may cause damage to the environment [12, 15]. (8) )e
concept of local community participation: Ziffer [29] argues
that ecological tourism implies local community partici-
pation in the tourism development model. )e purpose is to
make the development of local tourismmeet the needs of the
community and properly set marketing, tourism manage-
ment regulations of the standards and industry, and rea-
sonable financial sources to support and improve the quality
of resources and environment of the residential area.

Parasuraman et al. [17, 18] hold that service quality is the
order and condition of service in the process of delivery and
the interaction between service providers and consumers.
Parasuraman et al. [17, 18] defined the service quality in the
form of user authentication, the quality of service is defined
as a gap, and SERVQUAL (Service Quality) model is
established. Reichheld and Sasser [19] adopted a “quality of
technology” and “functional” quality dimensions to measure
the service quality and formulated the multi-item of agri-
cultural tourism service quality attributes in accordance with
the technical and functional dimensions proposed by
Fleischer and Pizam [10] under the measure of multi-item.
Akama and Kieti [1] investigated the satisfaction of service
quality in a national park in Kenya’s wildlife safari, where the
service quality dimensions are measured by five service
quality dimensions [18], and they formulated national park
service-oriented quality attributes to further study and ex-
plore the visitors’ satisfaction. Khan et al. [13] discussed the
expected service quality of participation in Eco-tourism.
)rough factor analysis, the desired service quality will be
involved in ecological tourists’ identified six dimensions ,
respectively, “ecological tangibility,” “authenticity,” and
“reliability,” “reactivity,” and “empathy” and “tangibles,”
and name it “ECOSERV.” )ey set up a pointer in the di-
rection of service quality in Eco-tourism and concluded that
the “ecological tangible service quality for ecological

tourism" is one of the most overlooked by tourists’ di-
mensions; the tangible behavior of visitors is friendly to the
environment, with minor damage. )is study also verified
the feasibility of the application of service quality in the
study of ecological tourism.

Cronin and Taylor [9] proposed a revised and improved
version of the SERVQUAL evaluation model of Parasura-
man et al. [17, 18] and came up with a service quality
evaluation method, which is the inheritance and develop-
ment of the SERVQUAL evaluation method. )e SERV-
PERF (Service Performance) evaluation model is also known
as the performance perception service quality evaluation
method. )e SERVPERF model abandons the SERVQUAL
concept of difference comparison, takes the customer per-
ception performance evaluation score as the measurement
standard, andmeasures the service quality with 22 indicators
in 5 dimensions as the scale. Five dimensions include tan-
gibility of physical facilities, equipment needed for the
service, guarantee (such as needed to complete the service
skills, knowledge of affordable factors), responsiveness
(timely and active ability to fulfill the service content), re-
liability (the ability to service commitments accurately), and
empathy (people-oriented, service level upgradeability).
Subsequently, the SERVPERFmodel has been widely used in
measuring the service quality of catering, hotel, tourism,
railway, port, and air transport. In view of the invisibility,
synchronicity, difference, and nonstorage of tourist services,
the modified SERVPERF model was used to measure the
quality of tourist services in this study.

3. Methodology

3.1. Evaluation Index. We modified 22 multi-item on the
basis of the classical SERVPERF model so as to conform to
the characteristics of tourist service quality and delivered the
questionnaire to five experts with respect to ecology, in-
dustry, and enterprise management. )e experts reviewed,
revised, deleted, and finally retained the 26 multi-item after
classification as the evaluation index, and four categories in
this questionnaire are interpretation services, facilities,
recreation facilities, and spiritual experience, as shown in
Table 1.

3.2. Index Attribute Values andWeights. )e attribute value
of the evaluation index is obtained through the question-
naire survey, and five levels of “very good” to “very bad” are
used to determine the service quality of tourists. When the
survey results are processed, the value 5 means “very good,”
1 means “very bad,” and 4, 3, and 2 mean the degree value
between the two, respectively. At the same time, the weights
of evaluation indexes will be obtained through Fuzzy-AHP.

3.3. Economic Justification of the Proposed MCDM Methods.
In order to provide a coherent and accurate analysis of the
various effects of the tourism industry on sustainable de-
velopment, it is necessary to gather extensive information
from various tourism areas. )is requires a lot of time and
money. However, using the MCDM method helps us to
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provide a coherent and complete analysis of the tourism
industry with the help of experts and with the least time and
cost.

3.4. Analytic Hierarchy Process (AHP). )e Hierarchical
Analysis (AHP)method was developed by Saati in 1980.)is
technique is a powerful and flexible method in the category
of multicriteria decision-making methods by which complex
problems can be solved at different levels. For this reason, it
is called a hierarchical model because it is a tree model and
hierarchy. )e AHP method combines both objective and
subjective evaluations into an integrated structure based on
scales with even comparisons, and it helps analysts organize
the essential aspects of a problem into a hierarchical
framework. )e advantages of this method can be men-
tioned: measuring the consistency of decision makers’
judgments, creating pairwise comparisons in choosing the
optimal solution and option, the ability to consider criteria
and subcriteria in evaluating options, and creating the ability
to achieve the best option through paired comparisons.

Analytic Hierarchy Process (AHP) is a way to assist in
decision-making and emphasizes the importance of a de-
cision maker’s intuitive judgments and the consistency of
comparing alternative options in the decision-making
process. Because a decision maker makes their judgments
based on knowledge and experience and therefore makes
decisions based on that, the AHP approach is consistent with
the behavior of a decision maker. )e strength of this

approach is that it regularly organizes tangible and intan-
gible factors and offers a structural but relatively simple
solution to decision problems.

3.5. Fuzzy-AHP. )e traditional analytic hierarchy process
(AHP) uses the 1–9 scale method. By comparing the eval-
uation objects in pairs, a fuzzy judgment matrix is obtained,
and the qualitative and quantitative problems are compre-
hensively analyzed and processed to obtain a clear quanti-
tative conclusion, which is presented in the form of an
evaluation of advantages and disadvantages. But as a result
of this method to an integer between 1 and 9 as a scale
structure judgment matrix, this judgment does not well
reflect the fuzziness of human judgment. )erefore, the
Dutch scholar Van Laarhoven and Pedrycz [27] proposed
fuzzy-AHP using triangular fuzzy number and fuzzy
judgment method and using the arithmetic of triangular
fuzzy number and logarithm least squares method, element
for evaluation, thereby expanding the AHP to the fuzzy
linguistic investigation. )e main steps of fuzzy-AHP are
shown in Table 2.

(1) Establish a hierarchical structure of the system
according to the overall goal of the problem.

(2) )e evaluation index and object are compared in
pairs by experts, and the fuzzy judgment matrix is
constructed by using triangular fuzzy numbers. )e

Table 1: Service quality evaluation index of environmental planning venues (Q).

Index type Index
notation Evaluation content

Interpretation
services

Q11 )e narrator’s explanation was clear and intelligible
Q12 )e narrator’s voice sounded just right
Q13 )e narrator and tourists have good interactive
Q14 )e narrators know how to use body language to strengthen interpretation content

Q15
To let me know environmental resources treatment and cherish the focus of the environmental

resources
Q16 )e narrator’s explanation form and process makes me feel satisfied
Q17 Content on the venue with announcer richness
Q18 )e narrators on the interpretation of content have sufficient preparation
Q19 Time arrangement of the interpretation is very appropriate

Interpretation
facilities

Q21 Explanation on the placard setting place carefully design
Q22 Explanation of the font size of clear moderate site on the placard
Q23 Visit route smooth
Q24 Placards with auxiliary text images
Q25 Placards commentary content illustrated
Q26 Site lighting, the light is downy brightness
Q27 Proper interpretation of the words difficult to understand

Recreation facilities

Q31 Clean toilet
Q32 )e number of the toilets
Q33 Parking convenience/the number of parking lots
Q34 Safety facilities adequate
Q35 Number of trash can settings
Q36 Rest area/tourist center comfortable
Q37 Environment clean

Spiritual experience
Q41 Satisfy curiosity
Q42 Experience novelty
Q42 Augmented experiences improve relations with family and friends
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triangular fuzzy number M can be defined by its
membership function μM: R⟶ [0, 1] as follows:

μM �

1
m − l

x −
1

m − l
, (x ∈ [l, m]),

1
m − u

x −
1

m − u
, (x ∈ [l, m]),

0, otherwise.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

In the formula, l≤m≤ u, l and u, respectively, rep-
resent the lower bound and upper bound supported
by M, and m is the median of M. Generally, the
triangular fuzzy number M can be denoted as (l, m,
u). )e fuzzy judgment matrix is A generalization of
the AHP judgment matrix, which is composed of
triangular fuzzy numbers, denoted as
A� (aij)n×m � [lij, mij, uij], and
aji � a− 1

ij � [1/lij, 1/mij, 1/uij] When five experts
make judgments on the k th criterion, it is the
comprehensive triangular fuzzy number, which is
the synthesis of the judgments of the five experts. It
can be obtained from the following equation:

aij �
1
T
⊗ a

1
ij + a

2
ij + · · · , +a

T
ij􏼐 􏼑, (2)

where aT
ij � [ltij, mt

ij, ut
ij] (i, j � 1, · · · , k, t � 1, · · · , 5)

is the triangular fuzzy number given by the t th
expert.
Value of triangular fuzzy number in fuzzy judgment
matrix follows the 1–9 scale of AHP method; the
triangular fuzzy number of lower bound l and upper
bound u can be confirmed according to the fuzzy
degree; the greater the u − l, the fuzzier the judgment;
u − l is smaller and the judge is crisper; when u − l� 0,
the judge is nonfuzzy, then l�m� u with the same
value judgment under the general scale. For a given
criterion, if the i th element is significantly more
important than the j th element, the triangle fuzzy
number� (4, 5, 6) or (3, 5,7) can be expressed, where
(3, 5, 7) is more ambiguous than (4, 5, 6).
)e relative importance of evaluation criteria is
subjective, fuzzy, and not suitable to be expressed in
numerical form. )rough linguistic variables, the
narration of language can be changed into logical

narration, and instead of numerical values, words or
sentences in natural language can be used as values to
convey the degree of perception of things. After
selecting the appropriate linguistic meaning, the
actual value can be calculated through various
predetermined linguistic scale fuzzy numbers. )e
scale conversion of semantic variables is shown in
Table 2 [5]:

(3) Calculation of relative weight value: this study
normalized the geometric mean of vectors as pro-
posed by Buckley [5] and calculated the weight of the
fuzzy pairwise comparison matrix. )e calculation
formula is as follows:

􏽥Zi �
���������������
􏽥ai1 ⊗ 􏽥ai2 ⊗ · · · ⊗ 􏽥aik

n
􏽰

,∀i � 1, . . . , k, (3)

􏽥ωi � 􏽥Zi ⊗ 􏽥Z1⊕􏽥Z2⊕ · · ·⊕􏽥Zk􏼐 􏼑, (4)

where 􏽥aij: fuzzy paired comparison matrix 􏽥A of the
ith row the jth column of triangular fuzzy number,
􏽥Zi: geometric average of the column vector of a
triangular fuzzy number. 􏽥ωi a fuzzy eigenvector, the
fuzzy weight of ith item factors of 􏽥A

(4) Defuzzification: general methods of defuzzification
are Gravity Method, α-cut set method, the maximum
average method, average solution center fuzzifica-
tion method, etc. )e focus of this study used the
simplest and most practical method (Center of
Gravity Method) to calculate the fuzzy numbers
membership function of the geometric center (the
center of gravity) and the center of gravity of the
crisp values of fuzzy numbers. Assuming that the
triangular fuzzy number 􏽥A � (Li, Mi, Ui) , the for-
mula for defuzzification is as follows:

DFi �
Mi − Li( 􏼁 + Ui − Li( 􏼁

3

+ Li ≈
Li + Mi + Ui

3
;∀i � 1, . . . , k,

(5)

where DFi is the crisp value after defuzzification.
(5) Normalization: in order to compare the importance

of each evaluation criterion, the weight value of the
fuzzy solution should be normalized to obtain the
relative weight value. )e formula of normalized
weight value is as follows:

Table 2: )e scale conversion of semantic variables.

Fuzzy scale Linguistic variable Triangle fuzzy number
1̃ or (1̃ : 1̃) Equally important (1, 1, 1)
2̃ or (2̃ : 1̃) Somewhere between equally important and slightly important (1, 2, 3)
3̃ or (3̃ : 1̃) Slightly important (2, 3, 4)
4̃ or (4̃ : 1̃) Somewhere between slightly important and very important (3, 4, 5)
5̃ or (5̃ : 1̃) Quite important (4, 5, 6)
6̃ or (6̃ : 1̃) Somewhere between quite important and very important (5, 6, 7)
7̃ or (7̃ : 1̃) Very important (6, 7, 8)
8̃ or (8̃ : 1̃) Somewhere between very important and absolutely important (7, 8, 9)
9̃ or (9̃ : 1̃) Absolutely important (8, 9, 10)
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ωi �
DFi

􏽐
n
i�1 DFi

, (6)

(6) Maximum eigenvalue λmax: First, the paired com-
parison matrix 􏽥A is multiplied by the eigenvector ωi

to obtain a new vector ωi
′, and then the average

multiple between the two is calculated to obtain the
following:

1 a12 · · · a1k

a21 1 · · · a2k

⋮ ⋮ ⋱ ⋮

ak1 ak2 · · · 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

∗

ω1

ω2

⋮

ωk

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�

ω1′

ω2′

⋮

ωk
′

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (7)

λmax � (1/n)∗ ω1′/ω1 + ω2′/ω2 + · · · + ωn
′/ωn( 􏼁. (8)

(7) Consistency verification: consistency verification is
needed to confirm whether decision makers are
consistent when comparing evaluation criteria.
Firstly, the consistency index (C.I.) was calculated to
verify the consistency or inconsistency of the deci-
sion makers’ comparison so that it could be cor-
rected in time to avoid bad decisions. When there are
more comparison elements, the order of the paired
matrix will also increase, and it is more difficult to
maintain the consistency judgment. )erefore, Saaty
[22] proposed the random index (R.I.) to adjust the
different C.I. generated under different orders to get
the consistency ratio (C.R.), C.I., and C.R. )e cal-
culation is shown in formulas (9) and (10), and C.R.
≤ 0.1 represents the consistency level.

C.I. � λmax − k( 􏼁/(πk − 1). (9)

C.R. � C.I./R.I. (10)

3.6. VIKOR Method. Multicriterion compromise decision-
making (VIKOR for short) is a compromise decision-
making method that can take into account the maximization
of group benefits and the minimization of individual regrets
against opinions, as well as the subjective preferences of
decision makers. )erefore, it is more reasonable to use the
VIKOR method to study multiattribute decision-making
problems.

)e evaluation subject of tourist service quality is Ai,
i� 1, 2, 3, 4. )e evaluation set of government supervisors,
environmental planning venues administrators, venue staff,
and tourists is A� {A1, A2, A3, A4}; )e evaluation index is
Cj, j� 1, 2, . . ., 26, the evaluation index set C� {C1, C2, . . .,
C26}, xij is the service quality evaluation attribute value of the
participant i to the index Cj, and ωij is the service quality
evaluation index weight of the participant i to the index Cj.
)e steps of ranking tourist service quality by VIKOR are as
follows:

(1) Determine the maximum and minimum values of
the evaluation index x+

j and x−
j , namely

x+
j � max

j
xij, x−

j � min
j

xij. And then we get the
following:

rij �
x

+
j − xij

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌

x
+
j − x

−
j

􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌
. (11)

(2) Calculate the weighted evaluation value of tourist
service quality Si and Qi of each participant. Since
each evaluation index has the same dimension and
its attribute value and weight do not need to be
standardized, then calculate the evaluation value of
tourist service quality of each participant and get the
weighted evaluation matrix as follows:

Si � 􏽘
25

j�1
ωij · xij (12)

where 􏽐
26
j�1ωij � 1. At the same time, let

Qi � max
j

rij|j � 1, . . . , 25􏽮 􏽯, then calculate S+, S− ,

Q+ and Q− where S+ � max
i

Si, S− � min
i

Si,

Q+ � max
i

Qi, Q− � min
i

Qi

(3) Calculate Ri,

Ri � ]
Si − S

−

S
+

− S
− − (1 − ])

Qi − Q
−

Q
+

− Q
− . (13)

Where ] is the decision-making mechanism. Under
the balanced decision-making mechanism of general
compromise group benefit maximization and indi-
vidual regret minimization, ]� 0.5.

(4) Rank the tourist service quality evaluation of par-
ticipant i according to the value of Ri, rank Ri from
small to large, and the top scheme in each sequence is
higher than the latter.

4. Results and Discussion

4.1. Research Background and Research Design. )e plan of
Hakka Romantic Avenue in Taiwan will be launched in 2018,
connecting 16 key development areas of Hakka culture in
Taiwan to promote the trend of leisure Eco-tourism.)e first
part of this survey includes respondents’ occupation, gender,
age and education background, etc.)e second part includes
26 service quality evaluation indexes of environmental
planning venues, which are obtained after modification by
the classic SERVPERF model.

)e survey was conducted in five counties and cities in
northern Taiwan in February 2019. )e respondents in-
cluded the Ministry of Culture and Culture, Hakka Affairs
Council, Council of Agriculture, Sports Administration of
the Ministry of Education, Ministry of Education and other
government supervisors, administrators of environmental
planning venues, venue staff, and tourists. A total of 1,150
questionnaires were issued by means of snowball sampling.
)is research of government supervisors surveys , 350
questionnaires of 800 to participate in other subjects. 12
investigators in 7 days, respectively, to 15 Hakka
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environmental planning venues to issue 200 questionnaires
to administrators, to rest, eating venue staff to issue 300
questionnaires, and 300 questionnaires distributed to the
tourists. Questionnaires were filled in and collected on-site,
and the distribution and recovery of questionnaires were
shown in Table 3.

In this study, factor analysis was used to test ques-
tionnaire validity, and Cronbach α was used to test the
reliability of the questionnaire.)e overall KMO value of the
questionnaire was 0.935, which exceeded 0.7, and Bartlett’s
spherical test was remarkable, the significance of which is
0.000. After 21 orthogonal iterations by principal compo-
nent analysis, common factors with an eigenvalue greater
than 1 and factor loading greater than 0.4 were extracted and
selected. )e cumulative variance interpretation rate was
64.423%, and the overall Cronbach α was 0.942. It indicates
that the overall validity and reliability of the questionnaire
are both high.

4.2. Survey Results. )rough the data collection and data
processing of the collected questionnaires, the results are
shown in Table 4: evaluation results of service quality for
government supervisors (R), environmental planning
venues administrators (M), venue staff (S), and tourists (T).
According to the attribute values of service quality evalu-
ation indicators in Table 4, the comparison of the mean gap
of service quality evaluation between government supervi-
sors, environmental planning venues administrators, venue
staff, and tourists was obtained by an independent normal
test. On the whole, by comparing the tourist evaluation
results of the service quality of the environmental planning
venues with those of government supervisors, administra-
tors of the environmental planning venues, and tourists, it
can be found that the gap between the venue staff and
tourists is the largest, and it is difficult to determine the gap
between the government supervisors and administrator of
the environmental planning of venues and tourists. )ere-
fore, to further analyze the gap of service quality evaluation
among different participants, the above evaluation results
should be ranked by the VIKOR method.

4.3. FAHPWeighting Results. Firstly, the evaluation experts
of ecology, tourism management, and environmental
planning who are both academic and practical (a total of 5
experts) can construct the fuzzy paired comparisonmatrix of
the criterion layer and the target layer by comparing the
importance of each criterion in pairs, as shown in
Tables 5–10. )en, the relative weights of the corresponding
evaluation criteria (Table 9) are calculated according to

formulas (3)–(6), and the judgments are consistent before
and after.

5. VIKOR Evaluation Ranking

)e questionnaire data in Table 4 are used to rank the service
quality evaluation results of government supervisors, en-
vironmental planning venues administrators, venue staff,
and tourists according to the calculation steps of formulas
(11)–(13), and the Sj, Rj, and Qj values of each questionnaire
item are obtained, as shown in Table 11. According to
VIKOR calculation, the final result is S>R; M>T. )at is,
the quality ranking order of the four projects is as follows:
venues’ staff> government supervisors; administrators of
environmental planning venues> tourists, indicating that
the venues’ staff is the highest, followed by the evaluation
value by the government supervisor and the venues ad-
ministrator, and the evaluation value by the tourists is the
lowest.

6. Discussion

Sustainable development has been defined as the process by
which the current needs of society are met without affecting
the ability of future generations to meet their own needs. By
definition, sustainable development has four dimensions:
(1) environmental development, (2) economic develop-
ment, (3) social development, and (4) legal development.
Each of these dimensions has indicators. Environmental
indicators of sustainable development include the atmo-
sphere, land, oceans and seas and coastlines, freshwater,
and biodiversity. Today, attention to the urban environ-
ment and urban ecological development has been reborn.
People have realized that the connection between the city
and the natural environment is inseparable. For most
people in the future, living in a quality environment means
living in a city where the environment is carefully managed.
One way to improve the environmental management of a
city is to analyze the city as an ecological system. For the
sustainability of the city ecosystem, the biological capacity
and carrier of these cities should be measured, and efforts
should be made to maintain, develop, and distribute its
proper location. Over time, positive and negative changes
in carrier capacity that can be used to measure the prac-
ticality of management activities should be given serious
attention by officials and those involved in urban man-
agement in the field of preservation, development, and
maintenance of natural spaces. To improve the living
conditions of cities, measures such as determining the
desired population for each city according to the possibility
of providing water and other essential needs and adequate,

Table 3: Questionnaire on service quality of environmental planning venues.

Survey objects Government supervisors Venue administrator Venue staff Tourist
Issuing questionnaires (copies) 350 200 300 300
Collecting valid documents (copies) 332 112 235 240
Effective recovery rate (%) 94.85 56.00 78.33 80.00
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Table 5: Fuzzy judgment matrix of Q1–Q4 to Q.

Q Q1 Q2 Q3 Q4

Q1 (1, 1, 1) (1, 2, 3) (1, 1/2, 1/3) (1, 2, 3)
Q2 (1, 1/2, 1/3) (1, 1, 1) (1/2, 1/3, 1/4) (1, 2, 3)
Q3 (1, 2, 3) (2, 3, 4) (1, 1, 1) (2, 3, 4)
Q4 (1, 1/2, 1/3) (1, 1/2, 1/3) (1/2, 1/3, 1/4) (1, 1, 1)

Table 4: Service quality survey results.

Criterions
Attribute values of environmental planning

venues Gap

R M S T R-T M-T S-T

Q1

Q11 4.307 3.876 4.382 3.825 0.482 (∗∗∗) 0.051 0.557 (∗∗∗)
Q12 4.185 3.895 4.325 3.794 0.391 (∗∗∗) 0.101 0.531 (∗∗∗)
Q13 3.568 3.532 4.125 3.428 0.14 0.104 0.697 (∗∗∗)
Q14 3.387 3.342 4.011 3.381 0.006 − 0.039 0.63 (∗∗∗)
Q15 3.652 3.713 3.976 3.573 0.079 0.14 0.403 (∗∗∗)
Q16 4.014 3.901 4.125 3.612 0.402 (∗∗∗) 0.289 (∗∗∗) 0.513 (∗∗∗)
Q17 3.896 4.121 3.987 3.428 0.468 (∗∗∗) 0.693 (∗∗∗) 0.559 (∗∗∗)
Q18 3.874 4.085 4.385 3.45 0.424 (∗∗∗) 0.635 (∗∗∗) 0.935 (∗∗∗)
Q19 3.69 3.923 4.136 3.574 0.116 0.349 (∗∗∗) 0.562 (∗∗∗)

Q2

Q21 3.845 3.802 4.203 3.768 0.077 0.034 0.435 (∗∗∗)
Q22 3.598 3.702 3.895 3.255 0.343 (∗∗∗) 0.447 (∗∗∗) 0.64 (∗∗∗)
Q23 3.458 3.325 4.015 3.342 0.116 − 0.017 0.673 (∗∗∗)
Q24 3.765 3.854 4.155 3.488 0.277 (∗∗∗) 0.366 (∗∗∗) 0.667 (∗∗∗)
Q25 3.856 3.751 3.965 3.456 0.4 (∗∗∗) 0.295 (∗∗∗) 0.509 (∗∗∗)
Q26 3.788 3.875 4.214 3.332 0.456 (∗∗∗) 0.543 (∗∗∗) 0.882 (∗∗∗)
Q27 3.876 3.758 4.133 3.125 0.751 (∗∗∗) 0.633 (∗∗∗) 1.008 (∗∗∗)

Q3

Q31 3.952 3.858 3.856 3.133 0.819 (∗∗∗) 0.725 (∗∗∗) 0.723 (∗∗∗)
Q32 3.874 3.955 3.863 3.245 0.629 (∗∗∗) 0.71 (∗∗∗) 0.618 (∗∗∗)
Q33 3.855 3.763 4.033 3.565 0.29 (∗∗∗) 0.198 0.468 (∗∗∗)
Q34 3.896 3.957 4.135 3.655 0.241 (∗∗∗) 0.302 (∗∗∗) 0.48 (∗∗∗)
Q35 3.955 3.845 3.931 3.339 0.616 (∗∗∗) 0.506 (∗∗∗) 0.592 (∗∗∗)
Q36 3.896 3.967 4.223 3.64 0.256 (∗∗∗) 0.327 (∗∗∗) 0.583 (∗∗∗)
Q37 3.485 3.587 3.782 3.32 0.165 0.267 (∗∗∗) 0.462 (∗∗∗)

Q4

Q41 3.659 3.788 3.855 3.599 0.06 0.189 0.256 (∗∗∗)
Q42 3.95 4.113 3.982 3.623 0.327 (∗∗∗) 0.49 (∗∗∗) 0.359 (∗∗∗)
Q43 4.307 3.876 4.382 3.825 0.482 (∗∗∗) 0.051 0.557 (∗∗∗)

Notes: p values of ∗∗∗Represent 0.001 significance level.

Table 6: Fuzzy judgment matrix of Q11–Q19 to Q1.

Q1 Q11 Q12 Q13 Q14 Q15 Q16 Q17 Q18 Q19

Q11 (1, 1, 1) (1, 2, 3) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1, 1) (1, 1, 1) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1/2, 1/3)
Q12 (1, 1/2, 1/3) (1, 1, 1) (1/2, 1/3, 1/4) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1, 1)
Q13 (1, 2, 3) (2, 3, 4) (1, 1, 1) (1, 2, 3) (3, 4, 5) (1, 2, 3) (1, 2, 3) (2, 3, 4) (2, 3, 4)
Q14 (1, 2, 3) (1, 2, 3) (1, 1/2, 1/3) (1, 1, 1) (2, 3, 4) (1, 2, 3) (1, 2, 3) (1, 2, 3) (1, 2, 3)
Q15 (1, 1, 1) (1, 2, 3) (1/3, 1/4, 1/5) (1/2, 1/3, 1/4) (1, 1, 1) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1, 1)
Q16 (1, 1, 1) (1, 2, 3) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 2, 3) (1, 1, 1) (1/2, 1/3, 1/4) (1, 1/2, 1/3) (1, 1, 1)
Q17 (1, 2, 3) (1, 2, 3) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 2, 3) (2, 3, 4) (1, 1, 1) (1, 2, 3) (1, 2, 3)
Q18 (1, 2, 3) (1, 2, 3) (1/2, 1/3, 1/4) (1, 1/2, 1/3) (1, 2, 3) (1, 2, 3) (1, 1/2, 1/3) (1, 1, 1) (1, 1/2, 1/3)
Q19 (1, 2, 3) (1, 1, 1) (1/2, 1/3, 1/4) (1, 1/2, 1/3) (1, 1, 1) (1, 1, 1) (1, 1/2, 1/3) (1, 2, 3) (1, 1, 1)
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Table 7: Fuzzy judgment matrix of Q21–Q27 to Q2.

Q2 Q21 Q22 Q23 Q24 Q25 Q26 Q27

Q21 (1, 1, 1) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1/2, 1/3) (1/2, 1/3, 1/4) (1, 1/2, 1/3)
Q22 (1, 2, 3) (1, 1, 1) (1/2, 1/3, 1/4) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1/2, 1/3)
Q23 (1, 2, 3) (2, 3, 4) (1, 1, 1) (3, 4, 5) (2, 3, 4) (1, 2, 3) (1, 2, 3)
Q24 (1, 2, 3) (1, 2, 3) (1/3, 1/4, 1/5) (1, 1, 1) (2, 3, 4) (1, 2, 3) (1, 1, 1)
Q25 (1, 2, 3) (1, 2, 3) (1/2, 1/3, 1/4) (1/2, 1/3, 1/4) (1, 1, 1) (1, 2, 3) (1, 2, 3)
Q26 (2, 3, 4) (1, 2, 3) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1, 1) (2, 3, 4)
Q27 (1, 2, 3) (1, 2, 3) (1, 1/2, 1/3) (1, 1, 1) (1, 1/2, 1/3) (1/2, 1/3, 1/4) (1, 1, 1)

Table 8: Fuzzy judgment matrix of Q31–Q37 to Q3.

Q3 Q31 Q32 Q33 Q34 Q35 Q36 Q37

Q31 (1, 1, 1) (1, 1, 1) (1, 1, 1) (1, 2, 3) (1, 1, 1) (2, 3, 4) (1, 1, 1)
Q32 (1, 1, 1) (1, 1, 1) (1, 1, 1) (2, 3, 4) (1, 1, 1) (1, 2, 3) (1, 1, 1)
Q33 (1, 1, 1) (1, 1, 1) (1, 1, 1) (1, 1, 1) (2, 3, 4) (1, 1, 1)
Q34 (1/2, 1/3, 1/4) (1/2, 1/3, 1/4) (1, 1/2, 1/3) (1, 1, 1) (1, 1/2, 1/3) (1, 1, 1) (1, 1/2, 1/3)
Q35 (1, 1, 1) (1, 1, 1) (1, 1, 1) (1, 2, 3) (1, 1, 1) (1, 2, 3) (1, 1, 1)
Q36 (1/2, 1/3, 1/4) (1, 1/2, 1/3) (1/2, 1/3, 1/4) (1, 1, 1) (1, 1/2, 1/3) (1, 1, 1) (1, 1/2, 1/3)
Q37 (1, 1, 1) (1, 1, 1) (1, 1, 1) (1, 2, 3) (1, 1, 1) (1, 2, 3) (1, 1, 1)

Table 9: Fuzzy judgment matrix of Q41–Q43 to Q4.

Q4 Q41 Q42 Q43

Q41 (1, 1, 1) (1, 1, 1) (1, 1/2, 1/3)
Q42 (1, 1, 1) (1, 1, 1) (1, 1/2, 1/3)
Q43 (1, 1/2, 1/3) (1, 1/2, 1/3) (1, 1, 1)

Table 10: Weights of indicator layer relative to target layer.

Q

Q1

0.069 Q11 0.021114
0.034 Q12 0.010404
0.209 Q13 0.063954
0.174 Q14 0.053244
0.055 Q15 0.01683
0.087 Q16 0.026622
0.162 Q17 0.049572
0.122 Q18 0.037332
0.089 Q19 0.027234

Q2

0.037 Q21 0.007141
0.079 Q22 0.015247
0.248 Q23 0.047864
0.182 Q24 0.035126
0.162 Q25 0.031266
0.175 Q26 0.033775
0.116 Q27 0.022388

Q3

0.193 Q31 0.086078
0.193 Q32 0.086078
0.193 Q33 0.086078
0.029 Q34 0.012934
0.170 Q35 0.07582
0.029 Q36 0.012934
0.193 Q37 0.086078

Q4

0.219 Q41 0.012264
0.219 Q42 0.012264
0.561 Q43 0.031416

Mathematical Problems in Engineering 9



and appropriate establishment of production and industrial
activities with respect to environmental issues, especially in
the field of pollution, seem necessary.

7. Conclusions

An environmental planning venue is an area with envi-
ronmental characteristics that provides appropriate fields,
exhibits, education, facilities, and activities, supplemented
by professional instruction, guidance, and education, to
enable people of all ages to develop responsible environ-
mental behavior. How to ensure that tourists can achieve the
purpose of environmental planning and Eco-tourism is the
focus of this study. Based on the point of view of Para-
suraman et al. [17, 18], tourist service quality is the core of
environmental planning venue service quality management.
)e study measured environmental planning venue service
quality evaluation. )e evaluation result shows that gov-
ernment supervisors, environmental planning venue man-
agers, and its staff overestimate the environment education
venues’ service quality. As service providers, administrators,
and staff of environmental planning venues overestimate the
service quality, which confirms the “Pollyanna Principle”
proposed by Peiró et al. [20] also exists in the service field of
environmental planning venues, the survey found that there
were significant differences in interpretation services, in-
terpretation facilities, recreation facilities, and spiritual ex-
perience between the venue’s staff and tourists. Since the
optimistic estimation of service providers tends to lead to
service degradation, the most optimistic evaluation of the
venue staff should be to reduce the complacency of the
venue’s staff, which should be themain task of improving the
service quality of the environmental planning venues. At the
same time, we should also pay attention to the adminis-
trators’ optimistic estimate of the service quality of the
environmental planning venues. In addition to interpreta-
tion services and spiritual feelings, administrators’ evalua-
tion of service quality of environmental planning venues also
lags behind that of tourists in the evaluation of interpretation
facilities and recreation facilities. Eliminating the blind
optimism of the administrators of environmental planning
venues will help to formulate and implement the service
standards of environmental planning venues that better
meet the needs of tourists.

Different from the previous studies that only focused on
service providers, this paper compares the consistency of
government supervisors’ and tourists’ evaluations of the
service quality of environmental planning venues. )eo-
retically, the public sector subsidies in environmental

planning venues are less likely to cause moral hazards and
adverse selection caused by information asymmetry, so the
government will decide on the follow-up subsidy scheme
based on the service quality of environmental planning
venues. )erefore, the evaluation of government supervisors
should be consistent with that of tourists. However, the
evaluation results show that there are significant differences
with tourists in interpretation services, interpretation fa-
cilities, recreation facilities, and spiritual experiences. )e
results appear, on the one hand, maybe environmental
planning venues service quality policy measures by gov-
ernment supervisors, administrators of environmental
planning venues; its staff multiple hierarchies can be passed
to the tourists; degree of execution or complaint mechanism
is not sound, causes the distortion of information feedback,
and makes the government supervisors have errors of
perception of tourist demand. On the contrary, the daily
supervision of the government supervisors may pay more
attention to the opinions of the administrators or staff of the
environmental planning venues but ignore the communi-
cation with tourists and have insufficient understanding of
the needs of tourists.

Based on the results of empirical research, the following
suggestions are developed and provided for the adminis-
trators of environmental planning venues, government
environmental planning supervisors, and subsequent re-
searchers as references. (1) )e venues can design some
mixed environment teaching courses for the physically and
mentally disabled or vulnerable groups so that they can
understand and learn from each other under the common
topic of caring for the environment. (2) Manpower culti-
vation is a very important subject in environmental edu-
cation. Taiwan is becoming an aging society. If the
competent authority can use these high and middle-aged
volunteers and give them appropriate professional training,
it will help develop more diversified environmental planning
courses and achieve mutual benefit. (3) Environmental
planning venues are not only places with the characteristics
of natural resources, environmental planning value, and
practice opportunities but also need four elements, namely
program, facility, personnel, and operation management. By
promoting the process of Eco-tourism, people can under-
stand the natural ecology and local and global environ-
mental issues, which will generate more positive
environmental attitudes and responsible environmental
behaviors. (4) Strengthening the perception of tourists’
demands by staff, government supervisors, and adminis-
trators of the environmental planning venues has become an
important issue of service quality management. First of all,

Table 11: Evaluation indexes of S, R, and Q of government supervisors (R), administrators of environmental planning venues (M), staff (S),
and tourists (T).

Subject
S R Q

)e overall rank
Value Rank Value Rank Value Rank

R 0.4139 2 0.0553 3 0.4909 2 2
M 0.4412 3 0.0544 2 0.4992 3 2
S 0.0371 1 0.0112 1 0.0000 1 1
T 0.9968 4 0.0861 4 1.0000 4 3
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the consistency between venue staff and tourists should be
improved to eliminate the blind optimism of venue staff.)e
staff of the venues is encouraged to pass the national tour
guide qualification examination. Tour guides should com-
municate with tourists emotionally and hone their skills in
practice. In order to improve the service quality of the
venues. (5) It is suggested that future researchers should first
identify specific types of places and extensively search for
venue administrators, teaching plan providers, and activity
participants with different backgrounds for an in-depth
discussion of venues with different characteristics.
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At present, the degree of industrialization in China is deepening, and various types of production equipment appear. However,
during the startup and operation of mechanical equipment, fracture and wear will occur due to various factors.�erefore, once the
mechanical equipment fails, it must be diagnosed as soon as possible to avoid serious economic losses and casualties. Rotating
machinery is an important power device, so it is necessary to regularly detect and monitor equipment signals to avoid the
consequences of wrong control methods. In this study, the fault diagnosis of rotating machine based on adaptive vibration signal
processing is studied under the safe environmental conditions. �e fault diagnosis process of rotating machinery is to �rst collect
vibration signals, then process signal noise reduction, and then extract fault characteristic signals to further identify and classify
fault status and diagnose fault degree. �is study brie�y introduces several rotating machinery vibration signal processing
methods and identi�es the fault state of the rotatingmachine based on the high-order cumulant. By building a DDS fault diagnosis
test bench, the chaotic particle swarm parameter optimization algorithm is used to calculate the accurate stochastic resonance
parameters. After noise processing, the high-frequency part is signi�cantly reduced. �e results show that, after stochastic
resonance wavelet decomposition and denoising processing, the number of intrinsic functions can be signi�cantly reduced, the
fault frequency can be increased, the high-frequency noise can be reduced, and the fault analysis accuracy can be improved. We
identify the fault state of rotating machinery based on the high-order cumulant, train the four states of the bearing, and compare
the four types of faults, no fault, inner ring fault, rolling element fault, and outer ring fault through the comparison of the actual
test set and the predicted test set. It is concluded that the rotating machinery fault belongs to the rolling element fault and the
identi�cation accuracy rate is 95%. Finally, based on the LMD morphological �ltering, the rotating machinery fault diagnosis is
carried out, and the feature extraction is carried out based on the LMD algorithm to decompose the bearing fault signal. Finally,
the result after the morphological �ltering and LMD decomposition and extraction can avoid noise interference.

1. Introduction

In recent years, modern industry and modern technology
have shown a rapid development trend. In the future, ro-
tating machinery will develop towards high-speed, inte-
grated, and automated trends, and the level of intelligence is
increasing, the structure is more complex, and the com-
ponents are closely connected [1, 2]. In case of failure, it will
form a chain reaction, seriously damage the normal oper-
ation of the equipment, cause incalculable economic losses,
and even cause casualties [3]. �ere have been many ca-
sualties caused by this factor at home and abroad.

Rotating machinery is a common power plant, mainly
used in ships, power generation, aerospace, and other �elds,

and has a certain role in promoting the national economy in
China [4, 5]. Mechanical fault diagnosis is based on a
comprehensive grasp of the actual operating status of
equipment, to determine whether equipment is partially or
overall faulty and to �nd the fault and the causes of the fault
in advance [6]. �e main measure of fault diagnosis is to
extract fault features. Since the mechanical equipment
system is complex and requires a large number of com-
ponents, the signal obtained by the signal measurement and
acquisition system is the e�ect of the interaction of all
components, and the transmission state of the signal in the
channel makes each component [7, 8]. �e degree of mixing
of signal components is increased. �erefore, when diag-
nosing faults, it is necessary to �rst process the mixed signals
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formed in the system to obtain signal information charac-
teristics and then further diagnose the faults of large or
complex mechanical equipment [9–11].

(e economic benefits formed by fault diagnosis tech-
nology after years of development are huge. Countries
around the world have recognized the advantages of rotating
machinery fault diagnosis and invested a lot of manpower
and funds to study this field [12, 13]. By using the advanced
level of diagnostic technology, the United States is at the
forefront of the world. (e monitoring products developed
by some companies in the United States, as the current
frontier of diagnostic technology, have multiple monitoring
functions and powerful diagnostic functions, which can be
used in chemical, military, and other fields [14, 15]. Chinese
experts use local mean decomposition (LMD) algorithm
combined with LabVIEW software to analyze bearing ex-
perimental signals, and some other experts use LMD and
order tracking analysis method to diagnose rotating bearing
faults under variable speed conditions [16, 17].

(is study analyzes the fault diagnosis process of rotating
machinery, uses sensors to collect vibration signals, per-
forms noise reduction processing based on stochastic res-
onance theoretical model, identifies rotating machinery fault
status based on high-order cumulants, and uses LMD
morphological filtering to diagnose rotating machinery
faults. (e research shows that the most important part in
the fault diagnosis of rotating machinery is to extract the
fault features. Effectively dealing with the faults of the
mechanical equipment is convenient for the reliable and safe
operation of the equipment.

2. Materials and Methods

2.1. Rotating Machinery Fault Diagnosis Process. More than
70% of the faults in rotating machinery and equipment are
shaft and bearing faults. Bearing faults include inner ring
faults, rotor faults, and outer ring faults. (e main factors
leading to the failure are unreasonable assembly, long-term
overload operation, fatigue operation, and shortage of lu-
bricant, which causes various faults in the shaft parts and the
bearings of the rotating parts, such as friction, cracks, and
eccentricity [18, 19]. (erefore, it is necessary to denoise and
process the vibration signal collected by the sensor. To di-
agnose the fault of the rolling shaft of a rotating machine, it is
necessary to first collect vibration signal, process signal noise
reduction, extract fault characteristic signals, identify and
classify fault states, anddiagnose faultdegrees [20,21].Figure1
shows the diagnostic flow of rotating machinery equipment.

2.2. Rotating Machinery Vibration Signal Processing Method.
In the early stage of failure during engineering application, the
weak rotating machinery vibration signal collected will be
submergedbythebackgroundnoisesignal,sothecoreoffeature
extraction is to eliminate the background noise accurately.

2.2.1. Stochastic Resonance (eoretical Model. A bistable
system of stochastic resonance is represented by the fol-
lowing equation:

dx

dt
� ax − bx

3
+ A cos Ωt + Γ(t)a> 0, b> 0

f(t) � ax − bx
3

E[Γ(t)] � 0

E[Γ(t)Γ(t)′] � 2Dδ t − t′( 􏼁

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

. (1)

(e above formula A cosΩt represents the external
periodic driving force, a and b are both constants, x is the
signal, A and O represent the amplitude and angular fre-
quency of the external periodic driving force, Γ(t) represent
white noise, D represents noise intensity, E represents mean
function, and δ(t − t′) represents shock function. If there is
no external noise and driving force, that is, A andD are equal
and zero, the potential well equation of the above equation is
expressed as

V(t) � −
a

2
x
2

+
b

4
x
4
, (2)

where V(t) is the potential well. (e periodic signal passes
through the system, and its signal is very weak, which makes
it difficult to push the particles from one potential well to
other potential wells. If a driving noise synchronized with
the periodic force is actively added from the outside, the
particles can pass over the potential well, and random
resonance can be generated.

2.2.2. Chaos Particle Swarm Optimization Algorithm. We
initialize the particle position and velocity based on chaos
theory, let the standard particle swarm algorithm form a
chaotic state after initialization, and make the initialization
show the characteristics of regularity, diversity, and ergo-
dicity. Logistic map is one of the most representative chaotic
systems:

Zn+1 � μZn 1 − Zn( 􏼁n � 0, 1, 2, ..., (3)

Rotating mechanical equipment

Fault characteristic signal

Signal acquisition

Signal denoising 

Fault feature extraction

Fault recognition and classification

Fault level diagnosis

Figure 1: Flowchart of fault diagnosis of rotating machinery
equipment.

2 Mathematical Problems in Engineering



where μ represents the control variable. Assuming that the
value of μ is 4 and the value range of Z0 is (0, 1). Logistic is in
a chaotic state. Based on the convenience, randomness,
regularity, and other characteristics of chaotic variables, we
initialize the random resonance position and initial speed
and make them traverse differently, so as to improve the
individual quality of particles and improve the search effect.

2.2.3. Variational Mode Decomposition (VMD) Algorithm.
In this study, the variational mode decomposition (VMD)
algorithm is used to solve the problem of rotating machinery
vibration signal processing and the empirical mode de-
composition (EMD) end effect problem. (e VMD algo-
rithm is used when decomposing and reconstructing the
rotating machinery vibration signal, and the characteristic
signal is reconstructed. We run the modal formation of the
envelope spectrum analysis and then further extract the fault
signal features. (e VMD algorithm decomposes the f(t)
input signal into a series of intrinsic modal function uk
models of band-limited blocks; each uk model surrounds wk;
the following is the calculation formula:

min
uk( ) wk( )

􏽘 zt δ(t) +
j

πt
􏼒 􏼓∗ uk(t)􏼔 􏼕e

−jwkt
􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌

2

2
􏼨 􏼩, (4)

where {uk}� {u1,u2,...,uk} represents the entire model set and
wk􏼈 􏼉 � w1, w2, . . . , wk􏼈 􏼉 represents the center frequency of
the model set.

2.3. Fault State Identification of RotatingMachinery Based on
High-Order Cumulants. Based on modern signal processing
theory, high-order moments and high-order cumulants are
obtained by derivation of characteristic functions, and the
high-order cumulants are regarded as a kind of high-order
statistics. Assuming that x represents a continuous random
variable and f(x) represents the probability density func-
tion, the calculation formula in the moment generating
function Φ(w) is as follows:

Φ(w) � 􏽚
∞

−∞
f(x)e

jωx
dx. (5)

(e moment generating function needs to calculate the
k-order derivative of the moment generating functionΦ(w).
Assuming that the value of ω is 0, the calculation formula of
the k-order moment mk of the random variable x is as
follows:

mk � (−j)
kd

kΦ(ω)

dωk

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌w�0 � (−j)
kΦ(k)

(0). (6)

(e natural logarithm Φ(w) in the moment generating
function is the cumulant generating function, and the cal-
culation formula is as follows:

Ψ(ω) � InΦ(ω). (7)

We calculate the k-order derivative of the cumulant
generating function; assuming that the value of ω is 0, the

k-order cumulant Ckx of the random variable x can be
obtained based on the following formula:

Ck c � (−j)
kd

kΨ(ω)

dωk

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌w�0 � (−j)
kΨ(k)

(0). (8)

Generally, cumulants exceeding the 3rd order is regar-
ded as high-order cumulants.

2.4. Fault Diagnosis of Rotating Machinery Based on LMD
Morphological Filtering. (e local mean decomposition
method belongs to the adaptive signal analysis method. It
forms pure FM signal and envelope signal by separating any
nonstationary signal x(r). (e following is the detailed de-
composition process:

(1) Calculate the local extreme point envelope value ai
and average value mi based on x(t):

mi �
ni + ni+1

2
,

ai �
ni − ni+1

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

2
.

(9)

(2) Connect ai and mi with a broken line to obtain the
mean function m11(t) and the local envelope esti-
mation function a11(t). Subtract m11(t) within x(t):

h11(t) � x(t) − m11(t). (10)

(3) After dividing h11(t) by a11(t), we can get S11(t) FM
signal:

S11(t) �
h11(t)

a11(t)
. (11)

(4) (e value of a12(t) is 1. S11(t) represents the standard
FM signal; assuming a12(t)≠1, S11(t) represents the
original data repetition process. When S1n(t) is the
standard FM signal, a1(n+1) (t)� 1.

(5) (e envelope signal can be obtained by multiplying
the local envelope estimation function:

a1(t) � a11(t)a12(t)...a1n(t) � Πn
q�1 a1q(t). (12)

(6) (e product of the first PF component is obtained by
decomposition and the envelope signal a1(t) and
S1n(t). (e first PF component obtained by de-
composition is equal to the envelope signal.

(7) Decompose x(t) into the sum of kth PF components
and Uk as follows:

x(t) � 􏽘
k

p�1
PFp(t) � uk(t). (13)

3. Results

3.1. Build an Experimental Platform. One of the most used
parts in various rotating machinery is rolling bearings. In
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this study, a DDS power transmission fault diagnosis test
bench is built, and the model is 6205-2RSJEMSKF bearing, 9
balls, and pitting damage is formed at the position of the
bearing balls by electric sparks. Once the bearing has defects,
the uniformly rotating rolling elements are affected by the
defect to form a periodic shock signal, which is usually lower
in frequency than the shock signal [22–24].

Rolling bearing is one of the most commonly used
general components in all kinds of rotating machinery. (is
experimental platform is a comprehensive experimental
platform for DDS power transmission fault diagnosis. (e
experimental bearing model is 200Hz, and this frequency is
the characteristic frequency of bearing faults. (e data ac-
quisition selects 16 channels, the bandwidth is 40 kHZ, the
sampling frequency of the data collector is 100 kHz, and the
collector is connected to the computer host by the USB
interface [25, 26]. Table 1 is the basic parameters of the
bearing. (e motor speed is set to 600 r/min, and the
sampling frequency is 1000Hz. Forty percent of each group
of data is collected, and 10 groups of data in four different
modes are collected as training sample data, and then, 10
groups of data are collected, respectively. (e group signal is
regarded as the sample signal to be collected. Based on the
fault characteristic frequency formula, three kinds of fault
characteristic frequencies are obtained, and the specific
results are listed in Table 2.

We substitute this parameter into the formula, and
COSα� 1. (e rotation frequency is 600r/min; the fault
frequency can be obtained after calculation, which is listed in
Table 2.

3.2. Noise Reduction Processing Results of RotatingMachinery
Vibration Signals. In this study, accurate stochastic reso-
nance parameters are obtained based on the chaotic particle
swarm parameter optimization algorithm, and the fault
sample signal is selected arbitrarily. Figure 2 is the spectrum

diagram of the bearing rolling fault signal obtained through
acquisition. It is difficult to distinguish accurately because
the characteristic signal with strong noise is completely
submerged.

Based on the chaotic particle swarm algorithm,
abest � 0.563, bbest � 0.915, and hbest � 0.194 are obtained. At
this time, the stochastic resonance effect of the bistable
stochastic resonance system is the most ideal, so the signal at
the fault frequency position has a significant increase. (en,
the VMD parameters are optimized based on the mixed
particle swarm algorithm, and the value of a is 1801, the
value of k is 4, and the VMD is used to decompose the signal.
After the adaptive chaotic particle swarm optimization
stochastic resonance denoising process, the vibration signal
VMD of the bearing can be decomposed to obtain the mode
component of this certificate, of which the high-frequency
part is significantly reduced.

Figure 3 is the result of the reconstruction of the
measured signal, and the fault characteristic signal between
the frequencies of 23Hz and 24Hz can be clearly viewed.
(erefore, after denoising by stochastic resonance wavelet
decomposition, the number of proof functions can be re-
duced so that the fault frequency increases and the high-
frequency noise part decreases, thereby improving the
analysis accuracy. Table 3 shows the vibration signals ac-
tually measured in a strong noise environment, so it is
concluded that the processing effect of the noise reduction
method used in this study is more ideal than the traditional
VMD method.

3.3. Rotating Machinery Fault State Identification Results
Based on High-Order Cumulants. Based on the high-level
accumulation algorithm, this study selects 56 data points as
one segment and selects the first ten segments of the four
bearing state data as the training data and the last ten
segments as the test data. In Figure 4, we draw four different

Table 1: Basic parameters of bearings selected for DDS experimental platform.

Bearing type Number of balls Ball diameter Pitch diameter
6205-2RSJEMSKF 9 0.3206 1.524

Table 2: Fault characteristic frequency.

Fault type Inner ring failure (Hz) Outer ring failure (Hz) Rolling element failure (Hz)
Eigenfrequency 23.16 36.54 55.2
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Figure 2: Time-frequency diagram of the acquired signal under the background of strong noise.
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states of the bearing and use different marks to indicate the
second-order cumulative amount of the bearing state, as
shown in Figure 4 [27–29].

According to the data in the figure, the normal state and
the rolling fault state of the rear adjustment are similar, and
the exact difference cannot be seen.We combine the second-
order cumulants and fourth-order cumulants of the first ten
training sample data to the feature vectors, accumulate them
in high order, and then select the second-order and fourth-
order cumulants in the ten test sample data as feature vectors
to identify the vector state. Figure 5 displays the recognition
results [30].

In Figure 5, 1 is the fault-free state, 2 is the inner ring
fault, 3 is the rolling element fault, and 4 is the outer ring
fault. According to the figure, only the eighth test sample
among the forty test samples belongs to normal data, and its
identification result is shown as a rolling element failure, and
the state identification accuracy rate reaches 95%. Table 4
shows the classification and identification results of the
predicted test set.

(ere are certain differences in the vibration signals
generated after the failure of the bearing roller, outer ring,
and inner ring. (erefore, a number of indicators should be
selected to calculate various fault vibration signals, and the
number of indicators has dispersion. If the selected index is
suitable, the obtained value has an ideal degree of dis-
crimination for various fault signals. Since the accumulators
have a good degree of discrimination for the fault signals of
each bearing, various faults on the bearings can be accurately
identified, and the fault identification effect is ideal.

3.4. Fault Diagnosis Results of Rotating Machinery Based on
LMD Morphological Filtering. Most of the faults of rolling
bearings are caused by local defects, and there are potential
damages, which are difficult to detect in the early stage.
Usually, the working environment of rolling bearings is
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Figure 3: Measured signal reconstruction results.

Table 3: Comparison of the measured signal noise reduction effects
of the two algorithms.

/ SA-VMD VMD
SNR before processing −23.71 −23.71
SNR after processing −8.69 7.91
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Figure 4: Second-order cumulant graph of bearing training
samples.
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Figure 5: (e high-order cumulative training and bearing iden-
tification results.

Table 4: Classification and recognition results of the prediction set.

Bearing status
Number of
samples in

the prediction set

Correct
number of
judgments

Recognition
rate (%)

Normal situation 10 8 80
Inner ring failure 10 10 100
Rolling element
failure 10 10 100

Outer ring failure 10 10 100
Total 40 38 95
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harsh, and the external environment is noisy. (e vibration
signal mainly includes other vibration responses of
the machine system and the signal characteristics of
the excitation mapping relationship, resulting in a low
signal-to-noise ratio of the field vibration signal. (e ex-
ternal environment will directly interfere with the bearing
fault signal.

Local mean decomposition (LMD) is an adaptive time-
frequency analysis method. It has strong mathematical
morphological impact feature extraction ability and strong
noise reduction ability. It can use morphological filtering in
processing bearing vibration signals, which can fully reflect
its own value. (e original signal is processed by noise
reduction to obtain a higher signal-to-noise ratio, and it can
also extract the shock features in the fault. (e following
simulation signals are used to test the effect of extracting the
signal-to-noise signal impulse characteristics by this
method:

y(t) � x1(t) + x2(t) + nt, (14)

where x1(t) represents a periodic exponential decay signal
with a frequency of 16Hz and n(t) represents a Gaussian
white noise with a signal-to-noise ratio of −10 dB.

(e bearing fault signal is decomposed based on LMD,
and there is very little high-frequency fault data in the fourth
PF component obtained through decomposition. Here, the
first three IMF components are required and reconstructed.
(en, the morphological filter is used to extract the char-
acteristic frequency of the shock, and the adaptive mor-
phological scale is optimized.(eHilbert envelope spectrum
of the reconstructed signal is obtained after adaptive mor-
phological filtering, which can accurately extract the 88Hz
shock signal and the frequency doubled component. (e
obtained result is similar to the fault frequency of the bearing
inner ring, which means that there is a local peeling fault in
the inner ring, which is in line with the actual situation and
suppresses the noise spectral line, improving the signal-to-
noise ratio. (rough experiments, this extraction method
can suppress white noise and various harmonic signals. (e
results after morphological filtering and LMD decomposi-
tion and extraction can avoid noise interference, and the
analysis results after the harmonic order is higher than the
third level have little interference to the spectrum with a
higher signal-to-noise ratio.

4. Conclusion

(1) When studying the fault diagnosis of rotating ma-
chine based on adaptive vibration signal processing
of safe environmental conditions, this study briefly
introduces the basic process of fault diagnosis of
rotating machine and points out that most of the
faults of rotating machine come from bearing faults.
By building the DDS dynamic rotation fault diag-
nosis test bench, the bearing model 6205-
2RSJEMSKF is selected, and the common fault types
are listed, namely, inner ring fault, outer ring fault,
and rolling element fault. Based on the formula of

fault characteristic frequency, different fault char-
acteristic frequencies of three kinds of faults are
calculated.

(2) (is study describes in detail several methods
commonly used in rotating machinery vibration
signal processing, namely, random vibration theo-
retical model, chaotic particle swarm optimization
algorithm, and variational mode decomposition
(VMD) algorithm. Based on the chaotic particle
swarm parameter optimization algorithm, the ac-
curate stochastic resonance parameters are calcu-
lated. (e results show that, after the stochastic
resonance wavelet decomposition and noise reduc-
tion, the number of intrinsic functions can be re-
duced, the fault frequency can be increased, and the
high-frequency noise can be reduced so that the
characteristic signals can be accurately identified.

(3) (is study identifies the fault state of rotating ma-
chinery based on high-order cumulants, trains the
four states of the bearing, and compares the actual
test set and the predicted test set with no faults, inner
ring faults, rolling element faults, and outer ring
faults. Results show that the rotating machinery fault
is a rolling element fault and the averge recognition
accuracy rate is as high as 95%. LMD morphological
filtering is used to diagnose rotating machinery
faults, and the bearing fault signal is decomposed
based on the LMD algorithm.
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(e figures and tables used to support the findings of this
study are included within the article.
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Due to the continuous progress of the era of mega data, it is more and more important to carry out accurate marketing of online
video. Based on the analysis of users’ big data, this paper proposes and implements an online video precisionmarketing algorithm,
which provides a reference for the precision marketing strategy of video websites. �is paper introduces the concept and
characteristics of precision marketing and analyzes the application forms of precision marketing of video websites. It also
summarizes the operation system, operation mode of precision marketing, and the in�uence of online video advertising on
enterprises and users. In order to realize the accurate marketing of big data, it needs to be carried out from three parts: data
collection, data analysis, and marketing plan formulation and implementation. �rough continuously collecting customer data, it
gradually and clearly acquires the characteristics of customers and constantly dynamically adjusts the marketing strategy to
customers, so as to accurately conduct video marketing to customers and greatly improve the marketing e�ciency. In order to test
the e�ectiveness of the marketing algorithm in this paper, we conducted an experiment. �e research in this paper has important
practical value and reference signi�cance for reducing the cost of video advertising of enterprises and improving the com-
munication e�ect of online video advertising.

1. Introduction

In recent years, the continuous progress of the Internet has
had a profound impact on human beings [1]. No matter the
application of digital technology or its spreading in�uence, it
has greatly promoted the progress of global economy in the
past decade, and it has undergone unimaginable changes [2].
�e era of Internet is characterized by “cloud” as the
foundation, carrier, and “data” accumulation and driving,
which re�ects that it can be changed according to di�erent
users anytime and anywhere [3]. �e arrival of the era of
mega data indicates that the Internet economy is increas-
ingly tapping opportunities with the help of huge database,
and, at this time, social media is also beginning to develop
rapidly with huge user resources and su�cient channels [4].
In this environment, how to collect and integrate data more
deeply and how to properly apply the results of data analysis
to commercial marketing activities have become a new

proposition to be solved urgently in various industries. With
the wide application of various mobile intelligent terminal
devices, it has a close connection with people’s lives. By
collecting and analyzing the data on the mobile intelligent
devices, we can get the consumption information and
characteristics of users, which makes it possible to carry out
accurate network marketing [5]. In the era of big data, the
channels of marketing communication have shown explo-
sive expansion [6]. Faced with massive information, con-
sumers are more willing to spend their time and energy on
information and products closely related to themselves [7].
�rough the data analysis of precision marketing cases, we
can see that enterprises are more willing to change from
wasteful mass marketing to precision marketing designed
based on building strong customer relationships [8]. �e
basis of accurate marketing of big data is that it needs a huge
database and user data of various dimensions related to
users, which can be e�ectively cleaned, integrated, mined,
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and modeled and can be applied to daily enterprise mar-
keting activities [9]. *rough precise marketing and big data
analysis, it can help enterprises to accurately lock the target
users and provide users with products or services that can
more accurately meet their needs, thus achieving the mar-
keting objectives of enterprises [10]. *erefore, enterprises
should pay attention to network promotion, strengthen the
application of mega data technology, continuously improve
the accuracy of network marketing, and provide help for the
continuous development of enterprises [11]. *is paper
studies the precision marketing of online video. Its inno-
vations are as follows:

(i) *is paper studies the precision marketing from the
innovative perspective of users’ big data analysis and
online video, making use of all links with content
production, video marketing, and communication to
improve the coverage of media, the degree of
communication, and the precision of marketing, so
as to achieve the purpose of precision marketing.

(ii) In terms of user data, this paper opens up the serial
data identification of anonymous users and real-
name users, which can effectively identify all
browsing behaviors of users on the Internet and
collect data of users’ decision-making behaviors
more comprehensively. *rough data analysis, we
can gain insight into the individual needs of users
and accurately deliver marketing information to
users.

Firstly, this paper sorts out the purpose and significance
of the research, including the research summary of precision
marketing under the background of megadata era. At the
same time, it actively explores the new changes of online
advertising marketing methods, comprehensively classifies
and analyzes the related basic theories, characteristics, and
advantages of precision marketing, and summarizes the
realization methods and effect evaluation of mobile online
video precision marketing.*en it analyzes the development
status of the big data era and its influence on online video
marketing. Finally, the realization of precise marketing al-
gorithm based on user big data analysis is studied. Com-
bined with big data, network marketing, customer
relationship management, and other related technologies
and knowledge, this paper constructs the process of network
video precision marketing under the background of mega
data and puts forward corresponding suggestions according
to the reality, which can provide reference for enterprises to
implement network video precision marketing. Experiments
verify the superior performance of this algorithm, which can
realize the accurate marketing of online video. *e research
in this paper has certain practical significance.

2. Related Work

Yin et al. emphasized that enterprises can better optimize the
relationship between enterprises and customers by com-
bining rational data and perceptual thinking through the
sharing and integration of network database resources [12].
Sun et al. summarized the three steps for big data to help

precision marketing: insight into demand, precise delivery,
and service assistance, emphasizing the core thinking of
“beginning with customers and ending with customers” [13].
Li et al. proposed that enterprises can comprehensively and
deeply mine consumers’ hobbies and behaviors through big
data processing technology, so as to accurately predict
changes in customer needs and deepen the dynamics of
precision marketing [14]. Vukoti et al. analyzed the current
status of social media marketing, including an overview of
social media marketing methods and existing problems and
trends, and discussed specific strategies for social media
marketing in the era of megadata [15]. In terms of user
identification, Cheng et al. established rich user portrait data
through the analysis and mining of user data. It can ef-
fectively identify users from 360 degrees, and the marketing
to users is more accurate and the marketing effect is better
[16]. Khan et al. pointed out that, in the era of megadata,
although enterprises have massive data, not all data infor-
mation is valuable, and many data are only redundant,
resulting in its value density being inversely proportional to
its quantity [17]. Wu et al. believed that enterprises must be
customer-centric and make use of “big data” resources in
order to better implement and optimize online precision
marketing [18]. Su et al. pointed out that, in order to
promote the continuous development of online precision
marketing under the background of megadata, it is necessary
to send corresponding product advertisements according to
the environment where consumers are located, so that
consumers have more independent choices for advertise-
ments, and improve the effectiveness of online marketing
advertising promotion. It is necessary to improve the ac-
curacy of the market positioning of network marketing
products [19]. Gupta and others believe that precision
marketing is based on precise positioning, relying on in-
formation technology to establish a personalized customer
communication service system, a marketing communication
plan that focuses on results and actions, and achieves more
accurate, measurable, and high return on investment [20].
Huang et al. discussed the profit model of video websites,
combined with the theory of precision marketing, and
proposed a method for formulating strategies for imple-
menting precision marketing. It also has utility for other
video sites [21]. Chen et al. took a website as an example,
through in-depth analysis of its development status, current
opportunities, and challenges in the era of megadata,
combined with the formulation of the website’s existing
marketing strategies, to explore its future development di-
rection and construct a marketing system and marketing
strategy with guiding significance in the era of online media
big data [22].

Based on the in-depth study of related literature, this
paper takes the progress of big data and online video as the
background and starting point, summarizes and analyzes the
continuous progress of big data and the influence, oppor-
tunities, and challenges faced by online video, takes the
corresponding marketing theory and development as the
research theoretical basis, and summarizes the relevant
marketing strategy combinations. It also explores the po-
tential opportunities and inherent potentials of the progress
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of online video precision marketing in the era of megadata
and summarizes the innovative marketing system and
marketing model. *is paper also analyzes and studies the
key technologies used in network precision marketing and
puts forward the network video precision marketing algo-
rithm based on user big data analysis. *e application of this
algorithm in the network video precision marketing scene
can obtain all kinds of customer data, thus more effectively
discovering potential users and bringing new ideas and new
kinetic energy to the progress of the industry.

3. Methodology

3.1. Operation System and Mode of Precision Marketing.
Due to the continuous progress of IT, a large amount of user
data is produced in all walks of life, and these data packets
contain a lot of information [23]. How to better screen and
use information has become the focus of the era of megadata,
and the precision marketing that came into being has be-
come the secret weapon to win this war. *e nature of
precision marketing determines the improvement of total
customer value. Precision marketing can not only meet the
initial needs of customers but also meet the individual needs
of customers through one-to-one marketing. *e charac-
teristics of precision marketing are as follows: ① relevance,
② having measurable and accurate system guarantee and
means,③ sustainable development with low cost being able
to carried out, ④ precision marketing being based on the
target market that can accurately distinguish and ensure
effective market description and product brand positioning,
and⑤ precisionmarketing being an integrated sales method
suitable for one-to-one distribution.

*e other part is the real-name data of users on the
Internet. Big data pursues the analysis of all data. Because of
the huge amount of data to be studied and analyzed, it no
longer pursues accuracy. *is seems to be contrary to the
requirement of precision marketing, but it is not [24]. Big
data requires a huge amount of data. Precision marketing
does not pursue absolute precision but pays more attention
to grasping the general development direction of things.
Precision marketing is based on accurate segmentation and
positioning of users, finding out users’ needs, and recom-
mending products to the right users in the right way at the
right time to achieve accurate, low-cost, and effective results.
After processing the collected data and information, the
platform can roughly grasp the basic personal situation of
users and roughly judge the basic needs and economic
strength of users according to their interest topics and be-
havior preferences, so as to accurately locate users and
provide corresponding advertising services. Figure 1 is the
flow chart of network precision marketing.

Compared with database marketing, which relies on
hand database, Internet-based precision marketing relies on
the Internet to identify customers’ psychology and char-
acteristics and then carries out marketing according to these
data. Precision marketing focuses on personalized persua-
siveness and information relevance. *rough precise mar-
keting, enterprises personalize the content and methods for
customers, so as to connect enterprises with customer needs.

*e implementation of precise marketing strategy can be
improved by means of communication, thus improving the
efficiency [25]. In the context of precision marketing, the
communication between marketers and customers is direct,
which shortens the distance, thus enabling enterprises to
establish quick-response customer centers, which is par-
ticularly important for the long-term development of en-
terprises. *e core of precision marketing is to deliver
accurate and measurable marketing information. If the in-
formation delivered is valuable, it is required that this in-
formation be closely related to the audience, because only
the relevance is valuable and effective. At present, Internet-
based precision marketing methodsmainly include① portal
advertisement, ② keyword search advertisement, ③ blog,
④ e-mail advertisement, and ⑤ incoming advertisement.

*e premise of accurate marketing is that enterprises
need to master more accurate customer information. After
establishing the corresponding database, users’ images fed
back from the database can be used to segment the market.
*e application of megadata enables marketers to attach
importance to the interaction with target consumers in order
to adjust marketing strategies in time. From the perspective
of the whole marketing activities, the use of precision
marketing highlights the user value, refines the marketers’
cognition of user psychology and consumer behavior, and
deepens the marketing concept of “people-centered” and
marketing activities based on user experience, which can
effectively stimulate consumption [26]. Accurate marketing
means standing on the benchmark of consumer demand,
digging deeply, and fully satisfying users’ real inner needs
and desires, rather than simple correlation and advertising
push based on data analysis. Accurate positioning of con-
sumers can make users more likely to accept marketing
information, and it is more likely to guide target consumers
to produce purchasing behavior, so that marketing activities
can achieve better results. Based on the concept of precision
marketing, enterprises need to establish higher-quality
marketing communication in the operation process. High
quality refers to three aspects, namely, more accurate user
portrait, measurable return on investment, and traceable
marketing effect. Operating system generally includes ①
clear target market,② clear and unique market positioning,
③ efficient customer communication system, ④ channel
system suitable for niche distribution, and ⑤ customer
value-added service system.*e accurate marketing of video
websites is based on the analysis of users’ information and
behaviors. As users, their behaviors on video websites can be
divided into three aspects: searching, browsing, and inter-
acting. *erefore, video websites also plan accurate mar-
keting activities according to these three user behaviors.

3.2. Status and Development of Big Data Era and Its Influence
on Online Video Marketing. With the rapid development of
Internet technology, the Internet has had a significant im-
pact on all walks of life. Due to the continuous progress of
the era of megadata, information explodes, information is
requested anytime and anywhere, and the amount of in-
formation generated and acquired by people has shown a
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series-level growth. In particular, with the wide application,
popularization, and development of digital media and smart
devices, people have not only produced massive data in
production and life. How to use these data to better promote
people’s life and production has also become a hot topic. Big
data is a huge collection of data that is difficult to collect,
analyze, and mine in a short time by mainstream software
tools.

With the deepening of big data knowledge and tech-
nology, enterprises can process data in a more efficient and
reliable way, which brings a new thinking-precision mar-
keting to network marketing. Big data precision marketing is
also called data-driven marketing. *e core idea of using big
data analysis for precise marketing is to match “people,
goods, and markets.” It guides consumers to actively par-
ticipate in it and is committed to establishing one-to-one
product marketing mode, giving full play to the advantages
of big data mining technology, collecting external infor-
mation resources of enterprises, and combining with the
huge data information owned by itself, through analysis,
providing help for enterprises to formulate long-term
marketing strategies. *e precision marketing service plat-
form based on big data analysis is shown in Figure 2.

Different from traditional network marketing, network
precision marketing under the background of megadata
emphasizes the accuracy of market positioning. Specifically,
the precision marketing of big data mainly covers three
parts: ① data collection part, ② data analysis part, and ③
marketing plan implementation part. Accurate marketing of
big data requires enterprises to understand, analyze, and
predict the consumption behaviors of different consumers
more comprehensively and deeply with the help of various
information technologies and network platforms, so as to
find out the target market, make effective positioning, and
continuously track and optimize the relevant data system to

improve the accuracy of enterprise market positioning. *e
change of consumers’ ideas and behaviors also prompted
brand merchants to adjust their delivery strategies. *e
Internet has become the new favorite of marketing and
promotion activities, even leapt to the traditional media,
such as TV and newspapers, and became the most popular
promotion channel for brand merchants.

Advertising, as the most basic business model of the
Internet, has become more efficient, but this efficient
advantage has gradually become insignificant under the
impact of the mobile Internet. Traditional video network
marketing is based on enterprises, and more well-known
and widely viewed video websites are selected as the target
of advertising, but the cost is high and the effect is not
satisfactory. It pays attention to customer value and better
grasps the real demands of consumers by tracking and
analyzing the structured, semistructured, and unstruc-
tured consumption data of customers, so as to provide
them with more personalized marketing services. *ere
are two forms of online video advertising: video adver-
tising on web pages and video advertising on online video
streaming media. *e video website industry uses data for
precision marketing. Compared with traditional mar-
keting methods, precision marketing improves the mar-
keting efficiency from the production of video content to
the promotion and then to the broadcast. Online video
advertising is an online video booth that integrates tra-
ditional video advertising into the network by using ad-
vanced digital technology and can be used by enterprises
to live online. *is is actually a very representative form of
rich media advertising.

Social resources are limited, but the phenomenon of
resource waste is everywhere. In this regard, online video
precision marketing in the era of megadata emphasizes the
coordination of resources. Accurate prediction of user
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……

Data management platform
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Figure 1: Flow chart of network precision marketing.
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demand can help enterprises to produce and market more
efficiently. *erefore, big data can be transformed into the
source of enterprise economic value. In the big data envi-
ronment, through the establishment of an open virtual data
platform, data, information, and other resources of all
parties can be integrated to realize exchange of needed
goods, reduce transaction costs, and optimize transaction
process. Associated enterprises can share customer data
resources, formulate matching network precise marketing
strategy combination, optimize resource allocation, and
achieve win-win goals. *e application of accurate video
marketing on websites will make users integrate multiple
identities and become producers, disseminators, and con-
sumers of video content.

3.3. Realization of Precise Marketing Based on User Big Data
Analysis. *e essence of big data is to find the laws, reasons,
trends, and so forth reflected behind the data and to find the
known number with unknown numbers. *e core goal of
data analysis is to get customers’ needs based on the analysis
application of megadata and, at the same time, give cus-
tomers a feeling of being valued and satisfied and generate
benign interaction. At present, there are mainly two
mainstream ways to collect, analyze, and process customer
data: ① get corresponding technical support and data
services with the help of specialized “big data” service
companies and ② establish a corresponding data platform
for data collection and analysis.

Collect basic data information on the Internet and build
a consumer database. In this stage, we should try our best to
ensure that the obtained consumer information has good
comprehensiveness. *erefore, in the process of infor-
mation collection, we should use various ways and different
ways to collect information. According to the analysis of
product sales history information, the characteristics of

target customers are analyzed, and the customer-product
marketing model, product-product cross-marketing
model, and so on are constructed through the mapping of
customer metadata, so as to realize the precise marketing of
products to customers and improve the marketing
efficiency.

Because it is difficult to directly extract the multimedia
features of the network video and the content is numerous,
the variety is numerous, the video quality is uneven, and so
forth, it is impossible to directly classify the theme of the
network video by using the traditional artificial film clas-
sification method. In this paper, the correlation degree
between user u and video i is defined as

preference(u, i) � p
T
u qi � 􏽘

K

k�1
Pu,kqk,i. (1)

In the above equation, Pu,k and qk,i are parameters in the
latent semantic model, Pu,k measures the relationship be-
tween user u and the k-th latent feature, and qk,i measures
the relationship between the k-th latent feature and item i;
Pu is composed of Pu,k; qi is an item-latent feature associ-
ation vector composed of qk,i. *e latent semantic model
evaluates the relationship between user u and item i through
Pu and qi.

For a virtual rating matrix M, let all rating items in it
form a set:

R � u, i, rui( 􏼁􏼈 􏼉. (2)

In the above equation, rui is the virtual rating of video i
by user u. In order to obtain the specific parameters of the
latent semantic model in equation (1), it is necessary to use
the scoring set in R to learn the latent semantic model. To
this end, the loss function corresponding to parameters Pu,k

and qk,i can be constructed as follows:
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Figure 2: Precision marketing service platform based on big data analysis.
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ru,i − 􏽘
K

k�1
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2

+ λ qi
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����
2
. (3)

In the above equation, rui is the rating value of user u on
video i predicted by the existing model parameters, and
λ‖pu‖2 + λ‖qi‖

2 is the regularization term used to prevent
overfitting of the latent semantic model, which can be used
to punish the complexity of the latent features.

In the era of megadata, real-time bidding technology is
indispensable to truly realize accurate network marketing.
*is emerging technology model breaks the traditional
online advertising trading mode, integrates technologies
such as category search and big data, and helps enterprises to
carry out marketing activities more pertinently, thus im-
proving the utilization rate of enterprise resources and re-
alizing low-cost expansion. Relying on data mining
technology, data information is divided according to con-
sumers’ age, gender, consumption ability, and consumption
habits, and the attributes of each consumer group are de-
fined.*e characteristics of enterprise products are matched
with the attributes of consumer groups to get the approx-
imate product market positioning. *rough the collection,
analysis, and processing of a large amount of data, the
platform extracts customer attributes and purchasing be-
havior information as metadata and at the same time
constructs the relationship model between customer attri-
butes and products, so as to achieve accurate delivery of
distinguishable and customizable product information.

Interest fit indicates the stability of users’ browsing
network video types. *e higher the interest fit is, the closer
the users’ browsing video types are, and the lower the in-
terest fit is, the greater the fluctuation of users’ browsing
video types is. p is defined as

p � 0.5|ap− wp|/wp
. (4)

In the above equation, ap represents the average type of
video users browsed, andwp represents the weighted average
type. Let op represent the original video type, and ap is
defined as

ap �
􏽐

n
i�1 opi × ti

􏽐
n
i�1 ti

. (5)

wp is defined as

wp �
􏽐

n
i�1 api × bei

􏽐
n
i�1 bei

. (6)

Interest fit reflects the concentration of users browsing
online videos.*e higher the degree of interest fit, the higher
the user’s attention to a video and the stronger the intention
of browsing the video.

Unlike traditional online marketing, which emphasizes
creativity and click rate, online precision marketing under
the background of megadata emphasizes technology more. It
relies on the corresponding technology to mine massive
data, so as to obtain more useful customer information.

According to the multidimensional historical data infor-
mation of customers, the platform processes and maps to
metadata that can reflect the general situation of customers.
At the same time, through analyzing the historical sales data
of products, we can find out the common characteristics of
customers and generate metadata that can reflect the sales
characteristics of products.*e data in the database is widely
used. By mining the data in the consumer database, it is
possible to judge the consumer’s consumption grade and
brand loyalty according to the consumer’s characteristics. At
the same time, not only is the data in the database valuable to
this enterprise, but also it may be of high value to other
enterprises, so the data in the database can also be sold, and
so forth. After the model is built, customers can be identified
according to the channel access information, and accurate
product information can be delivered to customers through
product marketing model matching. At the same time, a
network sharing mechanism can be provided to amplify the
marketing effect. After the information is released, actively
collect marketing results for feedback.

With the continuous marketing activities, customer
information will be continuously returned to enterprises.
*e arrival of these data can update the database and reflect
the latest situation of customers, which is very important for
the subsequent marketing activities of enterprises. *e
analysis algorithms and tools of big data analysis are
completely unfamiliar to ordinary enterprises. Data analysis
is a complicated process, which requires comprehensive
docking between traditional manufacturing enterprises and
data analysis departments, and the results of data analysis
can not only guide the upstream production process but also
promote the downstream sales process.

Record the user’s usage behavior or access behavior
every time and establish a description database. Describe the
user’s behavior by using these access data and identify the
effect of describing the user’s behavior by weighting the
description data, and then basically establish the user’s in-
terest preferences and other attributes for precise marketing.
*e prediction of users’ online video preferences is calcu-
lated as follows:

Pu,i � Ru +
􏽐

n
m�1 Rm,i − Rm􏼐 􏼑 × sim(u, m)

􏽐
n
m�1 sim(u, m)

. (7)

In the above equation, Ru is the average rating of user u

to online videos, Rm,i is the rating of user m to video i, Rm is
the average rating of user m to online videos, and sim(u, m)

is the similarity between users u and m.
After the nearest neighbors of the target user are ob-

tained, user interest analysis can be performed on the videos
that are not rated by the target user according to the scores of
these neighbors, thereby generating recommendations. User
u’s predicted rating for unrated video i is
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Pu,i � Ru +
􏽐v∈Nu

sim(u, v) × Rv,i − Rv􏼐 􏼑

􏽐v∈Nu
|sim(u, v)|

. (8)

In the above equation, Nu represents the nearest
neighbor set of the target user u, sim(u, v) represents the
similarity between the target user u and its nearest neighbor
v, andRv,i represents the rating of video i by user v. Ru andRv

represent the average ratings of target user u and neighbor
user v, respectively.

In the process of network marketing, users can be
identified and analyzed in groups, and, according to the
historical purchasing behaviors of the same user groups, the
purchasing behaviors and purchasing decision-making time
points of relevant user groups can be predicted, and the
behavior analysis of users who have already purchased can
also be realized, the correlation degree of purchasing other
products can be predicted, and the related sales of network
marketing can be realized. In essence, big data analysis needs
to realize the comprehensive linkage of various departments
within the manufacturing industry. Under the condition of
improving the overall management level of enterprises,
select some professionals who are proficient in business,
know about production, and have technical ability in data
analysis. If you want to achieve this effect quickly, the op-
eration process of big data analysis should be more hu-
manized, which will be a better way. If people who have
knowledge of production and sales and brand awareness in
the enterprise conduct big data analysis, the enterprise can
quickly realize scientific and refined marketing.

4. Result Analysis and Discussion

In order to ensure the high accuracy of the online video
accurate recommendation obtained through big data tech-
nology, it is necessary to verify the rationality of the video
accurate recommendation through practice and relying on
the actual marketing effect. Complex test mainly uses
software to do stress test on network video precision
marketing system, focusing on the performance of its
components in stability and performance. *e test cycle is
long, which is mainly divided into four steps, namely, test
plan writing, test case design, test implementation, and test
execution. If the marketing plan has achieved satisfactory
marketing results, it shows that the marketing plan has high
accuracy, and marketing work can be carried out based on
this plan in the later period.

*e user activity statistics provided by the social plat-
form are used as the “activity” feature to depict the user
portrait, so as to improve the extra active days required and
the elapsed time since the user last logged in.*e statistics of
correlation coefficient of personal information characteris-
tics are shown in Table 1.

According to the common points of related consumers,
we can get the common points of consumers in the database
and then get the data of ideal consumers. Some statistics of
social platform data for user portraits are shown in Table 2.

Taking the statistical results of users’ video preferences
for big data as the research object, data clustering and

information fusion processing are carried out. Comparison
of accuracy data of the two analysis methods is shown in
Figure 3.

*e data acquisition module mainly collects and stores
the original data. *e analysis module realizes the analysis
and processing of users’ usage in the mobile Internet and is
used to identify all the business content that users used in the
past and the related web page content information that users
have visited. First, the data just entered into the database is
extracted, converted, and clearly processed, so that the
original data can be converted into data that can be analyzed.
*en, with the support of statistical software and decision
support software, the detailed database required by each
department is generated. Looking for ideal consumers,
consumers of the same type generally have a lot in common,
which can generally be reflected in the database. *e al-
gorithm in this paper is compared with the marketing
recommendation algorithm in the literature, and the
comparison result of marketing accuracy is shown in
Figure 4.

It can be seen from the figure that the marketing ac-
curacy of this algorithm has obvious advantages when the
sample data is large. *e users of the system are mainly
enterprise users. After registering in the system, enterprises
become users of the precision marketing system, which can
manage themselves, apply for marketing orders, and so on.
Enterprises should constantly improve and adjust the way of
network marketing based on big data technology to make it
more accurate. When the system completes the original data
collection, the first step is to start data processing, then
submit the results to the analysis engine, and back up the
original data. *e feedback information from customers will
also be collected to correct the customer preference infor-
mation and revise the recommendation model. *e analysis
engine simultaneously analyzes and mines various data and
saves the analysis results into the analysis database.

Considering the running time and the sufficiency of
algorithm comparison, the first 20000 records of two
datasets are used as experimental data. *e statistical in-
formation of different datasets is shown in Table 3.

Table 1: Correlation coefficient statistics of personal information
characteristics.

Gender Correlation coefficient
Age 5.15×10−2

Education 4.35×10−2

Geographical location 4.18×10−2

Work 4.88×10−2

Activity 5.02×10−2

Table 2: Social platform data statistics of user portraits.

Statistics Parameter
Number of posts 856302
Total vocabulary 321225
Posting tool 4037
Emoji 86
Post time 25
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If the value is too large, it is too small to explain the
feasibility of the recommendation method, and if the value is
too large, the result is difficult to predict. Figure 5 shows the
relationship between recommendation list length and
precision.

*rough the third-party monitoring tools, strictly record
the user’s ID, password, browsing history and stay time, and
so forth to help enterprises collect data sources of network
precision marketing. Get as much potential information as
possible from limited information and find valuable asso-
ciation rules hidden in the records visited by different
customers in a certain period of time. By combining with
practice, we can further judge the usefulness of the mining

results. Big data storage tools includeMPP database for static
data, Hadoop storage platform for unstructured data, and
big data all-in-one machine integrating software and
hardware. According to the data in the created database, the
data warehouse of the system is built after collection and
analysis, and the data mining model of data warehouse
access, dimensional dataset analysis, and knowledge re-
flection is completed. *en create a multidimensional
dataset, define a new data source view, extract and convert
the data map in the database into marketing data table,
website classification data table, and so forth, and identify
the fact data table and dimension table, create a multidi-
mensional dataset, and select appropriate measurement
values.

*e experimental conditions for testing the length of the
list are optimized, so the accuracy may be higher. After many
experiments, the length of the list is finally set to 50, so the
relationship between the accuracy of the two recommen-
dation methods and the time series is shown in Figure 6.

*rough cluster analysis of common users in enterprises,
targeted analysis of individual users, cross analysis of cat-
egory users, and so forth, we can grasp the trend of customer
demand more comprehensively and then improve customer
satisfaction. *e system creates the sqlmapcon Figurexml
configuration file, which contains the database links and
information corresponding to sql requested by users and
also describes the mapping relationship between the data
provided by customers and Action Form components.
Sqlmapcon Figurexml is used to load and configure various
components used by Struts framework and establish the
relationship between controller and model. *e analysis of
users’ web page access data is mainly to obtain the HTTP log
information of users’ web pages for related data analysis.*e
analysis contents include users’ access time period, access
frequency, access habits, search habits, commonly used
search keywords, and other information contents. With the
increase of the number of topics, the complexity and time
consumption of the model increase.*e evaluation results of
interest model of the marketing algorithm in this paper and
the algorithm in literature [16] are shown in Figure 7.

Because big data is massive, fast, flexible, diverse, and low
in value density, it is out of date to use traditional business
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Figure 3: Comparison of accuracy data of two analysis methods.
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Table 3: Statistics of different datasets.

Data set Trans Items Length
Short documentary 885 1132 1758
Sitcom 1255 1569 2211
Popular science video 1523 2223 2017
Funny video 2235 3164 2211
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Figure 5: Relationship between recommendation list length and
precision.

8 Mathematical Problems in Engineering



intelligence. Enterprises need to distinguish different oc-
casions and adopt different treatment methods according to
different business objects. Do not make the analysis and
processing of data extremely complicated. *e framework
structure of model components dealing with hierarchical
Struts framework is distinct, giving full play to the advan-
tages of Struts framework.*e division of labor is clear when
developing projects, which is beneficial for developers to
realize modular programming, thus improving the devel-
opment efficiency of the program and making it easier to
maintain and expand the program. Only by collecting,
processing, analyzing, and forecasting the scattered mass
data can the advertising suppliers and demanders make
better use of network data and achieve the goal of precise
marketing.

*is chapter focuses on the performance test of the core
algorithm of data mining in this paper, as well as the
functional test of the system. Because the early system
analysis and system design work of the project are metic-
ulous and thorough, the coding completed according to the
detailed design can basically eliminate logic errors after unit
testing. *e basic functions of this test are qualified. During

the whole test process, the system runs stably and suc-
cessfully passes all kinds of tests.

5. Conclusions

As a new marketing model, video precision marketing is
sought after by more and more enterprises with the thinking
of “emphasizing customers as the center and relying on big
data technology to realize personalized marketing.” Accu-
rate marketing under the big data environment can timely
discover various unmet needs of customers, and the
products and services provided to customers are products
and services that can truly meet customer needs. *is paper
takes users as the center and closely combines big data with
content, video marketing, and management, and, through
the application of recommendation algorithm, we can gain a
better and more scientific insight into the information needs
and preferences of the audience. In order to verify the ef-
fectiveness of this algorithm, we carry out experiments. It
can meet the needs of accurate recommendation and has
certain practical value. Due to the continuous progress of the
era of megadata, more and more enterprises will use big data
to make accurate recommendations, accurately depict the
potential needs of users in more dimensions, continuously
improve the accuracy of marketing, user maintenance, and
service, and seek new growth momentum for the progress of
enterprises. On the one hand, big data can effectively im-
prove the effect of precision marketing; on the other hand, it
can also bring more consumer choices to consumers, so that
consumers can consume according to their own wishes,
make up for the shortcomings of passive marketing in the
past, and further strengthen the efficiency of online mar-
keting. In the future work, we should improve the technical
level, break through the application barriers of big data, and
enable enterprises to obtain data conclusions that are really
conducive to the growth of enterprises when using big data
analysis for precise marketing.
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