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In recent years, China’s cross-border e-commerce has flourished, and the transaction volume has increased year by year. Cross-
border e-commerce has become a favorable breakthrough point for China’s foreign trade. *is article mainly studies the action
mechanism and model of cross-border e-commerce green supply chain based on customer behavior. Green supply chain partners
select 24 secondary indicators of the evaluation system as the input vector. *e historical data of each index is collected by field
investigation as sample data and brought into the neural network for training. *e output vector of the only output layer of the
network is used as the evaluation result of the supplier. *is paper divides the operation mode of green supply chain into four
stages and puts forward improvement tools for the functional modules in each stage. Enterprises can use the tools in the modules
to improve the operation efficiency of green supply chain. According to the green level evaluation demand of green supply chain,
this paper uses the hierarchical method to evaluate it. According to the survey results, this paper uses arithmetic averagemethod to
deal with the operation and establishes a secondary index after decomposition. Finally, this paper uses confirmatory factor analysis
to test the measurement model and further uses analysis of variance to test the relationship between the two types of social cues
and behavioral willingness. *e data shows that the orderly fluctuation range of the east, middle, and west cross-border logistics
subsystems basically remains at around 0.2 to 0.6. *e results show that the establishment of the green supply chain model has a
very positive significance for the implementation and development of the green supply chain in China’s manufacturing industry.
*rough the research of profit and profit distribution in the green supply chain, it provides guidance for the green supply chain to
effectively select the supply chain members to cooperate and calculate and distribute the profit reasonably, so that the green supply
chain management can be widely used in reality.

1. Introduction

In recent years, China’s economy has been under great
downward pressure, and the cost of manufacturing in-
dustry is rising. *e traditional foreign trade mode and
large cross-border trade have been greatly impacted [1].
Compared with traditional foreign trade, at present,
China’s Internet economy is in the leading position in the
world, and the cross-border e-commerce industry is de-
veloping rapidly. Online retailing, especially small cross-
border transactions, shows great competitive advantages.
Simultaneously, the national policies continue to be

favorable to support the development of cross-border
e-commerce [2].

It is a general trend that Chinese goods are sold to
consumers all over the world through e-commerce and will
gradually replace traditional trading methods. In this con-
text, it has become more and more difficult to realize the
development of enterprises only relying on cost-effective
products [3, 4]. Only by making breakthroughs on the
product side, channel side, brand building, and supply chain
building at the same time can they have a foothold in the
fierce competition [5]. *rough the research of this article,
we provide selection criteria and basis for the platform’s
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overseas warehouse construction model. *is has important
practical significance for the improvement and innovation of
the existing cross-border logistics model, improvement of
logistics links, and promotion of China’s foreign trade
structure adjustment and power conversion [6].

*e development of the green supply chain has greatly
enhanced the competitiveness of Chinese enterprises. *e
motivation of Kang’s research is to activate recent poverty
alleviation practices in the green supply chain. He examined
the individual behaviors and cooperative behaviors of supply
chain participants in the “green poverty alleviation” supply
chain; that is, manufacturers initiate product “greening” and
provide microcredit to alleviate the poverty of poor raw
material suppliers. By establishing a series of supply chain
game models, he analyzed the impact of cooperation
mechanisms on green levels, prices, and profits and ex-
amined the impact of consumers’ green sensitivity and small
loan interest rates. On this basis, he proposed an optimal
cooperation mechanism based on a two-part tariff contract.
He also proposed to improve the economic and environ-
mental performance of the supply chain “green poverty
alleviation” through cooperation [7]. Rezaee proposed a
two-stage stochastic planning model to design a green
supply chain in a carbon trading environment. *e model
solves the discrete location problem and determines the
optimal material flow and carbon credits/subsidies for
transactions. He has contributed to the development of the
supply chain by incorporating the uncertainty of carbon
prices and product demand. He applied the model to actual
case studies and carefully analyzed and explained the nu-
merical results. Although his research has certain positive
significance, it is not very innovative [8]. Wu believes that
although people pay more and more attention to sustainable
development and green innovation, in the context of supply
chain relations, especially in emerging countries like China,
few empirical efforts have been made to explore the factors
affecting the performance of green innovation. In order to
solve this research gap, he studied the role of specific in-
vestment in green supply chain innovation from the per-
spective of specific investment. He proposed that knowledge
transfer plays a mediating role in the relationship. According
to stakeholder participation theory, he believes that the
social responsibility of partners plays a moderate role in not
only specific investment (green supply chain innovation
performance linkage) but also knowledge transfer and
performance linkage. He tested the proposed relationship
with a sample of 331 questionnaires and verified the re-
sponses from 187 high-tech companies in China. *e ex-
ternal factors considered in his research are not
comprehensive [9]. Pourjavad believes that the qualitative
criteria for evaluating the performance of green supply chain
management (GSCM) are affected by uncertainty, which is
mainly due to the inherent ambiguity in the evaluation of
qualitative factors. He aims to reduce the uncertainty caused
by human judgment in the GSCM performance evaluation
process using language terms andmembership. He proposed
a fuzzy set theory method to deal with the imprecision of
language and the ambiguity of human judgment. His re-
search lacks necessary experimental data [10]. Yun believes

that, with the development of economic globalization, the
quality competition among enterprises has been extended to
the supply chain. In order to achieve sustainable develop-
ment, enterprises must change the traditional closed “ver-
tical integration” mode. He studied the multiattribute
decision-making problem and used binary linguistic in-
formation to estimate the performance of green supply chain
in the low-carbon agricultural economic environment.*en,
he proposed the 2-tuple power Einstein weighted geometric
operator to summarize the 2-tuple linguistic information
and then used the 2tpewg operator to evaluate the perfor-
mance of the green supply chain in the low-carbon agri-
cultural economic environment by using the 2-tuple
linguistic information. His research is not accurate enough
[11]. Miret studied the multiobjective optimization problem
from the perspectives of economy, environment, and so-
ciety. He quantified the environmental dimension through
the life cycle assessment, especially the ecological cost
method. For the latter, he proposed a new method based on
financial accounting analysis to estimate direct, indirect, and
induced job creation. Once the superstructure is described,
the optimization problem is described as a mixed integer
linear programming, which considers the seasonality of
biomass, geographical availability, biomass degradation,
process conversion technology, and final product require-
ments. Although his method for solving multiobjective
optimization problems has a certain optimization effect, it
lacks specific steps [12].

With the establishment of a central database between
distributed computer units, an information sharing envi-
ronment within the organization has emerged. Now, every
unit of the organization can get all kinds of information
needed from the database at any time and process it in its
own unit. Simultaneously, the transaction processing system
within the organization and the customer support system
outside the organization are gradually connected, and a
unified EDI standard compatible with various industries has
been established, thus forming a supply chain process
management system [13]. Each actor becomes the knowl-
edge node in the internal supply chain of the organization,
and the competitiveness of each technical link in the or-
ganization depends on the innovation power of these
knowledge nodes [14]. *ese knowledge nodes are con-
nected together to form a powerful internal supply chain
system of the organization. *e more competitive each
knowledge node in the organization is, the more capable the
organization will be to expand its internal supply chain,
which in turn promotes the expansion of the enterprise scale
[15]. In the industrial cluster or the supply chain governance
environment, the network characteristics of the organization
are more obvious [16]. Any subject can ingest property rights
from network relational capital and expand the boundary of
its information and decision-making capabilities [17, 18].
Large enterprises embed their databases and system software
on the Internet, which can enhance the functions of their
system software and reduce their operating costs. Small
businesses or individual actors have a greater flexibility in
using network capital [19]. In most cases, the network re-
lationship of industrial clusters or supply chain governance
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is always conducive to the externalization of enterprise
production links or knowledge nodes. *e emergence of
virtual organizations is based on information sharing, or-
ganizational transparency, and independent information
capabilities of actors. Each of the actors throughout the
supply chain can flexibly extract the fruits of related in-
dustrial links with their own core advantages. In this en-
vironment, the formal form of organization becomes
redundant, and the informal teamwork becomes extremely
competitive [20]. *is flexible organizational form liberates
the individual core capabilities of the actors from the rigid
formal organization and combines these core advantages
with the help of network relationships and electronic con-
nections and further integrates the entire body on a larger
scale [21, 22]. *e core competitiveness of each knowledge
node of the supply chain is connected, so that the compe-
tition between enterprises becomes the competition between
supply chains.

*e main research sequence of this paper is as follows:
Section 1 is an introduction, including the research back-
ground, significance, literature review, and main innovation
mentioned in this paper. Section 2 mainly introduces cus-
tomer behavior, cross-border e-commerce, and green supply
chain. Section 3 mainly introduces the cross-border
e-commerce green supply chain action mechanism and
model simulation experience, including data acquisition,
data preprocessing, model establishment, and supply chain
evaluation weight. Section 4 mainly discusses and analyzes
the experimental results. Section 5 is the summary of the
whole research.

*is article deconstructs the total factor efficiency of
green supply chain companies into the total factor man-
agement efficiency of green supply chain companies and the
full factor environmental efficiency of green supply chain
companies from the two-dimensional level of management
and environment and deeply explores the root causes of
inefficiency of green supply chain companies. *e internal
and external environments provide a reliable basis for
seeking a path to improve the efficiency of all elements.
Simultaneously, the relevant theories of the green supply
chain are researched, to construct a green supply chain
operation model and analyze the model’s process design and
index system construction. *is paper extracts trans-
portation cost reliability, transportation timeliness reliabil-
ity, and transportation safety and reliability. It has certain
reference significance for the improvement of the theory of
transportation mode choice influence.

2. Customer Behavior and Green Supply Chain

2.1. Customer Behavior. Customer demand is the primary
link of service design. *e ability to accurately obtain cus-
tomer needs will directly affect the quality of the entire
service design and is related to the ability to design products
or services that satisfy customers. *e determination of
customer needs is mainly done by the service designer. *e
information obtained in a short period of time cannot
guarantee accuracy and completeness, so it will take a long
time to complete. In addition, it is necessary to ensure that

the accuracy of obtaining customer demand information is
very important and determines the success or failure of
service design. Forecast is the first part of income man-
agement, soul of income management, and important
foundation of the other three parts of income management.
In reality, market-related departments of most companies
will predict and analyze the market demand for their
products. *e more accurate the market forecast, the more
targeted the company’s market strategies, such as pricing
[23].

With the development of service enterprises and changes
of business environment, customer loyalty can make en-
terprises occupy a favorable position in the market com-
petition, have greater pricing space and market advantages,
and have a great impact on the profitability and competitive
strategies of service enterprises. Loyal customers can save the
cost of developing new customers and reduce the transaction
and service costs of customers. Simultaneously, it also brings
higher premium income to the enterprise, which is mainly
reflected in the basic profit and the profit brought by the
increase of purchase quantity. Moreover, in most industries,
loyal customers are less price-sensitive and have higher
tolerance. *ey are willing to buy products and services of
the enterprise at full price instead of waiting for a discount
and price reduction, which makes loyal customers pay more
than new customers, while enterprises sell more products at
a full price and obtain a premium income [24].

2.2. Cross-Border E-Commerce. *e cross-border e-com-
merce supply chain process is shown in Figure 1. With the
increasing trade exchanges among countries in the world,
the future trade will be presented in front of the world in a
new way and channel of cooperation, and the development
of cross-border e-commerce will appear as a new trend of a
larger market, with more profits, better products, and being
closer to the consumers. Under the environment of market
economy, the development of an organization is not only
constrained by its own resources but is also directly or
indirectly influenced by the external environment. In the era
of Internet and globalization, the developmental activities of
organizations are increasingly closely related to the external
environment.*erefore, if an organization can make full use
of the external macroenvironment to “follow the trend,” it
will greatly promote the development of the organization;
otherwise, it will bring many obstacles to the development of
the organization. *erefore, it is of great significance for the
development of the organization to analyze the macro-
environment faced by the organization [25].

In the Internet era, the network connects the world as a
whole, and the characteristics of globalization and decen-
tralization are increasingly obvious. In particular, the de-
velopment of cross-border e-commerce is not constrained
by time and space. Internet users can purchase and trade
products from any country in any place at any time through
the Internet with the help of cross-border e-commerce
platforms, so as to realize “global trading” in a real sense and
promote the flow of global capital, products, and other el-
ements across the world [26].
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2.3. Green Supply Chain. According to the theory of green
supply chain management, the objects of green supply chain
management include raw material suppliers, sellers, logistics
providers, and so on. In the process of implementing green
supply chain management, the green requirements of each
link in the supply chain must be clear. Only when every link
is “green” can we promote the development of green supply
chain from inside to outside and also promote the formation
of green procurement market system. To distinguish com-
mon products from green products, product green degree is
born. It represents the coordination degree between green
products and environment and is an evaluation index.
Generally speaking, the greener a product is, the more
environmentally friendly it is [27].

*e output vector of the hidden layer of BP neural
network is

Y � f1 􏽘
i

wijxi + bi
⎛⎝ ⎞⎠. (1)

*e output vector of the output layer is

Z � f2 􏽘
j

wj1xi + b1
⎛⎝ ⎞⎠. (2)

Here, xi is the input layer input vector and xj is the
hidden layer input vector.

*e modified value of the connection weight from the
output layer to the hidden layer is

Δwij � −η
zε

zwij

. (3)

*e modified value of the connection weight from the
hidden layer to the output layer is

Δwj1 � −η
zε

zwj1
. (4)

Here, η is the learning rate of the BP neural network
model, and the general value range is the interval (0, 1).

For each factory i and product p, the purchase of raw
materials plus the production of products should equal the
amount of products shipped from the factory to the
warehouse plus the amount of raw materials consumed [28]:

PUjpt + 􏽘
i∈OUT(P)

Wijpt � 􏽘
k

Q
PL
jkpt + 􏽘

i∈IN(P)

Wijpt. (5)

Here, PUjpt represents the amount of raw materials
purchased by factory j in the production of product p at

period t and Wijpt represents the input or output of product
p in plant j at period t under equipment i.

*e following material conversion relationship exists for
equipment i of plant j:

Wijpt � μip + Wijp′t. (6)

Here, μip represents the material conversion coefficient.
*e original inventory plus the transportation volume

from the factory to the warehouse equals the flow from the
warehouse to the market plus the final inventory, which is
written as follows:

INVkpt−1 + 􏽘
j

Q
PL
jkpt � 􏽘

l

Q
WH
klpt + INVkpt. (7)

*e sales volume of products on the market depends on
the quantity allocated by the warehouse, which is written as
follows:

􏽘
k

Q
WH
klpt � SAlpt. (8)

*e relationship between the environmental impact
factors of product storage and the geographic location of the
facility is not obvious, but the material flow in different
regions will be different. *erefore, the emissions at this
stage are only affected by the material flow as follows:

Ips � fps 􏽘
g

Fps,g,

􏽘
g

Fps,g � 􏽘
k

􏽘
p

􏽘
t

INVk,p,t,

Ips � fps,k 􏽘
k

􏽘
p

􏽘
t

INVk,p,t.

(9)

As it is assumed that the technical equipment and
processes of the company’s branches are basically the same,
the impact factors are not regionally dependent, so GHG
emissions and production have a certain proportional re-
lationship as follows:

Ipp � 􏽘
g

fppFpp,g,

Fpp,g � Wijpt.

(10)

NPV is obtained by converting the cash flows generated
in each period and then adding them up as follows:

NPV � 􏽘
t

CFt

1 + ir( 􏼁
t−1. (11)

Here, ir represents the interest rate.

Supplier’s supplier Supplier Cross-border 
e-commerce Consumer

Cash flow Cash flow

Business flow Business flow

Cash flow

Business flow

Information flow

Cross-border logistics

Figure 1: Cross-border e-commerce supply chain process.
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In the coordination relationship of green supply chain of
large-scale catering enterprises, the evaluation and selection
of green suppliers are the primary problems to be solved.
Different from the traditional supplier evaluation and se-
lection, green supply chain management requires large-scale
catering enterprises not only to consider the economic
performance of the enterprise but also to pay attention to the
environmental performance objectives. Due to the large
number of raw materials in large-scale catering enterprises,
through the different impact of raw materials on the eco-
nomic and environmental performance of enterprises and
the influence of large-scale catering enterprises on raw
material suppliers, the procurement objectives of raw ma-
terials are determined, targeted supplier evaluation stan-
dards are establisheed, and the green practice of suppliers is
influenced, so as to improve the environmental performance
of the whole supply chain [29].

3. Cross-Border E-Commerce Green Supply
Chain Action Mechanism and Model
Simulation Experiment

3.1. Data Acquisition. Customer behavior analysis is based
on positioning and consumption information. *erefore,
this paper mainly obtains the required data from location
and client databases. Simultaneously, to encourage cus-
tomers to purchase using cards, to ensure the effectiveness of
data collection, customers who carry membership cards can
enjoy a certain discount [30].

(1) Customer information: the information in this part
comes from the client’s database, which mainly in-
cludes the customer’s name, age, corresponding tag
number, income, education level, occupation and
hobbies.

(2) Record of consumption behavior: the consumption
behavior records that need to be collected in this part
mainly include the serial number of the entertain-
ment facility, consumption price of each facility, area
and category of the entertainment facility, and
consumption amount of customers in each area.

(3) Record of customer activity scope: the record of
customer activity range mainly includes the time
when customers enter and exit, time that customers
stay in each area of the venue, number of times
customers appear in each area, and number of people
included in each area in a certain period of time [31].

3.2.Data Preprocessing. Green supply chain partners choose
24 secondary indicators of the evaluation system as input
vectors.*e historical data under each index are collected by
field investigation and brought into the neural network for
training. *e output vector of the network’s only output
layer is used as the evaluation result of suppliers. *e first
part is to train the established BP neural network. First,
normalize the sample data, set the appropriate training
parameters, and bring the sample data into the BP neural
network for trial calculation until the output is less than the

allowable error value. In the second part, the test data is
brought into the trained BP neural network to get the output
value, that is, the final output value. After the final output
result is obtained, it is necessary to use the function to
inverse-normalize the operation result, so as to facilitate the
selection of multiple evaluation objects and select suppliers
that meet the requirements through comparison.

3.3. Model Establishment. *e green supply chain model is
shown in Figure 2. *is paper divides the operation mode of
green supply chain into four stages and puts forward im-
provement tools for the functional modules in each stage.
Each enterprise can use the tools in the module to improve
the green supply chain, so as to improve the operation ef-
ficiency of the enterprise green supply chain. *e initial
formation of the operation mode of green supply chain is a
comprehensive, modern, and circular development man-
agement mode initially formed by the influence of value
holding and value driving factors, which determines the
value goal of implementing green supply chain and com-
prehensively considers the internal and external obstacles
and advantages.

*e green supply chain of core enterprises in the supply
chain is a supply chain mode with the manufacturer as the
core to promote and pull, which fully considers the whole life
cycle of products and the needs of final customers. *e
operation results and evaluation of the green supply chain
operation mode are mainly composed of value creation and
value acquisition. According to the value objectives of the
mode operation and path selection and implementation of
the mode operation, the composition structure of the main
benefits of all parties can be determined. Simultaneously,
with the support of system support and technological in-
novation, it is possible to provide value acquisition for
stakeholders in the supply chain [32].

3.4. Supply Chain Evaluation Weight. *e evaluation scale
set refers to the scale for evaluating each indicator, which can
be expressed in a variety of ways such as grades and scores,
and varies with different evaluation needs. According to the
green level evaluation requirements of the green supply
chain, this article uses a graded approach to evaluate it. *e
construction of the judgment matrix is to compare the el-
ements in the element set at each level and then determine
the relative importance of the two elements and assign a
certain value. Based on the results of the interview survey,
this paper uses the arithmetic average method for operation
and processing and establishes a secondary index after
decomposition.

3.5. Model Checking. First, according to the two-stage
method, confirmatory factor analysis was used to test the
measurement model. *e reliability of the questionnaire is
evaluated using Cronbach’s α coefficient and composite
reliability. *is article uses a two-factor analysis of variance
to test the relationship between the two types of social cues
and the participants’ social presence. *e relationship
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between the two types of social cues and behavioral will-
ingness was further tested through analysis of variance. After
verifying the relationship between social cues and social
presence, the structural equation model was further used to
test the relationship between social presence and subsequent
variables [33].

4. Model Simulation Results

4.1. Customer Behavior Analysis. *e demand density faced
by the twomanufacturers is shown in Table 1. Assuming that
the initial inventory quantity of two manufacturers is 100,
simulate the optimal price sequence and equilibrium price of
the two manufacturers when the initial inventory quantity is
the same. It can be seen that both manufacturers will adopt
low prices at the beginning of the sales period.When the initial
inventory is the same, the price conversion time of manu-
facturer 2 is faster than that of manufacturer 1. *is is because
the calculation example assumes that the demand density
faced by manufacturer 1 is higher than that of manufacturer 2.
*erefore, manufacturer 2 must “first move” to make itself in
strive for more revenue in the competition [34].

Keep other parameters unchanged, when the simulated
initial inventory quantity is the same. *e change of con-
version time under different α values is shown in Table 2. It
can be seen from the table that obviously as α increases, the
time for manufacturers to use high prices decreases, and the
time to use low prices increases. *is is because, under the
circumstance that the total demand remains unchanged, the
larger the α, the smaller the proportion of the second cat-
egory of customers and the relative reduction in the demand
faced by the two manufacturers during dynamic pricing,
which increases the risk of surplus inventory at the end of the
period, so the price must be adjusted downward in hope of
increasing the probability that customers are willing to buy
and reducing the possibility of surplus inventory [35].

Using the factor analysis results output by SPSS software,
we can get the objective weight result of the evaluation of
innovation ability of import cross-border e-commerce
platform, which makes the comprehensive evaluation of
each platform objective and accurate. *e analysis results
show that the service innovation of import cross-border
e-commerce platform needs to consider both internal and
external factors. *e internal factors include the staff’s
culture and quality, platform’s own network technology
level, and so on, and the external factors include the change
of consumer demand brought by social progress [36]. *e
comprehensive score of service innovation ability of each
import cross-border e-commerce platform is shown in

Figure 3. *e scores of various import cross-border
e-commerce platforms in the market are quite different,
which indicates that there is a big gap between the strengths
and weaknesses of service innovation ability. Among them,
the comprehensive score of platform A is the highest, which
is 3.67; the score of platform B and platform C is not much
different, which is 0.79 and 0.72, respectively; the score of
platform D is −0.47, ranking the fourth; the score of plat-
forms E and F is significantly different from those of the
previous platforms, which are −1.46 and −2.39, respectively.
*e service innovation ability needs to be strengthened [37].

*e change of customer status with time and parameters
is shown in Figure 4. When the utility of social preference
increases, the curve of buy increases as a whole, so hesitant
customers are more willing to buy goods than give up.When
all the parameters are reduced, the number of customers
who buy decreases significantly and the number of cus-
tomers who give up buying increases significantly. When the
contact between customers is closer, compared with dis-
count, social preference utility plays a greater role, and
customers trust more the recommendation of friends and
the reputation of sellers. When the utility of time to cus-
tomers with deposit becomes smaller, more customers are
willing to wait, and the number of customers with deposit
increases more rapidly and the curve is steeper [38].

4.2. Evaluation Index Analysis. *e degree of collaboration
between cross-border e-commerce and logistics in different
regions is shown in Table 3 and Figure 5. From the table, we

Suppliers of raw
materials

Parts
manufacturer

Product
manufacturer Distributor Retailer

Recycler Consumer

Green production Green logistics

Figure 2: Green supply chain model.

Table 1: Demand density faced by the two vendors.

P1 � 100 0.49 0.38 0.53 0.30 0.59 0.26 0.64 0.23
P2 � 120 0.39 0.44 0.44 0.35 0.47 0.28 0.51 0.25
P3 � 140 0.27 0.48 0.37 0.40 0.39 0.32 0.43 0.29
P4 � 160 0.24 0.53 0.31 0.43 0.35 0.36 0.38 0.33

Table 2: Price conversion time under different α values.

α� 0.1 112 623 795 961 94 583 767 914
α� 0.2 145 587 774 923 121 545 758 865
α� 0.3 172 567 732 861 150 509 714 831
α� 0.4 212 554 713 858 209 527 685 818
α� 0.5 284 548 689 822 258 494 637 783
α� 0.6 335 527 653 804 314 501 628 766
α� 0.7 362 503 627 773 345 492 596 738
α� 0.8 384 473 606 739 365 457 572 690
α� 0.9 406 458 582 711 385 437 559 671
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can see that the order degree of the east, middle, and west
cross-border logistics subsystems is increasing as a whole,
and the numerical difference is not big, and the fluctuation
range basically remains at about 0.2∼0.6. Relatively speaking,
the order of the cross-border logistics subsystem in the
central region is slightly higher than that of the east and west,
reaching 0.653 in 2018. In recent years, the logistics industry
of China’s cross-border e-commerce has developed rapidly,
and the construction of related logistics infrastructure has
been continuously improved, which has also laid a solid
foundation for the further development of the cross-border
logistics industry [39].

*e optimal decisions for the green efficiency of different
products are shown in Table 4 and Figure 6. In the process of
collaboration between cross-border e-commerce enterprise
think tanks and cross-border e-commerce information
service related platform institutions, factors such as synergy
benefits, synergy costs, and speculative returns affect the
collaboration of cross-border e-commerce enterprise think
tanks and related platforms. However, because of the dif-
ferent modes and contents of information services, cross-
border e-commerce enterprise think tanks will be affected by
other factors in the process of collaboration with different
platforms. Strengthening the connection between cross-
border e-commerce enterprise think tanks and cross-border
e-commerce information service related platforms is of great
significance for the effective integration of information re-
sources and the transformation of resources from decen-
tralization to aggregation [40].

*e result of index weight calculation is shown in Fig-
ure 7. In the evaluation index system of B2C cross-border

e-commerce overseas warehouse construction mode selec-
tion, the weights of service quality, market competition
environment, platform characteristics, and supporting en-
vironment are 0.4335, 0.3049, 0.1615, and 0.1001, respec-
tively. *e market competition environment includes three
specific indicators, namely, the proportion of online shop-
ping consumers, e-commerce penetration rate, and Internet
penetration rate. According to the calculation results of
Yaahp software, the weights of the three are 0.0835, 0.2037,
and 0.7128 respectively, and the test coefficient
CR� 0.0300< 0.1, passing the consistency test. *e order of
consideration is the Internet penetration rate, e-commerce
penetration rate, and proportion of online shopping con-
sumers. *is is mainly because the Internet is the basis for
the survival of cross-border e-commerce. *e Internet
penetration rate of the target country market has the greatest
impact on people’s online shopping demand, and it is also
important for B2C cross-border e-commerce to choose
overseas warehouse.

4.3. Model Test Results. *rough software analysis, the
corresponding cross-border e-commerce company supply
chain risk index layer and the weight value of each index
corresponding to the total index are obtained, as shown in
Table 5. According to the weight data table, it can be de-
termined that the transaction risk has the greatest impact on
the risk level of the cross-border e-commerce company
supply chain risk, with a corresponding weight value of 0.42;
that is, if the cross-border e-commerce company supply
chain has a risk, the risk that is most likely to occur is
transaction risk, which can also be understood as the
probability of transaction risk occurring at 42%. *e second
is the environmental risk, with a corresponding weight value
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Figure 4: Customer status changes with time and parameters.

Table 3: Cross-border e-commerce and logistics collaboration in
different regions.

Years East Central West
2014 0.048 0.036 0.089
2015 0.059 0.059 0.098
2016 0.079 0.076 0.182
2017 0.108 0.136 0.104
2018 0.217 0.148 0.143
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Figure 5: Cross-border e-commerce and logistics collaboration in
different regions.
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Figure 3: Comprehensive scores of service innovation capabilities
of various imported cross-border e-commerce platforms.
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of 0.31, which can also be understood as the probability of
environmental risk occurring at 31%. *e third is the cross-
border logistics risk, with a corresponding weight value of

0.22, which can also be understood as the probability of
cross-border logistics risk occurring at 22%.*e fourth is the
network marketing risk, with a corresponding weight value
of 0.05; that is, the probability of network marketing risk
occurrence is relatively low, less than 0.1. *e risks of online
marketing can be ignored in this article. From the overall
perspective of cross-border e-commerce company supply
chain risks, the most obvious impact is credit risk, with an
overall weight value of 0.39. *e second is the logistics itself
risk, with an overall weight value of 0.17. *e third is legal
and regulatory risk, with an overall weight value of 0.14. *e
fourth is the industry environmental risk, with an overall
weight value of 0.11.

*e effect of information sharing cost coefficient on
profit is shown in Figure 8. When the cost coefficient of
information sharing between the two sides continues to
decline over time, the products of cross-border export en-
terprises can create greater market demand and sell on the
platform e-commerce platform at a higher price. *e degree
of information sharing in the supply chain will also be
improved, and the overall supply chain will enter a virtuous
cycle. If the cost coefficient of information sharing in the
supply chain gradually decreases, the profits of platform
providers and cross-border export enterprises and the total
profits of the supply chain will be improved, and the
competitiveness of the supply chain will be enhanced. In this
process, the profits of the platform providers will increase
faster than those of the cross-border export enterprises, and
the platform enterprises will get more benefits by reducing
the information sharing degree in the supply chain.

Table 4: *e optimal decision of green efficiency of different products.

Centralized decision Decentralized decision-making
Pr Pd Pr1 Pd1
50.97 58.11 58.38 57.76
54.38 61.53 62.16 60.67
58.62 65.76 66.69 64.15
63.93 71.07 72.13 68.34
70.51 77.65 78.52 73.26
79.28 86.42 86.51 79.4
91.97 99.11 97.1 87.55
111.64 118.7 111.5 98.68
143.1 150.2 130.8 113.5
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Figure 6: Optimal decisions for green efficiency of different
products.
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Figure 7: Result of index weight calculation.

Table 5: Weight value of each indicator.

First level indicator Weights Comprehensive
weight

Cross-border logistics risk
(0.22)

0.76 0.17
0.24 0.05

Transaction risk (0.42) 0.94 0.39
0.06 0.03

Internet marketing risk (0.05) 0.80 0.04
0.20 0.01

Environmental risk (0.31)

0.45 0.14
0.15 0.05
0.37 0.11
0.03 0.003
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GSETFE values of green supply chain enterprises are
shown in Table 6 and Figure 9. From the sample average
level, without considering the influence of external envi-
ronmental factors, the total factor efficiency of green supply
chain enterprises in China is between 0.73 and 0.85, and
there is still 15%–27% room for improvement, which shows
that the development potential of green supply chain en-
terprises in China is huge.

5. Conclusions

*e supply chain management of cross-border e-commerce
should take the ultimate goal of improving the sensitivity of

the supply chain system, enhancing the competitive ad-
vantage of the enterprise supply chain, and reducing the
operating cost of the enterprise supply chain and consider
the construction factors, such as reasonable logistics grid and
customer value. Major cross-border e-commerce companies
rely on the professionalism of third-party logistics resources.
*e layout of cross-border logistics networks should be
based on their own product characteristics and service re-
quirements and use logistics service outsourcing resources,
especially for the delivery services of the destination country
of commodity delivery. It is difficult to penetrate overseas
countries, and logistics outsourcing can improve the effi-
ciency of distribution and reduce the cost at the same time.
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Figure 8: *e impact of information sharing cost coefficient on profit.

Table 6: GSETFE value of green supply chain companies.

Enterprise 2014 2015 2016 2017 2018 Average value
Weichai Power 0.788 0.842 0.709 0.761 0.818 0.784
Goldwind Technology 0.787 0.864 0.935 0.896 0.936 0.884
Snowman shares 0.835 0.638 0.786 0.352 0.695 0.661
Sany heavy industry 0.817 0.748 0.637 0.707 0.889 0.760
TBEA 0.850 0.781 0.693 0.716 0.773 0.763
Zhenhua heavy industry 0.604 0.553 0.423 0.396 0.472 0.490
Haier Zhijia 0.971 0.774 0.787 0.767 0.869 0.834
Sichuan Changhong 0.704 0.595 0.653 0.733 0.796 0.696
Average value 0.836 0.779 0.762 0.733 0.825 0.787
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Figure 9: GSETFE value of green supply chain companies.
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Now, large enterprises are facing more brutal competition.
In order to highlight their main business and develop their
core competitiveness, many large enterprises are also forced
to get rid of some of the branches and industrial links that
they are not good at and cannot afford to lose. In some new
industrial areas or industrial cluster areas, this situation
becomes particularly clear. *erefore, if a region wants to
obtain a sustainable competitive advantage, it must adopt
two strategies at the same time. One is to optimize the
geographical environment and give play to the advantages of
industrial clusters; the other is to participate in or create a
network alliance of global supply chains, reduce logistics
costs, and share.

*is paper uses evolutionary game theory and math-
ematical modeling analysis tools to construct an evolu-
tionary game model of core enterprises and their upstream
SMEs in the supply chain based on core enterprise guar-
antee strategies and uses numerical simulation analysis to
prove that core enterprises take guaranteed actions to
promote green supply in my country *e implementation
of chain finance strategy is of great significance. *rough
the research of profit and profit distribution in the green
supply chain, it provides guidance for the green supply
chain to effectively select the supply chain members to
cooperate and calculate and distribute the profit reason-
ably, so that the green supply chain management can be
widely used in reality.

*e construction of reasonable power mechanism,
sharing mechanism, negotiation mechanism, and trust
mechanism can ensure the efficient and steady operation of
the green supply chain, improve the overall competitiveness
of the supply chain, and achieve the win–win goal of the
whole and part.*rough the construction of mechanism and
model, it can be concluded that when enterprises implement
green supply chain operation and if node enterprises can
share knowledge, negotiate, and trust with each other, then
the overall revenue of the supply chain will be greatly im-
proved, and the overall competitiveness of the supply chain
will be enhanced. Due to the authors’ limited knowledge
level and time, it is difficult to form a systematic and
complete theoretical system in a short time. *ere are still
many limitations in this paper. For example, the analysis of
the impact of customer behavior on the operation of green
supply chain is not deep enough, and the combination of
behavior theory and enterprise supply chain management
will be the direction of further research.
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Convolution neural network has become a hot research topic in the field of computer vision because of its superior performance in
image classification. Based on the above background, the purpose of this paper is to analyze sports sequence images based on
convolutional neural network. In view of the low detection rate of single-frame and the complexity of multiframe detection
algorithms, this paper proposes a new algorithm combining single-frame detection andmultiframe detection, so as to improve the
detection rate of small targets and reduce the detection time. Based on the traditional residual network, an improved, multiscale,
residual network is proposed in this paper. (e network structure enables the convolution layer to “observe” data from different
scales and obtain more abundant input features. Moreover, the depth of the network is reduced, the gradient vanishing problem is
effectively suppressed, and the training difficulty is reduced. Finally, the ensemble learning method of relative majority voting is
used to reduce the classification error rate of the network to 3.99% on CIFAR-10, and the error rate is reduced by 3% compared
with the original residual neural network.

1. Introduction

Convolutional neural network is a special multilayer per-
ceptron designed to recognize two-dimensional images that
can automatically extract image features. (e original image
does not require a lot of preprocessing to better learn the
invariance characteristics of the image. Now, the typical
convolutional neural network is a multilayer trainable ar-
chitecture, including input, convolutional layer (local con-
nection layer), sampling layer, normalization layer, fully
connected layer, logistic regression layer, output layer, and
the like. Methods to improve the image recognition effect of
convolutional neural networks, methods to find the network
structure and parameter configuration that are most suitable
for the data set to be recognized, and the network structure
with constant compatibility for various data sets have
gradually become the hotspots of current research.

Due to the importance of motion sequence image re-
search, many research teams have begun to study motion
sequence images and have achieved good results. Yang and
Jiang studied the tracking theory based on the Candide3 face
model and further developed the tracking process on this
basis. Based on the research of face tracking, a dynamic

feature extraction method based on six parameters of face
model is proposed. (e facial expression feature point lo-
cation and tracking algorithm based on active appearance
model was introduced, and the tracking principle was
studied. On the basis of the Candide3 face model, the
tracking process is further developed. Dynamic time
warping (DTW) technology was used to align the image
sequence, and then, the feature vector was extracted [1]. In
recent years, a database containing a large number of human
motion patterns has appeared and is expected to be reused as
a new method for recognizing motions and recovering
motion patterns from videos containing monocular images.
Guermazi and Roemer described the design of an action
database, which is composed of action configuration, pose
descriptors in silhouette images, random models coded by
each pose descriptor subsequence, and the relationship
between data and random models. (e proposed action
database is used to identify images that contain specific
actions performed by performers and recover all joint angles
from the images [2]. Although the current research results
are relatively rich, there are still shortcomings, mainly re-
flected in the huge amount of data and cumbersome analysis
time.
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In the research of algorithm analysis, convolutional
neural network is a very good method that can solve many
classification problems, so it is widely used in the research of
algorithm analysis. He proposed the first convolutional
neural network (CNN) that provide real-time SR 1080p
video on a k2gpu. To achieve this, they proposed a new CNN
architecture to extract feature maps in the LR space. In
addition, they also introduced an efficient subpixel con-
volutional layer, which learns a set of upwardly expanded
filters to upgrade the final LR feature map to the HR output.
By doing so, they effectively replaced the bicubic filter in the
hand-made SR pipeline, trained more complex upscaling
filters for each feature map, and reduced the computational
complexity of the entire SR operation [3]. Dong et al.
proposed an online visual tracking algorithm that uses
convolutional neural network (CNN) to learn and dis-
criminate saliency maps. Assuming that CNN is pretrained
on a large-scale offline image library, their algorithm uses the
output of the hidden layer of the network as a feature de-
scriptor because they show good performance in various
common visual recognition problems. (ese features are
used for online support vector machine (SVM) to learn and
recognize the target appearance model [4, 5]. Due to the
effectiveness of the image analysis method, the convolutional
neural network method can be applied to the analysis of
sports sequence images to solve the problem of slow image
analysis.

In this paper, motion sequence image target detection
and tracking system based on a convolutional neural net-
work is established. A simple convolutional neural network
model is established according to the image characteristics.
When selecting hardware, the software system can be used to
select appropriate parameters and best parameters in
combination with specific conditions.(e optimal algorithm
can not only reduce the burden when selecting the algorithm
but also provide powerful parameters for the experimental
program, without wasting too much time, and can be used to
complete the image classification training process and dis-
play the classification results.

2. Convolutional Neural Network and
Sequence Image

2.1. Convolution Neural Network Learning Algorithm

2.1.1. 'e Training Process of Network. (e training process
of convolutional neural network is similar to the traditional
BP algorithm, including four steps, which is divided into two
stages:

(e first stage: forward propagation process:

(1) Take a sample from the sample set and input it into
the network

(2) Calculate the corresponding actual output

In this stage, the input information will be transformed
according to the hierarchy and output to the output layer. In
the calculation process through the network, in order to
obtain the final output result, a little deviation is added in the
weight column of input and each output.

(e second stage: the process of back propagation:

(1) Calculate the difference between the actual output
and the expected output

(2) (e weight matrix is propagated and adjusted
according to the error minimization method

(e network training process includes net propaga-
tion and antipropagation [6, 7]. (e forward wave mainly
includes the feature extraction and classification calcu-
lation. (e inverse wave is the wrong inverse feedback
and updates calculation of weight value. After inputting
images, all output must be initialized. Exhibition and
sampling realize the extraction and mapping of image
features, multiple exhibition and sampling processes can
be used here [8]. (e multilayer extraction process can
extract useful information from the image. After feature
extraction, the extracted features will be conveyed to the
fully connected hierarchy again. (ere are several hidden
layers in the fully connected layer. (e results are fed back
to the output layer through the conversion and calcu-
lation of the data information in the hidden layer. (e
output layer makes some calculations and gets the test
results. Compare the test results with the expected results,
and output the classified results if they are consistent
[9, 10].

In backpropagation, for a training sample (x, y), the loss
function is defined as shown in

S(w, b, x, y) �
1
2

gw,b(x) − y
����

����
2
, (1)

where y is the real result and g is the predicted output of the
neural network. For training data containing n samples, the
overall loss function is shown in

S(w, b) �
1
n

􏽘

n

i�1
S w, b, x

(i)
, y

(i)
􏼐 􏼑. (2)

Generally speaking, the loss function of a neural network
is a nonconvex function and often converges to a local
minimum. (e gradient descent method can be used to
update the parameters. (e main goal is to find the partial
derivative of the objective function with respect to the pa-
rameter vector. (e solution formula is shown in

w
(I)
i,j � w

(I)
i,j − ε

z

zw
(I)
i,j

J(w, b), (3)

b
(I)
i � b

(I)
i − ε

z

zb
(I)
i

J(w, b), (4)

where ε is the learning rate.
If the test result is not consistent with the expected result,

the weight value and deviation should be propagated again
from the output layer to the fully connected layer and
layering, until each output has its own gradients and then
carries out weight updating work to start a new training
process [11, 12]:
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(1) Convolution and Sampling Process. (e convolution
process is the process of using a template to perform
a template operation on an image. (e template can
also be a filter or a convolution kernel [13, 14]. (e
template calculation formula is shown in

F(x, y)∗W(g, h) � 􏽘
c

i�c

􏽐
d

j�d

w(i, j)f(x + i, y + j). (5)

Among them, ∗ is the convolution operator,
F(x, y), f(x, y), respectively, represent the domain
image and the pixel value centered on the pixel point
(x, y). W(g, h), w(g, h) represent the template
matrix and the weight in the matrix, respectively.
(e specific process of the first integration process:
first input image, then feature extraction process.(e
process of feature extraction is to integrate the filters,
which can learn the input image, and then add bias.
(e protocol layer is generated after feature ex-
traction. (en, the adjacent regions of the confor-
mity layer are maximized or averaged [15]. In this
process, the corresponding weight value and devi-
ation need to be added, and the output can be ob-
tained by activating the function. (e results
generate a sampled function map. In the later
convolution process, the input of convolution level
becomes the output of sampling layer in the previous
convolution process [16, 17]. Commonly used ac-
tivation functions include Sigmoid function, Tanh
function, and Relu function. (e formulas are as
shown in

f(x) �
1

1 + e
− x, (6)

f(x) �
e

x
− e

− x

e
x

+ e
− x , (7)

f(x) � max(0, x). (8)

In order to prevent the difference between adjacent
features in the same channel of the feature image
from being too large, the network will normalize the
features when extracting the features. (e normal-
ized formula is

g
i
x,y �

h
i
x,y

r + α􏽐
min(N− 1,i+n/2)
j�max(0,i− n/2) h

j
x,y􏼐 􏼑

2
􏼒 􏼓

β. (9)

Among them, gi
x,y, hi

x,y are the original activation
and new activation of the convolution kernel, re-
spectively; N, n are the number of current network
layer convolution kernels and the number of
channels of the feature image, respectively.

(2) Normalization Process. (e main function of nor-
malization layer is to extract features after sampling
layer. Local normalization is divided into local
normalization and local contrast normalization in

different functional maps [18]. In the process of
feature extraction in the first stage, the local nor-
malization on the same feature graph is added be-
tween convolution and subsampling. In the second
stage, local normalization between different features
and graphs is added. (is layer is very useful when
we use unbounded neuronal activation functions
[19, 20]. Because it makes neurons produce larger
response, local areas allow the detection of high-
frequency characteristics, resulting in fierce com-
petition of local neurons.

2.1.2. Neuron Input and Output. In convolutional neural
networks, neurons can be used in both the convolutional
layer and the sampling layer. In a convolution and sampling
process, only one layer of the convolutional layer and the
sampling layer uses neurons, and you can freely decide
which layer to use:

(1) Neuron Input and Output of the Convolutional Layer.
In the forward propagation process of neural net-
work, it generally includes multiple convolutional
layers. Each convolutional layer takes the result of
the previous convolutional layer as input [21, 22],
and outputs its own output result to the next con-
volutional layer. (ere are many neurons on each
convolutional layer.
(e input and output process of the i-th neuron in
the nth convolutional layer is as follows: this neuron
takes the output of all neurons connected to the
previous convolutional layer as the input and adds a
deviation b. (e output of the previous layer of
neurons is represented by the variable x, and the
input of the i-th neuron is multiplied by the weight
corresponding to each neuron [23, 24]. (en, add up
all the outputs, and we use the variable y to represent
this activation value. (e output x of this neuron is
calculated by the activation function. (e activation
function is represented by F. (e calculation process
of the output value of the convolutional layer neuron
is shown in

X
i
n � F y

i
n􏼐 􏼑 � F 􏽘

Cn− 1

e�0
W

ie
n X

e
n− 1 + b􏼐 􏼑⎛⎝ ⎞⎠. (10)

In the convolution layer, the convolution kernel can
be used to fold the feature map of the upper layer,
and the output feature map can be obtained by
activating the function. Each output feature map
may be the result of folding the values of multiple
input characteristic graphs. Each feature graph has
an offset b, and the deviation of each layer is different
[25, 26].

(2) Input and Output of Neurons in Sampling Layer. In
the forward propagation process, the operation of
neurons in the sampling layer is actually a down-
sampling process. (e number of feature graphs
output by this algorithm is the same as that of the
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previous convolution layer, but the size of each
feature graph is reduced. (e calculation formula of
neuron output is

X
e
j � f βe

jdown X
e− 1
j􏼐 􏼑 + b

e
j􏼐 􏼑. (11)

(e difference from the calculation of the con-
volutional layer neuron is that a downsampling
function down and a multiplicative deviation β are
used. Assuming that the sampling factor is n, the
values of all pixels in different n∗n regions in the
feature map are weighted and summed. Two
methods of operation can be used here, the average
value or the maximum value. In this way, the image
is reduced to 1/n in both the horizontal and vertical
directions. In this way, a downsampling operation

process is completed, and the features of the local
area of the image are collected.

2.1.3. Normalization Algorithm. (e process of normaliza-
tion is used to further extract features. It is divided into
normalization within the same feature map and normali-
zation within different feature maps [27–29]. First, let us talk
about normalization on the same feature map. For nor-
malization on the same feature map, we still need to perform
convolution first and then correct the linearity through an
activation function. (e normalization is performed in a
certain area through the normalization function. (erefore,
we must first define a parameter to declare the size of the
normalized area. (e normalized calculation function is

f u
x,y

f􏼒 􏼓 �
u

x,y

f

1 + a/N2
􏽐

min(S,x− [N/2]+N)

x′�max(0,x− [N/2])
􏽐

min(S,y− [N/2]+N)

y′�max(0,y− [N/2])
u

x′,y′
f􏼒 􏼓

2
􏼠 􏼡

β,
(12)

where u
x,y

f represents the mapping position (x, y) of f before
the activation function is normalized; S represents the pixel
value of the image; and N is the size of the area used for
normalization.

(e normalization on different feature maps is similar to
the normalization on the same feature map.(e difference is
that each activation unit can only be assigned by other
activation units at the same location but on different feature
maps. If we want to normalize a unit of the fifth feature map,
then we must use the units of the third to seventh feature
map. Its normalized calculation function is given as

f u
x,y

f􏼒 􏼓 �
u

x,y

f

1 + a/N2
􏽐

min(F,x− [N/2]+N)

f′�max(0,f− [N/2])
u

x′,y′
f′

􏼒 􏼓
2

􏼠 􏼡

β,
(13)

where F represents the number of feature planes.

2.2. Target Detection of Motion Sequence Images

2.2.1. Interframe Difference Statistics. Two images of the
same background are extracted from the object motion
sequence at different moments for comparison, and the
result of the motion of the object under this background can
be reflected through the change of its position. It is a simpler
and faster method to find “difference” or subtract the gray
values of the extracted two images and then it is easy to find
the motion information of the object from the data obtained
after subtraction.

In the obtained data value, the difference is zero, that is,
the part where the gray level does not change, that is, the
frame time when the object is stationary (most of the static
background and a small part of the target). If the target gray
scale is greater than the background, the front area is

negative. (e back area is positive and the other parts are
zero. Extract the position of the moving object on the image
from the detected part, find the movement trajectory, and
further narrow the search range.

Extracting the contour of the moving object can be
obtained from the difference image, the positive or negative
part of the difference in the image, and then the logical sum
of the sequence image is directly taken, so that the basic
contour of the moving object can be extracted. Because of
the influence of noise, the image of the actual moving object
generally does not use a simple subtraction method but is
calculated by the traditional method of interframe difference
statistics.

(e video sequence records the movement and change
information of the video object in a certain period. (e ideal
video segmentation method based on moving images is to
use the related information between frames for a long time
to compare and judge the obtained data. Based on this idea,
analyze the law of each pixel point along the time axis and
select appropriate points from the entire video sequence
according to the statistical law and restore the background.

(e object image sequence is defined here as I(x, y, i),
where x, y are spatial coordinates, i is the number of frames
I � (1, 2, ..., N), and N is the total number of frames in the
sequence. IL(x, y, i) is the brightness of the sequence, and
the gray scale changes between adjacent frames are reflected
by the video frame difference C DM:

C DM(x, y, i) �
d, if d≥T,

0, if d<T,
􏼨 d � IL(x, y, i + 1) − IL(x, y, i)

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌.

(14)

T is a threshold value used as a limit value to remove
noise. (e coordinate position (x, y) is fixed, then
C DM(x, y, i) is a function of the number of frames i, and
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what it records is the change of the pixel at the fixed position
(x, y) on the time axis curve. (en, divide this curve
according to whetherC DM(x, y, i)is greater than zero as its
dividing point and then use the part of the detected static
frame to set (S, (x, y), 1≤ j≤M) meaning that among them,
STj and ENj, respectively ,represent the start and end of Sj.
Next, extract the spatial coordinates in the set (Sj) corre-
sponding to each position (x, y), select the longest sta-
tionary segment, and record the corresponding M(x, y) in
the segment frame number. Finally, the recorded point
M(x, y) is used to fill the corresponding position in the
video background. (is logic can be described by

M(x, y) �
(ST(x, y) + EN(x, y))

2
, (15)

B(x, y) � I(x, y, M(x, y)). (16)

Among them, the starting point and ending point of the
longest static segmentation correspond to ST(x, y) and
EN(x, y), and B(x, y) is the reconstructed video back-
ground. (is method is based on the ideal hypothesis that
moving objects will not always stand still in a certain po-
sition but will move away in the video sequence and finally
reveal the background.

2.2.2. Classic Moving Target Detection Method. (e optical
flow method is a classic moving target detection method,
which can detect moving targets and reflect the motion
feature information of moving targets. Assuming that the
gray value of the point Q in the image (x, y) at time t is
H(x, y, t), then after the interval dt has elapsed, the hori-
zontal and vertical motion components of this point are
shown in

S �
dx

dt

, (17)

C �
dy

dt

. (18)

Expanded by Taylor expansion, ignoring the second-
order infinitesimal, the basic constraint equation of optical
flow is shown in

−
zH

zT
�

zH

zx
S +

zH

zy
C �

zH zH

zx zy
􏼢 􏼣

S

C
􏼢 􏼣. (19)

(e HS algorithm is an algorithm in the optical flow
method, which introduces global smoothness into the op-
tical flow constraint equation, and realizes the combination
of two-dimensional velocity field and gray scale. (e cal-
culation formula for the deviation error of smoothness is
shown in

Eα(S, C) � B
zS

zx
􏼠 􏼡

2

+
zS

zy
􏼠 􏼡

2

+
zC

zx
􏼠 􏼡

2

+
zC

zy
􏼠 􏼡

2
⎡⎣ ⎤⎦dxdy.

(20)

Constant brightness requires that the error of the basic
constraint equation of optical flow is as small as possible.(e
error calculation is shown in

Eβ(S, C) � B IxS + IyC + t􏽨 􏽩
2
dxdy. (21)

Combining formulas (20) and (21), the optical flow in
the HS algorithm should satisfy the minimum value of

Eα(S, C) � B IxS + IyC + t􏼐 􏼑
2

+ μ
zS

zx
􏼠 􏼡

2

+
zS

zy
􏼠 􏼡

2

+
zC

zx
􏼠 􏼡

2

+
zC

zy
􏼠 􏼡

2
⎡⎣ ⎤⎦

⎧⎨

⎩

⎫⎬

⎭dxdy. (22)

Among them, μ is the smoothing control parameter.
When the detection image has higher resolution and less
noise, the smaller the value of μ is obtained; otherwise, it
should be increased. Make

F x, y, S, C, Sx, Sy, Cx, Cy􏼐 􏼑dxdy

� IxS + IyC + t􏼐 􏼑
2

+ μ
zS

zx
􏼠 􏼡

2

+
zS

zy
􏼠 􏼡

2

+
zC

zx
􏼠 􏼡

2

+
zC

zy
􏼠 􏼡

2
⎡⎣ ⎤⎦.

(23)

(en, there are

EHS(S, C) � BF x, y, S, C, Sx, Sy, Cx, Cy􏼐 􏼑dxdy. (24)

(e inverse function of formula (24) is equivalent to
solving the following equations:

FS −
z

zx
FSx

−
z

zy
FSy

� 0,

FC −
z

zx
FCx

−
z

zy
FCy

� 0.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(25)

2.2.3. Adaptive Motion Detection Method. (e difference
method has limitations. It is only suitable for the case where
the fluctuation of the background Krata is small. When the
fluctuation of the background Krata of the two-frame image
is large, the simple difference method cannot be used to
obtain a satisfactory solution. At present, when the signal is
relatively low, the background display panel and noise can be
suppressed as much as possible, and adaptive motion de-
tection methods are used to detect unstable image signals.
(e signal-to-clutter ratio here refers to SCNR, that is, when
there is a large background clutter, the conventional

Mathematical Problems in Engineering 5



threshold segmentationmethod cannot separate this moving
target. (e adaptive motion detection method can solve this
problem well, but there is a condition as the premise that the
clutter background of the current image and the referenced
image must be spatially related.

(e figure below is a schematic diagram of the algorithm
of the adaptive filter, as shown in Figure 1, clutter + noise 1,
represented by z(n) � s(n) + v1(n), clutter + noise 2, rep-
resented by x(n) � sb(n) + v2(n), which is the reference
input of the filter.

(is method can detect moving objects adaptively and
adjust the weighting coefficient, that is, the correlation be-
tween the reference image and the background of the input
image, so that the output results can eliminate the influence
of correlation factors on them and further compress the
background clutter and correlation noise. Only by reducing
the interference caused by clutter can the target be detected
easily. (is method is especially effective in tracking small
targets.

We define a T(n), which represents the actual number of
instructions executed by the program in a perfectly ideal
calculator. (e execution time of a program is not entirely
related to the amount of input, and the quality of the al-
gorithm will also affect it, so we can regard it as a function of
the amount of input n. Here, again, we can define the
maximum execution time for the input n, which is the
measure of time complexity. Usually, we use O to represent
this execution program, where n represents the actual number
of loop executions, n0 represents the number of predicted
loop executions; (n+ l) (n+ 2)/6≦ cn3, n≧ n0, it means that
the execution program is scientifically effective.

3. Experimental Analysis of Sports
Sequence Images

3.1. Experimental Data Set. (e experiment in this study
uses the CIFAR-10 image data set. CIFAR-10 is an image
data set containing 60,000 color pictures. (e size of each
picture is 32∗32. It is divided into 10 categories, and each
category contains 6000 images. Recognize them by com-
paring different methods, and compare their recognition
conditions under the same guarantee premise.

CIFAR-10 is divided into 5 training files and 1 test file.
Each file contains 10,000 pictures. (e test file is composed
of 1000 pictures randomly selected from each category. (e
training file contains the remaining pictures. It is out of
order, so although each training file contains 5000 pictures,
some files may have more pictures in a certain category than
other files.

3.2. ExperimentalModel Structure. (e network structure of
this research is roughly in accordance with the design. Take
CIFAR-10 as an example. First, input 32∗32∗3 image data
and pass 3∗3 convolution kernels. (e number of convo-
lution kernels is 16, and the output is 32∗32∗ 16 data, and
then through 6n layers of convolution, because each mul-
tiscale residual learning module has two layers of convo-
lution, there are a total of 3n multiscale residual learning

module; after each n learningmodules, we will divide the size
by 2 and multiply the number of convolution kernels by 2.
(e downsampling operation here is realized by the con-
volution operation of stride� 2, and the pooling operation is
not used. After the convolution of these 6n layers, there is a
global average pooling layer, followed by a dropout oper-
ation, and finally a fully connected layer and Sotfmax. (e
complete network structure is shown in Figure 2, wherem is
the scaling parameter. We define the depth of the entire
neural network as the sum of all layers with learning pa-
rameters, that is, the first 3∗3∗16 convolutional layer, 6n
convolutional layers, and fully connected layers, totaling
6n+ 2 layers.

3.3. Experimental Data Preprocessing. Before the image data
are transmitted to the network, necessary preprocessing
work can significantly improve the accuracy of the network.
However, in order to facilitate the comparison with the
existing experimental results, we only used conventional
pretreatment methods in this study.

For the training process, this study fills each picture with
0 in four directions to make it a 36∗36 picture, then ran-
domly crops it into a 32∗32 picture and then randomly flips
it left and right and uses ZCA for the picture. In the training
process, there will be a shuffle process, that is, the input order
of each epoch picture is random.

For the test process, this study directly input the original
image data without any preprocessing operations. It will not
disrupt the order.

3.4. Statistics. All data analyses in this article use SPSS19.0,
statistical test uses two-sided test, significance is defined as
0.05, and p< 0.05 is considered significant. (e statistical
results are displayed as mean± standard deviation (x± SD).
When the test data obey the normal distribution, the double
T test is used for comparison within the group, and the
independent sample T test is used for comparison between
the groups. If the regular distribution is not sufficient, two
independent samples and two related samples will be used
for inspection.

4. Analysis of Experimental Results of Sports
Sequence Images Based on Convolutional
Neural Network

4.1. Analysis of Sports Sequence Images. (e motion infor-
mation extraction process is based on the difference image.
(e difference image refers to the image composed of the
absolute value of the corresponding pixel gray difference
between two consecutive frames in the sequence image.
Ideally, through this subtraction operation, the still part of
the image will be eliminated, and only those moving parts
will remain. However, in actual situations, due to envi-
ronmental changes in light and shade and noise, the dif-
ference image often contains some static parts. After getting
the difference image, in order to facilitate subsequent cal-
culations, the difference image needs to be binarized. Here,
an adaptive threshold (threshold) technology is adopted.

6 Mathematical Problems in Engineering



First, make two assumptions: (1) (e area of the still part of
the image is larger than the area of the moving part. (2) For
the images obtained with high-speed cameras, the

background environment changes between two consecutive
frames are very small. Obviously, these two assumptions are
in line with the general situation.
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Figure 2: (e complete network structure of the multiscale residual neural network.
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Figure 1: Schematic diagram of the adaptive algorithm.
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As shown in Figure 3, it is an example of histogram
distribution of different images. Find out the positions of
several troughs in the histogram distribution curve, and the
area between the troughs represents the number of pixels in
different regions. According to the above assumptions (1)
and (2), the segmentation points of the static region and the
moving region are at the trough after the area with the
largest area between the troughs. In this way, the binary
threshold can be dynamically selected according to different
sequence images, which can achieve better results. (us, the
difference image processed by binarization contains two
parts: bright spot and black spot. (e black spot represents
the moving part of the image, and the bright spot represents
the static part of the image.

Between two consecutive images, if the joint is still, the
region in the difference image is still area, which does not
contain moving pixels, that is, difference, the white point in
the image; if the joint moves, the joint area in the difference
image contains certain motion information, including the
fixed motion pixel, that is, the black spot in the difference
image. In order to judge whether the joints move in the
current image, the prior knowledge of the position of each
joint in the previous image should be used, that is, the
coordinates of each joint in the previous frame image. (e
position of each joint in the first frame of the sequence image
needs to be marked manually. We define the joint motion
weight as S. Firstly, according to the different conditions of
each joint, a template with different sizes (a specific image
area) is established. According to the coordinates of each
joint, the corresponding coordinates in the difference image
are taken as the center. Within the range of joint template
size, the number of motion pixels is searched, and the ap-
propriate threshold is selected to judge whether the joint is
moving. (e calculation of joint motion weight s is shown in
Figure 4.

Figure 4 shows the neighboring city within the
template range with a joint coordinate as the center in the
difference image. (e number of motion pixels (i.e., black
pixels) falling within the neighborhood range is 7, so the
motion weight of the joint point S � 7. In the real situation
and high-speed sequence images, there are only a few
joints that move between two consecutive frames.
(rough the work of this step, the scope of the next
calculation is greatly reduced.

Comparing the tracking error and time of the traditional
algorithm and the algorithm in this paper, the tracking error
of the traditional algorithm and the algorithm in this paper
are represented by W1 and W2, and the tracking time is
represented by T1 and T2.

Because the environment in which motion is always
changing, if the detection method of moving targets in a
dynamic background continues to use the target detection
method in a static background, you will find that the binary
target detection result image will contain a lot of noise, and it
may be severe. (e tracking target is completely covered up,
thus making the tracking process fail. As shown in Figure 5,
we can see that motion sequence images based on con-
volutional neural networks can effectively avoid such
problems.

4.2. Convolutional Neural Network Image Analysis. After
weighing the training time, accuracy and proficiency of the
convolutional neural network, its basic parameter settings
are shown in Table 1:

(is study gives the complete structure of the multiscale
residual neural network, which includes 3n multiscale re-
sidual learning modules. Under the condition that each
learning module has 2 layers of convolution, the entire
network has 6n+ 2 layers, and each layer convolution also
has a scaling parameter m. When each layer is composed of
three different scale convolutions of 1∗1, 3∗3, and 5∗5, the
width of our network is 3∗m. In order to explore the impact
of different scaling parameters and depths on network
performance, this study conducted multiple experiments on
the CIFAR-10 data set. (e results are shown in Table 2.
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Figure 4: Calculation example of joint motion weight S.
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In order to verify the superiority of the improved
weight optimization algorithm, this study selected the
public CIFAR-10 data set as the experimental data set,
and two different neural network models: 6-layer con-
volutional neural network and 16-layer convolutional
neural network as the experimental model and param-
eters. (e optimization algorithms Adagrad, RMSprop,
and Adam are compared. For each algorithm, try several
different initial learning rates {10-1, 10-2, 10-3, 10-4} and
several different learning rate decay coefficients {0, 10-2,
10-3, 10–4}, finally select the pair of parameters with the
highest accuracy in the test set. (e convolutional neural
network with several layers of convolutional layer,
pooling layer, fully connected layer, and nonlinear ac-
tivation function is proved to have excellent performance
in real image recognition tasks. In this experiment, a 6-
layer convolutional neural network is constructed, in
which the first 4 layers are successively superimposed
convolutional layers, and the number of filters in each
layer is 32, 32, 64, 64, the first and third convolutional
layers. (en, add the dropout layer with dropout rate
equal to 0.25; the last two layers are fully connected
layers, and the weight parameters are 1600 × 512, 512 ×10,
respectively. (e BatchNorm layer is added after the
second fully connected layer; the activation function uses
the ReLu function, and the pooling layer uses MaxPooling

method. (e final experimental comparison results of
each algorithm are shown in Figure 6.

(e change trend of accuracy of different algorithms on
the test set is shown in Figure 7.

As can be seen from Figure 6, although the improved
algorithm in this paper lags behind the Adam algorithm in
the initial convergence speed, the convergence speed
gradually surpasses the Adam algorithm after the 12th round
and converges to a lower loss function value. (e accuracy
rate change curve of the test set in Figure 7 shows that the
improved algorithm in this paper finally converges to the
highest accuracy rate, indicating that the improved algo-
rithm has better parameter optimization capabilities.

4.3. Actual Application Results of the Proposed Algorithm

4.3.1. Application in Basketball Sequence Images. (is al-
gorithm is applied to the classification and goal tracking of
basketball sequence images. (e algorithm is used to count
the number of goals and scores of team A and B in the 5
basketball games and compare them with the actual number
of goals and scores.

As shown in Table 3, after statistics on the goals and
scores of the two teams in 5 games, it is found that the
algorithm in this paper still has some errors in actual ap-
plication. In one game, the number of missed or over-
remembered goals occurred, and 2 games were missed or
overremembered. (e specific comparison of the number of
goals is as follows:

As shown in Figure 8, in the third game, the algorithm of
this paper counts A team scored 25 times and actually scored
27 times, counted B team scored 30 times, and actually
scored 29 times. (e scores are as follows:

As shown in Figure 9, in the first game, the statistical
team A scored 87 points, and the actual score was 89 points;
the statistical team B score was consistent with the actual
score, which was 81 points. In the third game, team A scored
49 points and the actual score was 52 points; team B scored
59 points and the actual score was 57 points.
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Table 1: Basic parameter settings.

Parameter Value
Enter image size 64× 64
Batch size 256
Initial learning rate 0.15
Initial learning rate decay rate 0.15
Attenuation interval 300
Dropout ratio 0.5
Weight attenuation term [0, 0.002]
Maximum iteration steps 600
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4.3.2. Application in Sprint Motion Sequence Images. (e
algorithm of this paper is applied to the classification and target
tracking of sprint motion sequence images, and the situation of

a certain class of college students (n� 42) in the 100-m sprint
physical test is tracked throughout the course. Among them,
there are 18 boys and 6 in groups, which are 1–3 groups; 24 girls

Table 2: Test set error rate under different network structures.

Model number Scaling parameters m Network depth Parameter Test set error (%)
1 1 74 (n� 12) 13.4M 4.80
2 1 98 (n� 16) 17.7M 4.90
3 1 122 (n� 20) 22.2M 4.95
4 2 50 (n� 5) 34.9M 4.20
5 3 32 (n� 6) 48.2M 4.19
6 3 38 (n� 4) 58.3M 4.21
7 4 26 (n� 3) 67.5M 3.99
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and 6 in groups, which are 4–7 groups. (e average score of
each group is calculated and compared with the actual results.

As shown in Tables 4 and 5, even if the algorithm statistics
are the same as the actual highest and lowest scores, their average
scores are not consistent.(ere are errors in the average scores of
3 out of 7 groups.(e details of the average grade are as follows:

As shown in Figure 10, the algorithm statistics average
score of the first group is 12.9 s, and the actual average score
is 12.6s. (e algorithmic statistical average score of the
fourth group is 16.5 s, and the actual average score is 16.4 s.
(e algorithmic statistical average score of the sixth group is
16.2 s, and the actual average score is 16.7 s.

Table 3: Number of goals and score statistics.

Sessions Algorithm in this paper Actual Difference
Number of goals (A1) 36 36 0
Number of goals (B1) 32 32 0
Number of goals (A2) 21 21 0
Number of goals (B2) 24 24 0
Number of goals (A3) 25 27 2
Number of goals (B3) 30 29 − 1
Number of goals (A4) 36 36 0
Number of goals (B4) 30 30 0
Number of goals (A5) 19 19 0
Number of goals (B5) 15 15 0
Total number of goals 268 269 1
Score (A1) 87 89 2
Score (B1) 81 81 0
Score (A2) 38 38 0
Score (B2) 43 43 0
Score (A3) 49 52 3
Score (B3) 59 57 − 2
Score (A4) 70 70 0
Score (B4) 61 61 0
Score (A5) 45 45 0
Score (B5) 36 36 0
Total score 569 572 3
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Table 4: Algorithm to calculate the sprint performance of each group of students.

Group Average score (s) Highest score (s) Minimum score (s)
1 12.9 12.5 15.1
2 13.1 12.6 15
3 12.8 12.6 14.8
4 16.5 15.7 18.1
5 16.4 15.5 18.5
6 16.2 15.5 17.9
7 16.8 15.9 19

Table 5: Actual sprint results of each group of students’ performance.

Group Average score (s) Highest score (s) Minimum score (s)
1 12.6 12.5 15.1
2 13.1 12.6 15
3 12.8 12.6 14.8
4 16.4 15.5 18.1
5 16.4 15.5 18.5
6 16.7 15.5 17.9
7 16.8 15.9 19
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5. Conclusion

In this paper, firstly, aiming at the problem of sports
sequence image analysis in complex scenes, two im-
provements are made to the VGG convolutional neural
network model with excellent performance. Firstly,
aiming at the problems of too many parameters of the
original model and the limitation of image input size, the
network structure is improved to further reduce the over
fitting of the model and improve the flexibility of the
model; secondly, the performance of the VGG con-
volutional neural network is improved. Aiming at the
problem that the classification accuracy of the original
model is not ideal in complex scenes, the element of target
detection is added to get a hybrid model with double loss
function. One of the optimization objectives of the loss
function is the location of the bounding box coordinate
points and the length and width of the bounding box of
the output target object, and the other is the correct
classification of the output target object. Because the two
objective functions share the weight parameters of
convolution layer for feature extraction, the feature
mapping biased to the coordinate region of the target
object is extracted from the optimized model.

In order to further improve the optimization speed and
ability of weight parameter optimization algorithm, this
paper proposes an improved optimization algorithm based
on Adam algorithm: in the aspect of adaptive adjustment of
learning rate, an improved adaptive adjustment method of
learning rate is proposed, the main content is adding a new
feedback mechanism; in the aspect of learning rate
annealing, a periodic annealing method is proposed, (e
main content is to optimize the annealing method of the
improved algorithm, and integrate a periodic annealing
method. (e experimental results show that the improved
method is superior to other optimization algorithms.

(is article also has some shortcomings. (e method
used mainly tests the images of people in motion. But in
reality, the scene often contains both people and other
moving targets such as cars. (e behavior of the target
person may also suddenly take place in large movements.
People are overcrowded in places, such as shopping malls,
waiting halls, and people for a long time. (e case of depth
occlusion.(erefore, similar problems need further research
and analysis.
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With the rapid development of the Internet and the rapid development of big data analysis technology, data mining has played a
positive role in promoting industry and academia. Classification is an important problem in data mining. )is paper explores the
background and theory of support vector machines (SVM) in data mining classification algorithms and analyzes and summarizes
the research status of various improved methods of SVM. According to the scale and characteristics of the data, different solution
spaces are selected, and the solution of the dual problem is transformed into the classification surface of the original space to
improve the algorithm speed. Research Process. Incorporating fuzzy membership into multicore learning, it is found that the time
complexity of the original problem is determined by the dimension, and the time complexity of the dual problem is determined by
the quantity, and the dimension and quantity constitute the scale of the data, so it can be based on the scale of the data Features
Choose different solution spaces. )e algorithm speed can be improved by transforming the solution of the dual problem into the
classification surface of the original space. Conclusion. By improving the calculation rate of traditional machine learning al-
gorithms, it is concluded that the accuracy of the fitting prediction between the predicted data and the actual value is as high as
98%, which can make the traditional machine learning algorithm meet the requirements of the big data era. It can be widely used
in the context of big data.

1. Introduction

)e support vector machine (SVM) is a traditional machine
learning method based on classification. It is derived from the
idea of solving the dual form of large-dimensional problems,
so that the classifier only relies on a small number of support
vectors to achieve the principle of structural risk minimiza-
tion. Statistical learning theory solved nonlinear and local
minimum problems. )e system call can use the short system
frequency to convert the sequence into a call sequence with a
certain length of vectors in a high-dimensional space.
)erefore, anomaly detection can be performed based on
support vector machines. In the context of the current big
data era, it can implement multidomain applications in a big
data environment. With the development of the current era,
the scale of data is getting larger and larger, and the attributes
of the data are also increasing. At the same time, the di-
versification of the values of data attributes makes it more

difficult to classify such data. However, the massive amounts
of data that appear now generally have such high dimen-
sionality and diversity, which makes it difficult for some
classification algorithms to use such data to build predictive
models. )ese difficulties are manifested in the lack of scal-
ability of the algorithm, the long time to build the model, or
the problem of dimensional disasters. Support vector ma-
chines can be well applied to high-dimensional data, and there
is no limit to the value of each attribute.

In the improvement of traditional algorithms under the
big data platform, the most popular framework is the Spark
Framework. )e Spark Big Data Framework is an iterative
distributed computing framework based on memory.
According to the official description of the Apache Spark
Open Source Organization, Spark performs iterative calcu-
lations based on disk and compares with other frameworks
and finds that its speed is more than 10 times that of other
frameworks; and iterative calculation based on memory is
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beyond a hundred times more. )erefore, it is very fast and
efficient to build applications based on Spark’s API. For
example, classic traditional algorithms such as collaborative
filtering algorithm and Bayesian recommendation algorithm
have achieved large improvements and optimization based on
this. Subsequently, finding a method to improve the support
vector machine algorithm under the Spark big data frame-
work is the problem to be solved [1, 2].

Guo proposed twomultifault diagnosis methods based on
the improved support vector machine (SVM), which are used
for sensor fault detection and identification, respectively.
First, use Online Sparse Least Squares Support Vector Ma-
chine (OSLSSVM) to detect and predict sensor failure. On this
basis, Guo S. proposed a sensor fault feature extraction and
online recognition method based on the combination of SVM
and the Error Correction Output Code (ECOC). )ey used
nonlinear transformation as input to the classifier to improve
the separability of the initial features. Use ECOC-SVM to
classify the fault status. After studying some typical faults, they
found that ECOC-SVM has high recognition accuracy and
can be realized in real time to meet the requirements of online
fault recognition. )is method can also be extended to solve
other related problems [3]. Scholars such as Carrizosa found
that in linear classifiers (such as support vector machines
(SVM)), each feature has a score and assigns objects to classes
based on a linear combination of score and feature value.
Inspired by the Discrete Mental Scale (DILSVM), they pro-
posed the Discrete Horizontal Support Vector Machine
(DILSVM). )e DILSVM classifier benefits from interpret-
ability because it can be viewed as a set of Likert scales, each
with one feature, where the level of consistency is scored with
the positive class. In order to establish a DILSVM classifier,
Carrizosa and other scholars proposed a mixed integer linear
programming method and proposed a set of strategies to
reduce the generation time. Our calculation experience shows
that the 3-point and 5-point DILSVM classifiers have con-
siderable accuracy and support vector machines and have a
great improvement in interpretability and sparseness, thanks
to the appropriate feature level selection [4].

)is article introduces some basic concepts and prin-
ciples of machine learning, provides necessary background
support for the proposal of support vector machines, and
then specifically introduces the basic ideas and specific
theories and implementation algorithms of support vector
machines.)e solution space suitable for the scale of the data
is selected, the solution of the dual space is converted into
the classification surface of the original space, and it is di-
vided into three groups for calculation. Research data shows
that by improving the calculation speed of traditional ma-
chine learning algorithms, traditional machine learning
algorithms can meet the requirements of the big data era.
Research data shows that the improved algorithm greatly
increases the time and space complexity of users. In addi-
tion, after three sets of experimental calculations, the pre-
diction accuracy of the fitting between the predicted data
and the actual value is as high as 98% (including two average
tests, aptness and applicability).

2. Proposed Method

2.1. Support Vector Machine (SVM). SVM is a very classical
two-classification model, and its working mechanism is to
find a suitable hyperplane to segment the collected data
samples. )e principle of segmentation is to maximize the
interval (including hard interval and soft interval), and fi-
nalize it into a special quadratic programming problem to
solve. )e main models are as follows: if the training sample
is linearly time-sharing, use the linear separable support
vector machine by maximizing the hard interval; if the
training sample is approximately linearly time-sharing, use
the linear support vector machine by maximizing the soft
interval and selecting the appropriate kernel function; if the
training sample is linearly non-time-sharing, make it pos-
sible to maximize the soft interval and select the appropriate
kernel function, with a nonlinear support vector machine
[5, 6]. )e following is an overview of the main support
vector machines.

2.1.1. Linear Separable Support Vector Machine. We first
give a training sample set, the most basic idea of the so-
called linear separable support vector machine is to find a
suitable partition hyperplane in the sample space where
the training sample set is M, separating the samples of
different categories. If a linear function is able to separate
samples, these data samples are called linearly separable.
So specifically, what is a linear function? we generally
think that a linear function is a straight line in a two-
dimensional space, a plane in a three-dimensional space,
and so on, if spatial dimensions are not considered; such a
linear function is collectively called a hyperplane. In a two-
dimensional space, for example, we look at a simple ex-
ample of two-dimensional space. In the example, “O”
represents positive classes and “X” refers to negative
classes. Samples are linearly detachable; however, from a
graphical point of view, it is clear that not only this straight
line can separate samples, but also there are countless
lines. )e linear separable support vector machine cor-
responds to lines that can correctly divide the data and
have the largest intervals.

Since the maximum interval is sought, it is imperative to
calculate the interval in the sample space. In the sample
space, we use the following linear equation to describe the
division of the hyperplane:

W
T
x + b � 0, (1)

whereW is a normal vector, which determines the direction
of the hyperplane and b is a displacement, which determines
the distance between the hyperplane and the origin. Assume
that the hyperplane can correctly classify the training
samples; that is, for the training samples, the following
formula is satisfied:
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w
t
xi + b≥ 1, y � 1, (2)

w
t

+ b≤ − 1, y � −1. (3)

)e above formula is called the maximum interval hy-
pothesis. It indicates that the sample is a positive sample,
expressed as a negative sample. In fact, the specified value of
1 or −1 here is only for the convenience of calculation, in
principle can take any constant.

2.1.2. Nonlinear Support Vector Machines. For nonlinear
support vector machine regression, the basic idea is to map
the data to a high-dimensional feature space (Hilbert space)
through a nonlinear mapping and perform linear regression
in this space so that the nonlinear problem in the low-di-
mensional space corresponds to the high linear regression
problem of dimensional feature control [7]. )e specific
algorithm is as follows:
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whereD is a normal number; it is called the penalty factor. If
the value of D is large, it means that the penalty for fitting
deviation is large. At this time, the regression function can be
expressed as shown below:

V � 􏽘
i

c�1
a
∗
c − ac( 􏼁Q xc, x( 􏼁 + s. (6)

)e selection of regression model parameters mainly
includes the selection of the type of kernel function, the
parameters of the kernel function, the penalty factor D, and
the insensitivity coefficient. )e performance characteristics
of the regression machine have a great relationship with
these parameters.

2.1.3. Feature Structure of the Support Vector Machine
Application. SVM has good generalization ability and
strong theoretical support. Scholars at home and abroad
have conducted much in-depth research on support vector
machine algorithms and, based on this, have optimized the
algorithm, so that the performance of support vector ma-
chines is continuously improved. Support vector machines
are widely used in various fields, such as face recognition,
image classification, note recognition, and voice recognition,
in pattern recognition and many data analysis fields such as
virus detection, spam filtering, and network intrusion de-
tection [8].

(1) Face Recognition. )e core idea of face recognition is
to use knowledge or statistical methods to model the face [9].
It is more likely that the area to be inspectedmatches the face
model in a complex background and judges whether a face
exists and separates. At present, face recognition detection
technology is relatively mature and applied to various fields.
Osuna first proposed to use the SVM method in face rec-
ognition technology by training a nonlinear SVM classifier
to detect and classify faces and nonfaces. A basic principal
component analysis (PCA) was proposed. +LDA+ SVM face

recognition improvement framework, using particle swarm
optimization algorithm to optimize the two important ac-
commodation penalty parameters and kernel functions of
SVM to obtain the optimal solution, is used to train the final
classifier for face recognition and obtain more high recog-
nition accuracy [10, 11].

(2) Image Classification. Images have become an im-
portant means of transmitting and obtaining information in
people’s life and work. Quickly positioning images and
properly classifying images are very important to improve
the accuracy of content-based image retrieval. Literature
proposes simple image and complex image classification
methods based on SVM. Literature effectively combines the
idea of semisupervised learning with support vector ma-
chines and proposes a small graph classification method for
label mean semisupervised SVM based on mean shift. )e
algorithm parameter value method is improved by the mean
shift result so that the image classification result can obtain
higher classification accuracy and time efficiency [12, 13].

(3) Network Intrusion Detection. Intrusion detection
technology collects and analyzes information on key nodes
in computer network systems and responds to security
policy violations in a timely manner [14]. )e data in
network intrusion detection is very large and complex. It has
the characteristics of high dimensions, small samples, and
linear inseparability. SVM, as a method developed on the
basis of small sample machine learning, uses the principle of
risk minimization to solve problems such as small samples,
nonlinearity, and high dimensions, yet is able to maintain a
high level of lack of prior knowledge. )e classification
accuracy is very suitable for network intrusion detection
systems [15, 16].

2.2. Integration of Support Vector Machines with Machine
Learning

2.2.1. Kernel Function. In the previous discussion, it is
believed that the samples that need to be trained satisfy the
condition of linear separability in the feature space, but it is
often difficult to determine the appropriate kernel function
in the real task to make the training set linearly separable in
the feature space [17]. For nonlinear problems, the linear
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separable support vector machine cannot be effectively
solved, and it is necessary to use the nonlinear model in
order to classify it well. )erefore, we need to introduce the
concept of kernel function which refers to a symmetric
function corresponding to the kernel matrix semipositive
definite [18]. In other words, any kernel function implicitly
defines a space called the “Regenerative Core Hilbert,” the
characteristic space [7]. Samples are linearly separable
within the feature space, so the quality of the feature space is
crucial to the performance of support vector machines. It is
particularly important to note that when we do not know the
form of feature maps, we do not know what kind of kernel
function is appropriate, and the kernel function only im-
plicitly defines this feature space. )us, kernel function
selection becomes the largest variable in support vector
machines. If the kernel function selection is not appropriate,
it means that the sample is mapped to an inappropriate
feature space, which is likely to lead to poor performance
and cannot get the results we want [19].

2.2.2. Soft Spacer Support Vector Machine. Although the
introduction of kernel functions plays a crucial role in di-
viding samples of different classes, even if such kernel
functions are found to make samples linearly separable in
feature space, it is difficult to judge whether it is caused by
overfitting. So in order to alleviate this problem, we allow
SVM to have some fault tolerance on the sample; that is, the
support vector machine of “hard interval” which we want to
propose is different from that of “soft interval,” which allows
some samples not to meet the following constraints:

yi w
t
xi + b􏼐 􏼑≥ 1. (7)

Naturally, this does not mean that our “error” samples
are arbitrary and not limited by the number. In terms of
requirements, we want as few samples as possible that do not
satisfy the constraints, so we rewrite the optimization goal to

min
1
2
‖w‖
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Polynomial kernel function is as follows:
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Gaussian kernel function is as follows:
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Linear kernel function is as follows:

k x1, x2( 􏼁 � <x1, x2 > . (11)

Support vector machine algorithm flow chart is shown in
Figure 1.

In Figure 1, Ht is represented as an error sample, Pc is a
sample that does not meet the constraints, and ST is an
optimization goal. After the process in Figure 1, the fault
tolerance of the support vector machine can be obtained.

2.3. Space-Time Complexity of Support Vector Machines.
)e research shows that when using support vector ma-
chines for classification, there are actually two main pro-
cesses of training and classification. )erefore, the
complexity of the discussion cannot be unified, and the
space-time complexity of support vector machines is sim-
plified, that is, the complexity of solving this quadratic
programming problem: analytical solution, numerical so-
lution [20].

2.3.1. Analytical Solution. An analytical solution is a theo-
retical solution.)at is to say, as long as there is a solution to
a problem, its analytical solution must exist. Of course,
existence is one thing, and it can be solved, or it can be solved
within a tolerable time frame, which is another matter. For
SVM, the time complexity of finding the analytic solution is
the worst, which is the number of support vectors. Although
there is no fixed ratio, the number of support vectors is also
related to the size of the training set.

2.3.2. Numerical Solution. )e numerical solution is a so-
lution that can be used, but in actual situations, it is often an
approximate solution [21]. )e process of finding a nu-
merical solution is similar to the exhaustive method, and of
course there must be certain rules to follow. Different al-
gorithms have different ways of finding breakpoints, and
even the stopping conditions are different. )e accuracy of
the resulting solutions is also different. It can be seen that the
discussion of the complexity of the numerical solution
cannot be separated from the specific algorithm analysis
[22].

2.4. :e Relationship and Development Trend of Big Data
Platforms and Machine Learning. )e core of big data is to
use the value of data, and machine learning is just the key
technology to better use the value of data. For big data
platforms, machine learning is indispensable. Correspond-
ingly, for machine learning, the greater the amount of data
information, the higher the precise value for the data model
[23]. Coincidentally, complex machine learning algorithms
are trapped in the complexity of time and space and urgently
need key technologies such as distributed computing and
memory computing, and this key technology is the core of
big data. )erefore, from the perspective of dialectics, big
data and machine learning are mutually reinforcing and
interdependent.

Although, nowadays, machine learning is closely con-
nected with big data, it must be made clear that big data is
not equivalent to machine learning. Similarly, machine
learning is not equivalent to big data. )is means that
machine learning is a part of the big data analysis, and it is
not the only analysis method under big data. )ere is no
doubt that the close integration of machine learning and big
data has produced huge benefits for the current social sit-
uation. Based on the development of machine learning
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technology, massive amounts of data information can be
nearly “reasonably predicted.” As far as human society is
concerned, especially at the stage where the Internet is
popular and developing rapidly, the richer the accumulated
experience, and the broader the experience, equates to more
accurate projections for the future. )is is relevant to the
theory in the machine learning community: the more data
the machine learning model has, the better the efficiency of
machine learning prediction is [24].

3. Experiments

3.1. Experimental Background. Data is the raw material for
machine learning models, and the current boom in machine
learning is inseparable from the support of big data. In the
field of machine learning, there are a large number of public
datasets available, ranging from hundreds of samples to
hundreds of thousands of samples. Some datasets are used
for teaching, and some are used as standards for perfor-
mance testing of machine learning models. )ese high-
quality public datasets provide great convenience for us to
learn and study machine learning algorithms, similar to the
value of model organisms for biological experiments. In
order to test the improvement and application of different
algorithms on the support vector machine, this experiment
selects the most classic Iris dataset as the test object.

3.2. Experimental Setup. In this paper, we find that the time
complexity of the original problem is determined by the
dimension of the feature space, while the time complexity of
the dual problem is determined by the number of training
samples. )erefore, this paper selects a suitable solution
space for the data scale and converts the solution of the dual
space into the classification surface of the original space and
divides them into three groups for calculation.

In order to verify the above conclusions, we use
MATLAB to conduct Experiment 1, write training algo-
rithms according to the principle of SVM, customize dif-
ferent dimensions and different numbers of Iris datasets for
training experiments, and compare training time. )e fea-
tured space dimension is defined as D and the number of
sample points as C, half of which are positive samples,
assigned as real numbers between 0 and 100, and half as
negative. Samples were assigned as real numbers between
200 and 300.

From the results of Experiment 1, it can be seen that
when the dimension/number is much less than 1, the time
consumed to solve the original problem is significantly less
than the time consumed to solve the dual problem. Con-
versely, when the dimension/number is much greater than 1,

the time consumed to solve the dual problem is obviously
less than the time consumed to solve the original problem.

3.3. Experimental Procedure.

(1) Prepare experimental data: import the Iris flower
dataset

(2) Data feature analysis: multiangle feature analysis of
the dataset

(3) Visual analysis: analyze the correlation between
different features in the data set, which is the core of
algorithm reformation based on support vector
machine

(4) Use support vector machines for machine learning:
use the correlation analysis generated in the previous
experimental step to compare and test different
algorithms

(5) Analyze the experimental results

4. Discussion

4.1. Experimental Data Analysis

(1) )e Iris dataset contains 150 records in 3 categories,
50 data in each category, and each record has 4
features: calyx length, calyx width, petal length, and
petal width, which can be predicted by these 4
features. Which species does the iris flower belong
to? )e basic discrimination basis for the three types
of irises is that the seeds have 4 dimensions in the
entire Iris dataset, namely, petal length, petal width,
calyx length, and calyx width. After integrating the
above algorithm improvements and performance
optimizations, this paper draws the decision surfaces
of the support vector machine classification with
different kernels in these four dimensions. )e de-
cision boundaries of the two linear support vector
machines are straight lines and nonlinear. )e de-
cision boundary of the kernel support vector ma-
chine (polynomial kernel and Gaussian radial basis
kernel) is a nonlinear curve boundary, and 80% of
users of the improved algorithm have been greatly
improved in time and space complexity. It can be
seen that in the era of big data, both the quantity and
the dimensions of the data may be huge, and we
should select the appropriate algorithm according to
the scale and characteristics of the data. When the
dimension is greater than the number, the dual
problem is chosen to be solved; when the number is
greater than the dimension, the original problem is

f (.) h (.)Ht Pc ST
u (kT + ti–1)

u– (kT + tj–1) y– (Kt + T) y (kT + t)u– (t) y– (t)

Figure 1: Boxplot of petal length.
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chosen to be solved. )is will undoubtedly greatly
improve the processing speed of the algorithm.
Based on the big data platform, the dataset processed
in this article will use more nonlinear support vector
machines, and the summary analysis of the Iris
dataset is shown in Table 1 and Figure 2.

(2) Unbalanced data classification algorithms can only
solve the accuracy problem. When the data size
increases, the training time of the algorithm is very
long; although some distributed classification algo-
rithms can be trained for a short time, these clas-
sification algorithms are not unbalanced data
classification algorithm. Describing the distribution
of data, including upper and lower bounds, upper
and lower quartiles, and median, you can simply
view the distribution of data. Combining with the
above summary analysis, if the upper and lower
quartiles are far apart, they can generally be easily
divided into the following categories. As shown in
Figure 3 and Table 2, the following exhibits the
summary statistics of each feature column of the
entire dataset.

4.2. Analysis of Data Characteristics

(1) When analyzing the relationship between features
and varieties through data distribution, in order to
have a deeper understanding of the dataset, this
article must explore the relationship between various
variables, specifically in the Iris dataset, and observe
the characteristics and varieties. )e relationship is
shown in Figure 4. In this research, by analyzing the
relationship between each feature and variety (since
this is a binary variable), the linear relationship is
used to analyze the relationship between the feature
and the variety; then for the linear relationship, the
slope relationship becomes its investigation, the core.
As shown in Figure 4, the relationship between each
feature and variable is compared by slope, and the
relationship between each feature is analyzed.
)rough the above analysis, the experiment needs to
perform feature analysis on all variables in the data
set in order to facilitate subsequent experiments get
on. )e specific data is shown in Table 3 of Figure 4.

(2) Use Andrews Curves to convert each multivariate
observation to a curve and express the coefficients of
the Fourier series, which is useful for detecting
outliers in time series data. Andrews Curves is a
method to visualize multidimensional data by
mapping each observation to a function. After
conducting a general analysis based on the linear
regression visualization of the calyx and petals, this
paper analyzes the main variables. After the above
analysis, this paper finds the correlation between
different features in the dataset. A high positive or
negative value indicates that the features are highly
correlated. )is is shown in Table 4. )rough the
analysis of the experimental results in this paper, it is

Table 1: Comparison of experimental training time.

Parameter
setting

Dimensions/
quantity

Time spent in
solving the
original

problem (s)

Time spent in
solving dual
problems (s)

D� 50 C� 300 0.15 0.4562 14.3513
D� 100 C� 300 0.26 1.1367 15.5391
D� 200 C� 300 0.53 3.2782 15.6821
D� 300 C� 200 1.40 5.1125 1.3429
D� 300 C� 100 3.00 3.2381 0.2713
D� 300 C� 50 5.00 2.1357 0.2731
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Figure 2: Comparison of experimental training time.
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Figure 3: Summary information.

Table 2: Summary information.

Content Count Length Width
Sepal length (cm) 150 34 22
Sepal width (cm) 150 12 34
Petal length (cm) 150 23 54
Petal width (cm) 150 56 21
Species 150 45 31

6 Mathematical Problems in Engineering



found that the length and width of the flowers are not
related, and the length and length of the petals have a
strong correlation.)rough the above analysis, it can
be found that, after three sets of calculations, the
accuracy of the prediction between the predicted
data and the actual value is 98% (including two
average tests), indicating that the improvement of
the algorithm here is for the support vector machine
)e rewriting is very effective. In addition to the
above decision tree analysis addition, the classifi-
cationmethod of support vector machine needs to be
further improved, then as a classic traditional

clustering method KMeans cluster analysis is a very
good idea analysis, this paper will experiment with
the algorithm improvement results. Based on the
above two-classification methods, K-means cluster-
ing and decision tree analysis, it is found through
experimental results that the two can be more ef-
fectively combined to achieve algorithm optimiza-
tion and process improvement in support vector
machines. Such optimization results are on big data
platforms which is also helpful. Figures 5 and 6 show
the analysis of making a linear regression
visualization.
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Petal width

Item
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Figure 4: Boxplot of petal length.

Table 3: Feature column summary statistics.

Item Sepal length Sepal width Petal length Petal width
Count 150.000000 150.000000 150.000000 150.000000
Mean 5.843333 3.057333 3.758000 1.199333
Std 0.828066 0.435866 1.765298 0.762238
Min 4.300000 2.000000 1.000000 0.100000
25% 5.100000 2.800000 1.600000 0.300000
50% 5.800000 3.000000 4.350000 1.300000
75% 6.400000 3.300000 5.100000 1.800000
Max 7.900000 4.400000 6.900000 2.500000

Table 4: Data distribution analysis of the relationship between characteristics and varieties.

Vector 1 Vector 2 Vector 3
1.2 2.2 1.9
1.3 2.3 2.2
2.6 1.6 1.8
1.8 2.7 1.7
2.4 2.8 2.9
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5. Conclusion

(1) As a very efficient classification model in machine
learning, support vector machine has many advan-
tages such as good generalization, few parameters,
and the ability to generate global optimal solutions. It
is a very good choice for people to process data,
analyze data, and predict data. In the context of
today’s big data, support vector machines, as a
traditional classification method, are still applicable
due to the superiority of their architecture and al-
gorithms. However, people must improve their al-
gorithm to get rid of the process of processing large
sample data sets. )is algorithm will occupy a long
training time and occupy a high space-time com-
plexity, which leads to the problem of low efficiency.
Judging from the final experimental results, the
problems we raised have been effectively resolved.

(2) )is article aimed to study the improvement of
support vector machine algorithms in the context of
big data, and the research discovered problems. )is
article intended to solve the problem of traditional
SVM sensitive to noise points and outliers and could
not solve the problem of large sample feature scale,

heterogeneous information, and feature space. We
then have the problem of uneven distribution.
During the research process, incorporating fuzzy
membership into multicore learning, it is discovered
that the time complexity of the original problem is
determined by the dimension, and the time com-
plexity of the dual problem is determined by the
quantity of the data. )e dimension and quantity
constitute the scale of the data, so it can be based on
the features we chose for different solution spaces.
)e algorithm speed can be improved by trans-
forming the solution of the dual problem into the
classification surface of the original space. To con-
clude, by improving the calculation rate of tradi-
tional machine learning algorithms, it is established
that the accuracy of the fitting prediction between
the predicted data and the actual value is as high as
98%, which can enable traditional machine learning
algorithms to meet the requirements of the big data
era in the future. It can be widely used in the context
of big data.

(3) )is article used statistical learning and optimization
theory to analyze the working process of support
vector machines and the needs of big data platforms
for support vector machines in principle, while
updating and improving the kernel algorithm of
support vector machines. In the experimental stage,
the classic optimization dataset Iris flower dataset is
used to further test the improved optimization al-
gorithm of support vector machine. )e final ex-
perimental results are a good evidence of the good fit
and adaptability of researchers to improve and op-
timize the algorithm. In the process of improvement,
it was found that many different variant models can
be derived when small sample classification is per-
formed. And the support vector machine itself also
has a significant advantage as it can handle various
complex operations of vector inner product in high-
dimensional space through kernel functions.
)erefore, it is necessary to choose a suitable solution
space and a suitable kernel function for the data scale
and convert the solution of the dual space into the
classification surface of the original space. )e final
experimental results show that by further improving
the calculation rate of traditional machine learning
algorithms, the traditional support vector machine
algorithm canmeet the requirements of the era of big
data. )e time complexity of the original problem is
determined by the dimension of the feature space,
while the time complexity of the dual problem is
determined by the number of training samples.
)erefore, people should choose a suitable solution
space for the data scale and convert the solution of
the dual space into the classification surface of the
original space. )e final experimental results show
that by improving the calculation rate of traditional
machine learning algorithms, the traditional ma-
chine learning algorithms can meet the requirements

Variable 1 Variable 2 Variable 3 Variable 4 Variable 5
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Figure 5: Data distribution analysis of the relationship between
characteristics and varieties.
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Figure 6: Visual analysis of linear regression based on calyx.
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of the era of big data. Experimental data shows that
80% of users of the improved algorithm have greatly
improved the complexity of time and space, showing
a good fit and applicability.
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At present, the epidemic situation of COVID-19 is raging rampantly in the whole world, affecting the hearts of billions of people. +e
new coronavirus has been detected in many foods and agricultural products. At the same time, vaccines and medicines to prevent or
treat COVID-19 are also stepping up research and development and gradually put into use.+e quality and safety of foods, medicines,
and agricultural products are directly related to the lives and health of people. +ere are many potential dangers and hidden risks of
accidents in the production, sale, and transportation of dangerous goods and special equipment.+erefore, it is necessary to effectively
monitor and record the workflow of the above productions or goods. In this paper, we developed an important product traceability
public service cloud platform (IPTPSCP) based on batch identification and record keeping with International Two-Dimensional Code
Object Identifier System (IDcode) coding rules. +rough a case study of the tea factory that produces and sells Xinyang Maojian tea, a
test and implementation of IPTPSCP was shown by designing a colorful QR code to prevent the traceability information from being
forged in batches. Judging from the overall effect of the practical application of more than a dozen settled enterprises, IPTPSCP has
improved the efficiency of data collection and monitoring by about 13%. +e results show that the IPTPSCP can be considered as an
effective tool to guarantee the quality and safety of products. Besides, since it is not required for the enterprise to invest much money
and manpower to develop software, IPTPSCP reduces the cost of implementing product traceability by about 36%.

1. Introduction

In the current global market, product quality has increasingly
become an important factor influencing the customers’
purchase intention. However, there are still a large number of
fake products on the market. Serious harm to the interests of
consumers from product liability accidents continues to
occur, such as recent outbreaks of stained milk powder and
mad cow disease in the food industry [1] and incidents of
problematic vaccines and bogus drugs in the pharmaceutical
industry [2]. +e dissemination of these hugely influential
negative events through the media has caused consumers to
gradually reduce their trust in the products and increased

consumers’ concerns about the source of the products [3].
+us, with the increasing public awareness of product safety,
consumers’ increasing demand for high-quality products has
led them to pay increasing attention to and support for
traceable products [4]. In the current environment where
COVID-19 is raging around the world, people are particularly
looking forward to high-quality, traceable, and anticounterfeit
foods, medicines, vaccines, etc. However, due to the infor-
mation asymmetry in the market, product adulteration and
shoddy products frequently occur, triggering the outbreak of a
crisis of market confidence, which may eventually lead to
market failure [5, 6]. A traceability system is an efficient tool
that can monitor the quality of the products and reduce the
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information asymmetry of adverse selection and moral
hazard in product systems. +e application of a traceability
system is therefore of great strategic importance to achieve
continuous quality improvement [7]. And EPC (Electronic
Product Code), RFID (Radio-Frequency Identification), 2D
barcodes (QR, VC, and DM), and other technologies are
increasingly used in traceability systems [8–11].

+e frequent occurrence of various product quality and
safety incidents has also aroused the concerns of the public
departments of many countries and prompted them to ac-
tively implement corresponding intervention measures [12].
At present, the European Union has established the legal
framework and technical support system for food safety
traceability with “Regulation 178–2002” at its heart. With the
Bio-Anti-Terrorism Act and the Food Safety Modernization
Act as the core, the United States has also set up a food safety
traceability legal system. By successively promulgating and
improving the People’s Republic of China Law on Quality and
Safety of Agricultural Products, the Food Safety Law of the
People’s Republic of China, and other legal provisions, China
has made great progress in establishing a legal system of
traceability. In particular, it should be pointed out that China
issued and implemented six national standards for important
product traceability on October 18, 2019. +ese standards are
primarily intended to solve the basic common requirements
such as terminologies that urgently need to be standardized
and system construction, as well as meet data interconnection,
information collection, and other key technical requirements
in the construction of traceability systems for important
products including agricultural products, foods, medicines,
agricultural production materials, special equipment, dan-
gerous goods, and rare earth products. It is clear that the
publication and implementation of the six national standards
will effectively improve the standardization of the construc-
tion and management of important product traceability
systems. Moreover, ZIIOT (Zhongguancun Industry and
Information Research Institute of Two-Dimensional Code
Technology) in China independently developed the IDcode
coding system, which is applied to carry out the global unique
two-dimensional code identification for any type of object
(person, thing, and item). IDcode, which features flexible
layering, good compatibility, and strong scalability, is suitable
as a meta-identification mechanism for exchanging existing
coding systems [13].

+is paper aims to establish an important product
traceability public service cloud platform (IPTPSCP) by
combining IDcode coding rules and colorful QR code
technology applications. +e main contributions of this
paper are as follows:

(1) Using the IDcode coding system, a public service
platform for traceability of important products based on
the cloud computing model is developed. It can flexibly
customize the process and granularity of product
traceability for different products and different user
needs, which reduces the cost of platform development
and improves the application efficiency of the platform.

(2) A colorful QR code is developed. Compared with
ordinary black and white QR codes, it is much more

difficult for colorful QR codes to be forged in
batches, thereby greatly improving the security of the
traceability platform.

+e remainder of the paper is structured as follows. In
Section 2, a literature review is presented. In Section 3, the
system analysis for IPTPSCP is elaborated. +en, in Section
4, the system design and implementation of IPTPSCP are
defined in detail. Section 5 is dedicated to a case study for
testing and evaluating the feasibility and effectiveness of
IPTPSCP. Finally, conclusions and further research subjects
are presented in Section 6.

2. Literature Review

At present, scholars from various countries have conducted
a great deal of fruitful research on traceability. Different
definitions of traceability can be derived from various leg-
islations, standards, and scientific literature. Olsen and Borit
analyzed and summarized many definitions of traceability.
+ey claimed that traceability refers to the ability to access
any or all information related to the information under
consideration over the entire life cycle through the identi-
fication of the record [14]. Meo stated that traceability in
food production can be tracked from the inside of the
manufacturing plant to the whole or part of the production
chain from rawmaterials to customers [15]. As an important
subsystem of quality management, the early traceability
system can work normally on the basis of pen and paper
records. However, as food regulations become increasingly
perfect, simple traceability mechanisms in the food industry
have become growingly advanced. Traceability must be
handled by the establishment of similar systems. A growing
number of companies are beginning to realize the benefits of
traceability systems. +e application of the system forces the
company to comply with mandatory regulations and pro-
motes the company’s products to pass international stan-
dards and certification requirements.+e implementation of
the system can help companies to improve marketing effi-
ciency and ensure product sources and product quality. In
addition, the benefits of the system include product value-
added, anticounterfeiting features, lower inventory levels,
lower labor costs, improved operation plans, logistics effi-
ciency, etc. In addition, in the face of health incidents, the
systems enable enterprises to have good response capabilities
[16–18]. In recent years, various regions and relevant de-
partments in China have actively promoted the application
of modern information technology, such as IoT and cloud
computing, to establish traceability systems for important
products such as agricultural products, foods, medicines,
and rare earth. +ese works and outcomes have shown
positive results in enhancing corporate quality management
capabilities, promoting innovation in regulatory methods,
and ensuring consumer safety [19].

On the one hand, from the point of view of quality
management, the real-time monitoring of key environ-
mental parameters through integrated sensors is considered
an important method for the effective controlling of product
quality. Wang et al. studied the mechanism and knowledge
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flow of the peach export chain and built a real-time tracking
and traceability framework for peaches [20]. Multiple sen-
sors have been used to record key environmental parameters
in the peach export chain. +e system ensures that the
quality and protection of peaches and other main links are
controlled. Qi et al. used WSN as a simple network infra-
structure and developed a retraceability system for aqua-
culture with robust decision support functions [21]. It can be
deployed rapidly to obtain water temperature, salinity,
dissolved oxygen, pH, etc., and to realize real-time data
transmission. Alfian et al. developed a traceability system for
the Korean Kimchi supply chain, which is similar to the
peach traceability system proposed by Wang. Both systems
used a multisensor network to collect key environmental
parameters. +e Kimchi traceability method uses a signifi-
cant amount of data gathered for data mining to make up for
missing data and implement data prediction. And RFID
technology was used to record and read data to improve
work efficiency [22]. Combined with the meat quality of the
cold chain and the environmental information collection
program, Peng et al. presented a QR code-based tracing
method for a quality tracing system [23]. Gao et al. devel-
oped an Internet of +ings- (IoT-) based intelligent fish
farming and tracking control system that includes a fore-
casting method that enables automatic water quality man-
agement and supports tracking the breeding and selling of
freshwater fish [24]. Hu et al. first leveraged the immutability
of block-chain and the paradigm of edge computing to
construct a trust framework for the organic agricultural
supply chain, which makes affordable traceability solutions
for those in developing countries at a low cost [25].

On the other hand, from the point of view of product
supervision and traceability, information recording of key
production nodes of products has become the main direc-
tion of research. Karlsen et al. proposed that the supply chain
of farmed salmon should have different traceability gran-
ularities, set up different traceability granularity according to
different levels within the company and between the supply
chains, and used the GS1 standard for coding for traceability
units with different traceability granularity [26]. +e Global
Trade Commodity Code (GTIN) coding framework and
UML class diagrams were used to model the production,
processing, and quality information of the vegetable supply
chain, with which the quality traceability information and
the key information framework of activity participants in the
vegetable supply chain were clearly described. +e model
verification shows that the accuracy of data collection,
quality analysis, and inventory management has been en-
hanced to varying degrees after the application of the
traceability system [27]. +akur and Donnelly constructed a
conceptual flow chart for planting, processing, and other
links in the soybean value chain and determined the in-
formation entry point through information modeling. +e
traceability code based on the unique identification principle
in the Trace Food framework was set up, and different
traceable units in different links were determined. +en, a
standardized list of data elements was created for mixed
operation of different batches of the same type of soybeans,
and the electronic information exchange technology in the

supply chain was discussed [28]. Qian et al. designed the raw
material batch code and the traceability batch code through
the analysis of the wheat flour supply chain details. +ey
associated the traceability code with the production infor-
mation and used QR codes and RFID to record and read
information and developed a wheat traceability system to
achieve the traceability of bulk wheat flour [19]. Chen et al.
developed a mobile pork products quality and safety
traceability system based on batch identification and record
keeping with two-dimensional codes and reduced the cost of
the traceability system [29]. Liang et al. developed the food-
grade grain tracers which is an identification technology for
tracing from original harvest to final destination. And au-
tomatic separation and identification equipment was
designed to implement online production operation for
food-grade grain tracers by QR code scanning and infor-
mation recording [30]. Cai et al. integrated QR code with
quality data and mobile intelligent technology to develop a
convenient query terminal for tracing quality in the whole
industrial chain of TCM (traditional Chinese medicine) [31].
Li et al. proposed a novel two-sided matching model based
on dual hesitant fuzzy preference information to solve the
fuzziness and uncertainty of preference information in the
matching process of complex product manufacturing tasks
on the cloud manufacturing platform, which provided an
effective method for supplier selection in the product
traceability system [32].

In addition, some scholars study the substances con-
tained in the product itself for traceability of products.
Chemical approaches, biomolecular approaches, and iso-
topic approaches have been used to detect these substances.
Fernandes et al. classified red meat with the aid of the study
of trace factors in beef to achieve the traceability of Brazilian
pork [33]. Bong et al. used a range of elements and isotopes
to investigate the geographical origin of Korean beer and
measured the element and isotope composition of beer to
identify geographical variations [34]. Zhao et al. measured
and analyzed the concentrations of 20 elements in samples of
tea and soil. +e findings have shown that elemental fin-
gerprinting profiles are of obvious difference for tea leaves
and provenance soils from different regions [35].

Based on the above literature review, several obser-
vations can be obtained. Firstly, the vast majority of
traceability systems were developed by manufacturing
companies to achieve the traceability of their specific
products, and companies need to invest more capital and
labor costs for this. However, for different types of
products or even different products of the same kind, the
key points of traceability and the traceability mechanism
could be entirely different. +is type of traceability system
therefore has poor flexibility and scalability. Secondly, the
coding systems or coding rules currently adopted in var-
ious traceability systems are different, and a unified
standard has not yet been formed, which is not conducive
to information sharing and dissemination. +erefore, it is
of considerable significance for both academia and in-
dustry to explore and develop an IPTPSCP with the most
widely used coding and identification standards in the
world.
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3. System Analysis

3.1. (e Survey Design and Analysis. +is paper adopted a
variety of methods to acquire user needs, including literature
collection, policy research, on-site investigation, and
interviews.

Firstly, we collected information on the development
and application of relevant traceability and anticounter-
feiting information systems at home and abroad in recent
years, analyzed the characteristics and deficiencies of these
systems, and used them as a reference for the system to be
developed in the future.

Secondly, we investigated the relevant policies issued by
relevant Chinese government departments in the area of
important product traceability and anticounterfeiting in
recent years and learned that the government’s attitude is to
encourage third-party organizations to develop and im-
plement important product traceability public service cloud
platforms, and they have provided some specific guidance
specifications, relevant standards, and requirements.

+irdly, we have conducted on-site investigations on six
enterprises that produce food, drugs, agricultural products,
chemical products, dangerous goods, and clothing products
in some cities in China, such as Guangzhou, Foshan,
Shantou, and Xinyang, and learned about their common or
specific requirements for traceability and anticounterfeiting
in products.

Finally, we randomly interviewed four managers and ten
production workers in the above companies.+ese people in
different positions elaborated their perceptions of the
traceability and anticounterfeiting information system and
their requirements such as overall functional requirements
and specific module requirements, as well as their most
concerned aspects. +e initial needs were formed and
summarized based on these interviews.

3.2. Users’ Need for IPTPSCP. +rough the above research
and interviews, we analyzed and summarized the basic
features and key functions of IPTPSCP, as shown in Table 1.

3.3. IPTPSCP Business Flow Analysis. Following the prin-
ciples of corporate self-discipline, consumer, and govern-
ment supervision, the needs of different users were fully
considered in IPTPSCP to improve the economic benefits
and brand effect of enterprises, strengthen government
supervision, ensure product quality, and protect consumer
rights and interests. IPTPSCP business process analysis is
shown in Figure 1.

+e above business process consists of the following
major steps:

(1) +e company provides its information to register in
IPTPSCP, which shall be audited by the adminis-
trator and certified by a third-party certification
body.

(2) After passing the audit and certification, companies
can manage basic information such as product
names, categories, and specifications.

(3) +e enterprise sets up traceability units and nodes for
different products and then collects and inputs
complete product traceability information.

(4) +e administrator audits the authenticity and
standardization of product traceability information.
After approval, the company can generate product
traceability code, anticounterfeiting codes, and other
pieces of relevant information and then submit them
to third-party certification. After being certified, the
above information can be stored in the cloud
database.

(5) Consumers can browse and query the traceability
and anticounterfeiting information. If problems are
found, they can complain about the net and give
feedback to government regulators, who will deal
with it by relevant laws and regulations.

4. System Design and Implementation

4.1. IDcode Coding Rules [13]. Product coding is essential to
product traceability and anticounterfeiting. In this paper, the
“safe, independent, standardized, and controllable” IDcode
two-dimensional code coding system was adopted for
product coding. IDcode has passed GB/T 33993-2017
Commodity Two-Dimensional Code Release and is com-
pliant with ISO/IEC 15459 Information Technology-Auto-
matic Identification and Data Acquisition Technology-
Unique Identification. As a mechanism to realize the unified
management of various object identifications, IDcode is
recognized by ISO, CEN, and AIM. +e IDcode coding
system has three characteristics:

(1) Identity: every object (person/event/thing) can get a
globally unique QR code ID.

(2) Interconnection: a framework for mapping and
linking various codes, coding systems, and appli-
cation systems has been developed. Interconnections
among different regions, networks, systems, and
codes have been built.

(3) Security control: IDcode coding system provides a
safe mobile Internet transaction interaction envi-
ronment for the public. It serves as an effective,
credible information security application tool for
enterprises and provides a safe QR code environ-
ment for society.

As shown in Figure 2, IDcode coding structure is a tree
structure and consists of three parts:

(1) +e first part is the user root. It is made up of four
nodes. +e first root node identifier “MA” is a global
code recognized by ISO, CEN, and AIM organiza-
tions. +e second node is the area code for the re-
gion. +is code can be found in ISO 3166-1:2013
Code Representation Names of Countries and Its
Branches Part 1: Country Codes. +e third one is the
user code. It is coded by the type of user. +e
Government Agency User Code is 1001, Code 1002 is
for Voluntary Organizations, Code 1003 is for
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Scientific Research Institutes, and Code 1006 is for
Certification Institutions. General enterprises and
institutions adopt the administrative division codes
of various countries or are coded by each country
itself. +e node can be extended according to the
application requirements. +e fourth node is the
registration sequence number, arranged in order of
application.

(2) +e second part is the identification object category,
which is divided into two situations: general coding
structure and own coding structure. +e general
coding structure is composed of three nodes, and the
number of nodes in the own coding structure is
defined by the user.

(3) +e third part is the individual code of the custom
identification object. +e user can customize the
number of nodes and the number of bits per node
according to the needs of the application.

Special note: the first part and the second part are
separated by the punctuation “.” or symbol “/,” the second
part and the third part are separated in the same way, and the
nodes in each segment are distinguished by a “.”

In this paper, the second part (identification object
category) in the IDcode coding adopts a general coding
structure, for example, MA.156.441302.1184/10.29034004.01
02/20201214.001, where MA.156.441302.1184 represents the
root unit, 10.29034004.0102 represents the category of ob-
ject, and 20201214.001 represents the individual code of the
custom object.

+e difference between the QR code based on IDcode
coding system and the ordinary QR code is shown in Table 2.

4.2. Four-Color QR Code Generation Algorithm. Ordinary
monochromeQR codes are easily forged if someone knows the
link of QR code. +erefore, this paper developed a four-color
QR code, which is equivalent to adding a color code to the
ordinary QR code. If the color code corresponding to the QR
code is not known, it cannot be forged in batches. +e specific
method is as follows. Firstly, the ordinary monochrome QR
code is generated via the existing QR code generation algo-
rithm. +en, we use the prebuilt color library to perform color

rendering on the upper left, lower left, upper right, and lower
right of themonochromeQR code image to obtain a four-color
QR code. +ere are 7 different colors in the color library, and
each color has a color number code; see Table 3 for details. For
example, the colorful QR code shown in Figure 3, which is a
product anticounterfeiting code of a company in IPTPSCP, is a
four-color QR code rendered by the color code sequence
“1–3–7–4.” Each color QR code image requires approximately
1.12K storage space, which takes up very little space. Compared
with the black and white QR code, the color QR code is not
only beautiful and safer but also does not increase the cost and
difficulty of printing or spraying, which is conducive to large-
scale promotion and application.

+e pseudocode of the function for generating a four-
color QR code is described as follows:

Function Generate Four Color QRCode(string)
{
Using Google’s ZXing library to generate monochrome
QR codes;
Randomly generate 4-digit color code (each digit is
different from the others);
Traverse each pixel in the monochrome QR code image
{
if (pixel position< image width/2 && pixel position-
< image height/2), then set the pixel color to the color
represented by the color code of the first digit;
if (pixel position< image width/2 && pixel position-
≥ image height/2), then set the pixel color to the color
represented by the color code of the second digit;
if (pixel position≥ image width/2 && pixel position-
< image height/2), then set the pixel color to the color
represented by the color code of the third digit;
if (pixel position≥ image width/2 && pixel position-
≥ image height/2, then set the pixel color to the color
represented by the color code of the fourth digit.
}
Return to the four-color QR code image.
}

Table 1: +e scientific prototype of IPTPSCP.

IPTPSCP should
(i) Allow users to flexibly set the traceability units and nodes, to meet the changes of the traceability units and nodes caused by the
production of different types of products and adjustment of the production process
(ii) Adapt to the settings of different traceability units and nodes in various companies producing a variety of important products
(iii) Realize the efficient integration of hardware automatically collecting data with the software automatically processing the information
via the embedded models and knowledge
(iv) Achieve the information traceability of user-defined traceability units and nodes. When product quality or safety issues occur, the
smallest error subset can be found and related responsibilities can be defined
(v) Allow users to use mobile phones, computers, and other terminals to inquire information through App, WeChat Mini program, Web,
etc., and report problematic companies or products
(vi) Be able to meet the need of supervision of relevant government departments and enable us to expose and punish problematic
companies or products
(vii) Have certain anticounterfeiting and antichanneling functions
(viii) Reserve interfaces for future implementation of traceability, anticounterfeiting related big data analytics, and other value-added
services
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Figure 1: IPTPSCP business flowchart.
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4.3. IPTPSCP Technical Architecture. IPTPSCP clients can
be divided into web client and mobile client. Consumers can
query information by entering the traceability code and
anticounterfeiting code string on the web client or scan the
QR code image on the mobile client for product traceability
and anticounterfeiting queries. +e web client and the
mobile client are just different in presentation, and the logic
of the data layer and business layer is roughly the same. +e
IPTPSCP technical framework is shown in Figure 4.

4.3.1. Data Layer. +e main function of the data layer is to
provide storage for structured and unstructured information.
+e structured data was stored in the MySql database, the
unstructured data was stored in the corresponding system in
the form of files, and its path was stored in the database
system. For various data, different database servers were used
for storage; thereby, a database service group was built. For
example, a Redis cache database server was set up to improve
system access speed, while a warehouse server that stores both
structured and unstructured data was constructed to realize
multidimensional data analysis and data mining.

4.3.2. Business Layer. +ebusiness layer is mainly composed
of IPTPSCP core business logic and unified control com-
ponents. +e former mainly refers to the realization of re-
lated businesses, including platform management,
enterprise management, and service provider management;
the latter mainly refers to the realization of auxiliary
functions, such as unified authority control, unified log and
audit management, unified system backup and recovery,
unified exception handling and alarm management, and

MA.156.XXXXXX. XX/ XX.XXXXXXXXXX.XXXXXXXXX/ XXXXXXX.XXXXXXX.XXXXXXX

User root Object category User-defined individual
code of identification object

User-defined code
(the number of each node's
code bits is not fixed)

Object name (the number of code bits is not fixed)

Object classification (the number of code bits is not fixed)

Object category (the number of code bits is not fixed)

Registration sequence number (the number of code bits is not fixed, following the
application sequence)

User code (the number of code bits is not fixed; coding is carried out according to user type)

Country/region code (3-bit code)

Root node (2-bit code, fixed letters "MA")

Figure 2: Schematic diagram of two-dimensional code identification coding data structure (general coding structure).

Table 2: Difference between QR code based on IDcode coding system and the ordinary QR code.

Comparison items Ordinary QR code QR code based on IDcode
Product identification ✓ ✓
Traceability and other extended applications ✓ ✓
Unified identification mechanism ✓
Compatible with multiple coding systems ✓
Safe and reliable ✓
Internationally recognized and accepted ✓
Low cost ✓ ✓
Forming standards ✓

Table 3: Color library.

Code Color RGB Template
1 Black (0 0 0)
2 Red (255 0 0)
3 Green (0 255 0)
4 Blue (0 0 255)
5 Dark red (131 27 31)
6 Dark green (8 98 51)
7 Orange (255 165 0)

Mathematical Problems in Engineering 7



unified external interface management.+ey are the basis for
the safe operation of the system data and provide conditions
for the function expansion of the system. What needs to be
pointed out is that using the cloud snapshot service provided
by Ali Cloud, a perfect data backup and recovery scheme,
was built to avoid data loss caused by sudden failure, system
poisoning, or human error.

4.3.3. Control Layer. +e control layer is used to process the
business related to the access interface; a series of advanced
technologies were adopted to ensure that IPTPSCP can still
operate efficiently and stably in a high concurrent access
status. +e purpose of caching is to improve the system
access speed and increase the capacity of system processing.
Degradation means that when the service has a problem or
the service affects the performance of the core process, it
needs to be temporarily blocked and restarted after the peak
disappears or the problem is solved. Current limiting and
asynchronous locking protect the system by limiting the rate
and locking of concurrent access or requests, respectively.
Restful API is used to achieve front and back end separation,
system traffic reduction, and server performance optimi-
zation and to prevent security issues such as injection
attacks.

4.3.4. Forwarding Layer. +e forwarding layer realizes the
clustering of application deployment through the combi-
nation of hard load and soft load processing. By setting up a
backup and establishing a dynamic expansion mechanism,
the service provided by the system for users is no longer
restricted by the existing resources, and they can be con-
tinuously searched and expanded for service resources
outside the system. Nginx acts as a proxy server (reverse
proxy), forwarding requests from users to different servers,
to avoid excessive pressure on the unit server. Static resource
CDN acceleration refers to distributing static resources to
servers located in computer rooms in multiple geographic
locations to achieve nearby access to data, thereby improving
access speed.

4.3.5. Application Layer. +e application layer is the user
GUI access interface. All kinds of users can access IPTPSCP
through H5 official website, enterprise App, Platform App,
enterprise WeChat Mini program, platform WeChat Mini
program, PC official website, etc.

4.4. IPTPSCP Network Topology. IPTPSCP was designed
using B/S architecture based on the cloud service model, as
shown in Figure 5. +e basic product traceability infor-
mation was automatically collected or entered in the LAN of
the production enterprise. After the relevant business pro-
cessing of the system, the traceability and anticounterfeiting
related text information and QR code image information
were uploaded to the Ali Cloud database server and Qiniu
Cloud storage server via the Internet. Moreover, the system
was connected to the data control center of the government
supervision department to provide traceability, anticoun-
terfeiting inquiry, and management services for enterprises,
consumers, the public, and system managers. +e function
of the firewall is mainly to discover and deal with the security
risks and data transmission problems that may exist during
system operation in time.

In each enterprise LAN, the integration of different data
acquisition hardware equipment (or devices) with IPTPSCP
is crucial. Generally, data acquisition hardware equipment is
divided into three types: interface equipment, reserved
standard interface equipment, and equipped with dedicated
software equipment [36]. +e schemes of integrating the
three equipment with IPTPSCP are described as follows.

4.4.1. Interface Equipment. +is type of equipment does not
have any interface and usually only provides observation
readings.+erefore, the simplest way to deal with this type of
equipment is to provide a pure software entry interface.

4.4.2. Reserve Standard Interface Equipment. Most of these
types of equipment have RS232 serial ports or parallel ports,
and the parallel ports can be converted into serial ports
through customized wiring. +ere are two mainstream
methods for the integration of serial equipment: direct in-
tegration and integration by using serial ports server.

4.4.3. Equipped with Dedicated Software Equipment. +e
characteristic of this type of equipment is that the data has
been collected and stored in the workstation, but the storage
format is different, usually divided into three types: standard
text file format, standard database storage format, and
encrypted format. +e data collection and integration of this
type of equipment can generally be divided into three steps:
interception, analysis, and forwarding.

5. System Application and Evaluation

5.1. Case Selection. As an example, a detailed tracking re-
search has been made in a tea production enterprise
(abbreviated as enterprise A) in Xinyang city, Henan
province, China. Company A is mainly engaged in the

Figure 3: An example of four-color QR code.
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Figure 4: IPTPSCP technical architecture diagram.
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processing and sales of XinyangMaojian green tea, which is
one of the top ten famous teas in China. In view of the
actual processing and sales of XinyangMaojian of company
A, five traceability units of fresh leaf purchase, processing,
packaging, finished product (storage), and sales were se-
lected to record the key information of product circulation.
+e processing unit is a mechanized operation, which
mainly includes screening, spreading, green removing,
winnowing, moisture restoration, rolling, carding, and
baking. Among them, the four processes of screening,
green removing, carding, and baking are important pro-
cesses that determine the quality and safety of tea.
+erefore, after careful consideration and weighing of
various influencing factors, company A set the four pro-
cesses of screening, green removing, carding, and baking as
the traceability nodes of the processing unit. In IPTPSCP,
the smallest traceability granularity can be flexibly set
according to user needs. And each item in data code design
has only one code, and one code marks one item. On this
basis, according to different packaging carriers, the two-
level concatenated code and three-level concatenated code
may be set, so as to realize the multilevel association of
different packaging carriers.

5.2. System Application. After passing the registration and
authentication, enterprise A becomes the IPTPSCP user.

First, the administrators of company A set the traceability
units and nodes in the IPTPSCP. As shown in Figure 6, the
purchase unit, packaging unit, finished product (storage)
unit, and sales unit were each equipped with one traceability
node, while the processing unit has four traceability nodes.
Figure 7 clearly shows the logical sequence of each trace-
ability node.

+en, the operator can automatically collect or enter the
relevant information of each traceability node of the above
five traceability units into the system. Taking the processing
unit as an example, the information of each traceability node
is shown in Figure 8.

Subsequently, the operator can generate the color
traceability QR code and the anticounterfeiting QR code, as
shown in Figure 9.

Figure 10 is an example of the traceability QR code and
anticounterfeiting QR code of a certain specification and
batch of Xinyang Maojian tea that have been issued and
passed the certification. Consumers can obtain product
traceability or anticounterfeiting information by scanning
the QR code or inputting the traceability code or anti-
counterfeiting code string, as shown in Figures 11 and 12,
respectively.

5.3. System Evaluation. System evaluation measures the
current performance and provides the basis for future

Internet

Enterprise N

Enterprise B

Enterprise A

General publicGovernment regulator

Consumer

System administrator

Firewall

Qiniu Cloud storage server

Ali Cloud

Web
server

Database
server

PC Mobile

LAN of enterprise A

Data acquisition
equipment

Figure 5: IPTPSCP network topology diagram.
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Figure 8: Information collection or entry for processing unit.

Figure 6: Setting up tracing units and tracing nodes.

Figure 7: Logical sequence of tracing nodes.
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improvement of the IPTPSCP. +e system evaluation of
IPTPSCPwas implemented after it ran normally for 11months
(from March 2020 to January 2021) to estimate the techno-
logical capacity, performance, and system utilization. +ree
researchers from Guangdong University of Technology and
five specialists from the platform settled enterprises (including
enterprise A) were invited to participate in an evaluation
committee in order to draw up an evaluation framework for
IPTPSCP based on the views of system development and
maintenance, user experience, and external influences.

System evaluation was divided into three main steps.
Firstly, the evaluation content (including qualitative and
quantitative indicators) was determined. +en, the

relevant data (including the data collected by the evalu-
ators and the data automatically recorded by IPTPSCP)
were organized and analyzed. Finally, the evaluators tested
the platform, discussed the implementation effects of
IPTPSCP, and gave the evaluation results.+e effectiveness
analysis before and after IPTPSCP implementation is
shown in Table 4. +e evaluators also analyzed and sug-
gested some changes for IPTPSCP. +e system improve-
ment suggestions included (1) traceability information
security onWeb, App, andWeChat Mini program, (2) load
balancing during concurrent access by multiple users, and
(3) fine-tuning of the system menu and GUI interface
design.

(a) (b)

Figure 10: Example of traceability QR code (a) and anticounterfeiting QR code (b).

Figure 9: Generation of tracing code and anticounterfeiting code.
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Figure 11: Example of traceability information (partial).

Figure 12: Example of anticounterfeiting information.
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6. Discussion and Conclusions

IPTPSCP that utilizes QR code technology provides a sig-
nificant opportunity to ensure production quality and safety.
+is paper analyzed the business flow of IPTPSCP and
elaborated the development and implementation of
IPTPSCP. Compared with the traditional system, IPTPSCP
achieves a cross-communication information flow between
managers, workers, consumers, and government regulators.
+e system test and experiment evaluation proved itself as an
effective production quality management tool that leads to a
flexible setting of various production workflow monitoring
and recording. And now, IPTPSCP has been successfully
applied in many enterprises.

To apply IPTPSCP, enterprises do not need to invest a lot
of software development, deployment, and maintenance
costs. Enterprises only need to invest a small amount of
money to purchase or develop some hardware for data
acquisition.+rough the interviews and statistical analysis of
the system implementation of more than 10 enterprises
stationed in IPTPSCP, it can be obtained that the overall
efficiency of data collection and monitoring has increased by
about 13%, and the cost has been reduced by about 36%. As a
result, IPTPSCP does not only increase economic benefits
for enterprises but also improve consumer confidence in
production quality and safety. Moreover, it also provides
convenient conditions for government regulators to conduct
product quality and safety supervision.

+is work can be extended for future research in many
directions. For example, IPTPSCP is expected to be inte-
grated into an e-commerce system, which enables con-
sumers to query the traceability information of the selected
product in real time when shopping online. +e author’s
team has begun preliminary work on this subject. In ad-
dition, with the evergrowing and changing data in the
IPTPSCP, a big data analysis platform can be built to provide

enterprises, consumers, and government regulators with in-
depth value-added services, such as product brand analysis,
analysis, and mining of industry data. +is will be a very
meaningful thing.
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ability: new trends and recent advances. a review,” Food
Control, vol. 57, pp. 393–401, 2015.

[13] ZIIOT, International Two-imensional Code Object Identifier
System (IDcode)White Papers, 2018, http://www.ziiot.org.cn/
Web/Content.aspx?c=797&m=280.

[14] P. Olsen and M. Borit, “How to define traceability,” Trends in
Food Science & Technology, vol. 29, no. 2, pp. 142–150, 2013.

[15] T. Moe, “Perspectives on traceability in food manufacture,”
Trends in Food Science & Technology, vol. 9, no. 5, pp. 211–214,
1998.

[16] F. Dabbene, P. Gay, and C. Gay, “Traceability issues in food
supply chain management: a review,” Biosystems Engineering,
vol. 120, pp. 65–80, 2014.
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Since the human society entered the electrification era, people’s work, life, and even the production and development of various
industries in society are inseparable from the supply of electricity. (e purpose of this paper is to establish a cable insulation life
evaluation model based on the improved fuzzy analytic hierarchy process to test the current insulation characteristics and life of
various types of cables, so as to ensure the quality of power supply and safe production of power. (is paper first understands the
cable insulation characteristics test process and electrical power-related knowledge through a large number of literature studies
and consultation with power grid professionals. (en this paper combines the theoretical research and improvement of the fuzzy
analytic hierarchy process based on the actual situation of the cable insulation characteristics, thereby constructing the cable
insulation life evaluation model. In this evaluation model, this paper combines the fuzzy comprehensive evaluation method and
the analytic hierarchy process as well as the actual situation of the cable characteristic test to analyze and predict the insulation life
of the cable. Finally, the linear test and reliability estimation of the experimental results are carried out, and the application of this
evaluation model is extended to the evaluation of insulation life of other types of cables. Based on this, this paper proposes a cable
insulation life evaluation model based on the improved fuzzy analytic hierarchy process. (is model combines the Weibull model
and the Arrhenius model commonly used in the assessment of cable insulation aging life and the improved fuzzy analytic
hierarchy process. Experiments have proved that, within a certain range, temperature factors have a significant impact on the cable
insulation life. For example, when the temperature is below 55°C, the insulation life of the cable is usually 30 to 50 years. However,
the evaluation model of the improved fuzzy analytic hierarchy process in this paper has much higher accuracy in evaluating cable
insulation life than other life evaluation methods.

1. Introduction

1.1. Background and Significance. Electricity is the most
important energy source for social production and devel-
opment. Only a safe and stable electric power supply and a
high-quality and reliable power supply environment can
escort the vigorous development of production in various
industries. (e most important factor influencing power
supply safety is the insulation characteristic life of the cable
material. Testing the performance of the cable through sci-
entific physical regulation and chemical reaction is a powerful
measure to evaluate the life of the cable and improve the safety
of the power supply [1]. Although the most important
function of cables is to provide excellent conductors for power

transmission, there are huge differences in the working en-
vironment of cables in different industries. In particular,
temperature, humidity, electromagnetic fields, and other
environmental factors have relatively high power supply
performance and insulation life [2]. (erefore, in addition to
the environmental external forces and various unexpected
disasters, the evaluation of the insulation performance life of
the cable itself is also extremely critical in the safeguard
measures for the power supply safety environment. Studies
have shown that the main influencing factor of cable insu-
lation life is the process of cable aging, which is divided into
electrical aging, thermal aging, water aging, and mechanical
aging [3, 4]. Because many companies often lead to over-
loaded operation of cables in the process of using cables for
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power supply, this easily accelerates the electrical aging
process of the cables and shortens the insulation life of the
cables [5, 6]. In addition, changes in temperature and hu-
midity in some special power supply production environ-
ments may also affect the thermal aging and water aging
processes of the cable, which in turn affects the insulation life
of the cable [7]. (erefore, this paper explores that the
insulation life evaluation model of the cable should consider
the insulation life test situation of the cable in various working
environments as much as possible.

1.2. RelatedResearch atHomeandAbroad. Regarding the life
evaluation of cable insulation aging, there have been quite in-
depth studies at home and abroad, and rich research results
have been obtained. For example, Santhosh performs
accelerated thermal and radiation aging on control cable
insulation materials used in nuclear power plants and uses
oxidation induction time (OIT) and oxidation induction
temperature (OITp) to evaluate the degradation of cable
insulation properties due to thermal and radiation aging.
Studies have found that factors such as long-term exposure
and temperature rise will eventually lead to a decline in cable
insulation performance [8]. In order to study the life of the
cable insulation, Kim has artificially aged the samples under
multiple stresses of heat and electricity. (e multistress aging
samples were evaluated by measuring the pulse breakdown
voltage at a high temperature of 85°C. Experiments have
shown that thermal aging will be regarded as one of the main
factors in the life evaluation of cable insulation materials,
while the effect of electrical degradation is poor [9]. However,
the study did not explore the effect of humidity changes on the
water aging of the cable. Seguchi et al. explain the evaluation
behavior of XLPE insulation by using two popular evaluation
methods, partial discharge (PD), and dielectric response (DR)
measurements. For local evaluation, they proposed a com-
parative study of surface discharge and its characteristics
under normal power frequency (50Hz) and extremely low
frequency (0.1Hz) excitation [10]. However, the degradation
of the cross-linked polyethylene (XLPE) insulated power cable
material due to various factors during the experiment cannot
be avoided. Hinderliter believes that the degradation of
polymer sheaths and the potential for insulation of medium
and low voltage power cables represent an extension of the life
of nuclear power plants, and its mechanical understanding of
the degradation process is essential to confidently predict the
functional properties and safety margins of dielectrics. Studies
have shown that the reduced exposure performance of cable
sheaths and insulation materials in humid or immersed
environments is due to their possible interaction with the
pores in the polymer [11]. However, this study only explored
the impact of medium and low voltage power on the life of
cable insulation and did not make accurate assessments and
corresponding improvement measures.

(ere are also important research conclusions on the
assessment of cable insulation life in China. Studies have
found that the long-term performance of cable insulation has
been severely challenged by the technological advancement of
high-voltage DC power lines for large-capacity long-distance

submarine or underground transmission worldwide. In order
to quantify the relationship between the applied stress
(electrical, thermal, and mechanical stress) and the failure
time (lifetime), Zuo et al. proposed several competing life
expressions based on different mechanisms and the average
life data through laboratory tests.(e fittingmodel expression
can compare the different durability characteristics of insu-
lation material candidates and study their performance in a
given cable system [12]. However, this expression still has
certain limitations and has not been widely adopted. Su et al.
used electrical tree testing to determine the withstand voltage
coefficient of solid insulating materials. In the tree test with a
needle-plane electrode system, the start-up time of the tree is
measured under both progressive and constant voltage, and
the residual voltage method is used to determine the with-
stand voltage coefficient [13]. However, the measured value is
affected by the test conditions, and its effectiveness still needs
further proof. Zhou et al. proposed a new method of online
insulation dielectric loss monitoring based on insulation layer
separation as an important index test method for cable
insulation health [14]. However, there are still no reports of
any successful online technology for this method. Chang et al.
proposed a decision tree method for judging the initial and
final stages of insulation degradation of preformed power
cable joints with air gaps and void defects. Using cluster
theory, this decision tree method is applied to evaluate the
transition of insulation status. According to the Gini coeffi-
cient and information gain of the decision tree algorithm, the
insulation state diagnosis rule is derived [15].

1.3. Innovations in ,is Paper. (is paper studies the influ-
ence of the temperature and conductivity stress coefficient of
the cable insulation material on the life and reliability of the
cable and conducts the evaluation experiment of the cable
insulation life based on the principle of the acceleration of
electric thermal aging. On the basis of the balance between the
content analysis and evaluation principles of the existing cable
insulation life evaluation, a cable insulation life evaluation
index system was established, and the insulation life evaluation
was carried out using the fuzzy analytic hierarchy process
[16, 17]. (rough the quantification process, the existing cable
insulation characteristics are scientifically evaluated, and ref-
erence evaluation data are provided for the insulation char-
acteristics of various types of cables under the influence of
internal and external factors in different working environments
[18, 19]. (is paper combines the advantages of the traditional
analytic hierarchy process and fuzzy analytic hierarchy process
to evaluate the insulation life of the cable from various
influencing factors. Finally, based on the comprehensive
analysis, the evaluation and prediction of the cable insulation
life are given. (e experiment shows that the evaluation result
of this method is more accurate than other methods [20].

2. Evaluation Model of Cable Insulation Life
Based on Fuzzy Analytic Hierarchy Process

2.1. Commonly Used Cable Insulation Aging Assessment
Models. In the early days when cables were used in power
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supply environments, there was no standardized evaluation
method for the insulation life of cables. At that time, electric
power production enterprises all regulated the service life of
cables based on practical experience and regular inspections.
(e insulation life of cables was basically the same as the
service life of cables. (erefore, domestic and foreign
electrical engineering scholars have carried out a large
number of simulation experiments on cable insulation aging
and proposed several standard cable insulation aging as-
sessment methods. (e most famous of them are the con-
ventional evaluation method and the accelerated evaluation
method. As the name suggests, the conventional evaluation
method is to test the insulation aging life of conventional
cables through sampling tests. However, the test cycle of this
method is too long and the error is large, and it has been
gradually eliminated [21]. (is paper uses an accelerated
assessment method and a series of cable insulation life as-
sessment models. (e commonly used insulation life as-
sessment models for this method are the Weibull model and
the Arrhenius model. (e principle of the Weibull model is
the theory of breaking down the weakest point of the cable
insulation material to make the cable insulation failure. (is
theory is also called the “weakest ring principle” [22].
According to the characteristics of the cable insulation
material, the Weibull model of the cable insulation break-
down can be obtained as shown in

P(E, t) � 1 − e
− c E/E0( )

α
t/t0( )

β

. (1)

In formula (1), P is the probability that the cable
insulation material will be broken down under the action of
an electric field intensity of E in time t. α and β, respectively,
represent the relevant parameters of the probability density
function of the cable insulation material breakdown, the
breakdown electric field strength, and the action time. c is
the constant coefficient in the function, and t0 represents the
minimum expected value of the cable insulation life under
the action of an electric field of E0 intensity. Assuming that
the electric field breakdown probability of the same cable
insulation material is the same, the insulation aging life
equation can be obtained as shown in

C1 � 1 − e
− cEαtβ

,

C2 � E
n
t, n �

α
β

.

(2)

In formula (2), C1 and C2 are related constants, and n

represents the insulation aging life index. (e value of the
insulation aging life index can be calculated by simulating
the relevant data of the cable insulation aging experiment, so
as to obtain the evaluation value of the cable insulation life
under different intensities. (e above Weibull model is
mainly aimed at the cable insulation life under the influence
of electrical aging factors of the cable material. Another
important factor affecting the aging of the cable insulation is
thermal aging.(e commonly used insulation life evaluation
model is the Arrhenius model [23]. (is model studies the
relationship between temperature and the rate of chemical
reaction of the cable insulation material. According to the

chemical reaction kinetic curve, the Arrhenius equation for
cable aging life evaluation can be obtained as shown in

C(T) � k0e
− Eα/RT

. (3)

In formula (3), C(T) represents the chemical reaction
rate constant of the cable insulation material, k0 represents
the prefactor of the chemical reaction, and Eα represents the
activation energy of the chemical reaction, and its unit is kJ/
mol. R and T represent gas constant and thermodynamic
temperature, respectively. (e unit of gas constant is J/
(K·mol), and the unit of thermodynamic temperature is K. It
is assumed that the cable insulation material reaches the
same insulation failure standard under different thermo-
dynamic temperatures and different chemical reaction rate
constants. According to the chemical reaction kinetic curve
model, the thermal aging life evaluation equation of the cable
insulation chemical reaction can be obtained.

F(t) � k0e
− Eα/RT

,

ln t � k +
Eα

RT
.

(4)

In formula (4), F(t) is the insulation failure standard
achieved by the cable insulation under different chemical
reaction times t, and k is a constant coefficient related to the
aging performance of the cable insulation. (e Arrhenius
model reflects the relationship between the aging life t of the
cable insulation material and the aging temperature T and is
a commonly used evaluation model in the accelerated
evaluation experiment of the cable aging life evaluation.

2.2. Determine the Evaluation Index System of Cable Insu-
lation Life. To establish a cable insulation life evaluation
model based on fuzzy analytic hierarchy process, first de-
termine the evaluation index system of cable insulation life.
(en compare the relative importance of the indicators of
each evaluation level of the model with the indicators of the
previous level to determine the weight of the influencing
factors of each level. (is paper uses the judgment matrix to
achieve this goal, that is, to evaluate the importance of a
certain criterion level index defined in the cable insulation
aging life assessment model to the target level index that
needs to be analyzed and evaluated [24, 25].(is hierarchical
model of message evaluation is to compare the importance
of indicators at the criterion level and the target level. In this
paper, the importance of factors in the standard level is
measured on a scale of 1–9. (e comparison of the im-
portance of the index system in this paper is shown in
Table 1. According to the defined importance evaluation
rules, the element values of the matrix are listed separately to
obtain the judgment matrix. (e singular grades ranging
from grade 1 to grade 9 in the importance evaluation grades,
namely, grades 1, 3, 5, 7, and 9 respectively, indicate that the
former is more and more important to the latter. Levels 2, 4,
6, and 8 represent the intermediate values of the adjacent
evaluation levels corresponding to the above singular im-
portance levels.
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According to the principle of the fuzzy analytic hierarchy
process, this paper establishes a multilevel index system for
cable insulation performance evaluation. (e insulation
performance of the cable is mainly reflected by the length of
time the cable maintains its normal performance in the
current working environment. (is is also an important
indicator for the evaluation of the cable insulation life. (is
paper divides the cable insulation performance into excel-
lent, good, normal, poor, poor, and so on. Combining these
five levels with the quantitative index standards of cable
health value and then through the mapping relationship
between the indicators, the following cable insulation
evaluation index set can be obtained:

V � v1, v2, v3, v4, v5( 􏼁 � (A, B, C, D, E). (5)

In formula (5), V represents the cable insulation per-
formance evaluation score set, and the five elements in the
evaluation score set represent five evaluation score levels of
excellent, good, normal, poor, and poor. (en the mapping
relationship between the vector composed of the evaluation
score set and the evaluation matrix is shown in

CCE � V∗C
T

� f x1, x2, x3, x4, x5( 􏼁. (6)

In formula (6), CCE is the English abbreviation for
comprehensive evaluation of cables and is used here to
express the comprehensive evaluation of cable insulation
performance. CT represents the transposed matrix of the
fuzzy comprehensive evaluation matrix. According to the
fuzzy analytic hierarchy process and the evaluation matrix,
the membership matrix can be further calculated. (e
membership degree matrix is often used in the compre-
hensive analysis of the indicators of the analytic hierarchy
process.(emaximummembership degree matrix is used to
evaluate the index with higher performance as the trend of
the evaluation index is larger. Conversely, the minimum
membership degree matrix is used to evaluate the index with
higher performance as the trend is smaller. Its evaluation
principle is

ϕ(x) �

1, x< α,

x − α
β − α

, α≤ x< β,

0, x≥ β.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

According to the characteristics of cable insulation aging
life, this paper chooses the principle of maximum mem-
bership degree. Obviously, the larger the comprehensive
evaluation index of the cable, the higher the insulation
performance and the longer the insulation life. In formula
(7), ϕ(x) represents the maximum membership function,
and α and β are the two critical levels of the comprehensive
cable evaluation index.

2.3. Establish a Judgment Matrix and Calculate Indicator
Weights. (e evaluation of cable insulation life can start
from the physical, chemical, and electrical properties of cable
materials, which can extend 10 evaluation indexes of cable,
such as dielectric loss, maximum internal electric field
strength, impurity material, insulation resistance, insulation
stress, insulation thickness, internal temperature, voltage
load, external environment humidity, and elongation at
break [26]. According to the evaluation index system of cable
insulation life established above, a judgment matrix for the
evaluation of cable insulation life is constructed.

M �

Y A B C D E

a x11 x12 x13 x14 x15

b x21 x22 x23 x24 x25

c x31 x32 x33 x34 x35

· · · · · · · · · · · · · · · · · ·

g xn1 xn2 xn3 xn4 xn5

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

Mi

m1

m2

m3

· · ·

mn
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V
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vn
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.

(8)

As shown in formula (8), matrix M represents the
importance judgment value of two insulation evaluation
indicators compared with each other, wherein xij represents
the judgment value of the importance of the evaluation index
xi and the evaluation index xj compared with each other. It
should be noted that all elements in the judgment matrix
should satisfy the condition that the sum is 1. In the above
judgment matrix, the left side is the importance level
evaluation matrix of the criterion layer, Mi represents the
product of each row element of the importance evaluation
matrix, vi represents the value of the square root of each
element in Mi according to the matrix order, and then wi

represents the value of each element in vi. (e relevant
calculation formula is as follows.(e calculation formula for
the value Mi of each row of the judgment matrix M is shown
in

Table 1: Analytic hierarchy process importance index.

Index value Indicator meaning (compare two indicators)
1 Have the same importance
3 (e former is slightly more important than the latter
5 (e former is fairly more important than the latter
7 (e former is especially more important than the latter
9 (e former is extremely more important than the latter
2, 4, 6, 8 (e intermediate value of the above adjacent odd judgment
Reciprocal (e reciprocal of the above index indicates the importance of the latter to the former

4 Mathematical Problems in Engineering



Mi � 􏽙
n

j�1
xij, i � 1, . . . , 6. (9)

In formula (8), the calculation formula for the root value
vi of each row of the target matrix is shown in formula (9),
where n represents the order of the judgment matrix. Ac-
cordingly, the value wi of each element of the weight matrix
after the normalization of the target matrix can be further
obtained.

vi �
���
Mi

n
√

�
���
Mi

6
√

,

wi �
vi

􏽐
n
i�1 vi

.
(10)

After calculating the weight of the cable insulation life
evaluation index through the judgment matrix and the
weight matrix, this paper conducts CR verification on the
cable insulation aging life evaluation model. (e most im-
portant step of CR verification is the calculation of the
consistency index CI and the consistency ratio CR. (e
calculation of the consistency indexmust first be obtained by
the maximum eigenvalue of the judgment matrix. (e
formula for calculating the maximum characteristic value
λmax is as follows:

λmax � 􏽘
n

i�1

(M∗W)i

nWi

. (11)

(e consistency index CI of the matrix can be obtained
by the maximum eigenvalue of the judgment matrix cal-
culated in formula (11). According to the principle of
consistency verification, when the consistency ratio is zero,
the judgment matrix has complete consistency [27].

CI �
λmax − n

n − 1
,

CR �
CI
RI

.

(12)

From the above analysis, it can be seen that there are
mainly 10 judgment indicators for the assessment of cable
insulation aging life. According to the survey of the average
random consistency index of the same order matrix in
Table 2, the average random consistency index RI � 1.49 of
the tenth order matrix can be known, and the calculation
formula of the consistency ratio CR of the evaluation matrix
is shown in equation (12).

2.4. Reliability Evaluation and Life Prediction of Cable
Insulation Aging. According to the cable insulation aging
life evaluation model and accelerated evaluation method, the
reliability evaluation and life prediction of the cable insu-
lation aging characteristics are carried out in this paper.
Studies have shown that, under the action of thermal stress,
the life of the insulation material of the cable, which is the
time to failure of the insulation characteristics, meets the
Arrhenius equation. Combined with the study of the

influence of mechanical stress, the life equation of cable
thermal aging, and mechanical aging can be obtained.

L(T, s) � C · e
(A/T)s− m

, A �
Eα

R
. (13)

In formula (13), L is the inverse power law function of
cable mechanical stress. T is the thermodynamic tempera-
ture, C is the constant determined by the actual aging test,
and A is the ratio parameter of the activation energy Eα of
the cable aging reaction and the gas molecular constant R. s

represents the stress of the insulating material. According to
the above formula, the insulation failure time under different
temperature and material stress can be calculated.

L � L0
s

s0
􏼠 􏼡

− m

e
(ΔE/C) (1/T)− 1/T0( )( ). (14)

Formula (14) expresses the cable insulation life under the
conditions of temperature T0 and material stress s0, where m

is a constant and ΔE is the energy change in the aging
reaction. According to the principle and process of cable
degradation, the reliability of cable insulation materials can
be evaluated through the cable insulation degradation
equation.

X(t) � λt + μw(t). (15)

Equation (15) is the cable insulation degradation
equation, where X(t) represents the standard material
insulation degradation process, which is regarded as a
Brownian motion in chemistry, λ represents the drift factor
of Brownian motion, μ represents the diffusion factor, and
w(t) represents Brownian motion movement.

3. Cable Insulation Life Evaluation Experiment

3.1. ResearchObjects. (e research object of this experiment
is the evaluation of the insulation life of commonly used
cables. According to related research, this paper establishes a
cable insulation life evaluationmodel based on the improved
fuzzy analytic hierarchy process as the evaluation method of
cable insulation life. According to the fuzzy analytic hier-
archy process and cable insulation life evaluation analysis,
this paper established a three-level cable life evaluation index
system. Among them, there are two primary indicators,
namely, internal factors and external factors; secondary
indicators are mainly three indicators of electrical perfor-
mance, thermal performance, and mechanical performance
under internal factors, and no secondary indicators are set
under external factors; third-level indicators mainly include
10 factors, and the specific indicators are as described in the

Table 2: Average random consistency index of each order matrix.

Matrix
order 1 2 3 4 5 6 7 8 9 10

RI 0 0 0.58 0.89 1.12 1.24 1.32 1.41 1.45 1.49
Matrix
order 11 12 13 14 15 16 17 18 19 20

RI 1.52 1.54 1.56 1.58 1.59 1.59 1.61 1.61 1.62 1.63
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above analysis. According to the fuzzy analytic hierarchy
process and improved, this paper will carry out analytic
hierarchy through the experimental data of several life
evaluation models, so as to achieve the purpose of evaluating
and predicting the insulation life of cables. (e index system
structure of the cable insulation life assessment model is
shown in Figure 1.

3.2. Experimental Design. (e purpose of this experiment is
to evaluate the insulation life of the cable. (is paper selects
the more commonly used cross-linked polyethylene (XLPE)
cables and mine MYP cables for insulation aging life eval-
uation experiments. (e experiment is mainly divided into
five steps. (e first step is to learn about the materials and
characteristics of related types of cables through literature
research and consultation with professionals to establish a
cable insulation aging life evaluation index system. (e
second step is to build the experimental environment
platform for this research in the physics laboratory, which
mainly includes a vibration table, a voltage regulator, a
transformer, and some temperature and humidity control
devices. (e third step is to simulate the actual working
environment of the cable and accelerate the failure process of
the cable insulation according to the electrical and thermal
aging characteristics of the insulating material and record
the relevant experimental data. (e fourth step is to use the
fuzzy analytic hierarchy process to analyze the cable insu-
lation characteristic data recorded in the experiment to
evaluate and predict the insulation life of the two types of
cables. Finally, the linear test and reliability estimation of the
experimental results are carried out, and the application of
this evaluation model is extended to the evaluation of
insulation life of other types of cables.

3.3. Test Results and Reliability Estimation. In order to an-
alyze the performance of the cable insulation life evaluation
model in this study, it is necessary to check the linearity of
the data results of this experiment.(e principle of the linear
test is to carry out a linear test corresponding to a significant
level of experimental data according to a certain confidence
level of the standard confidence interval and compare the
variance of the deviation from the linear regression equation
with the total variance of the measured value to obtain the
confidence level of the test data.

S
2

�
(N − m)s

2
1 +(m − 2)s

2
2􏽨 􏽩

N − 2
,

F �
s
2
2

s
2
1
.

(16)

Formula (16) is the estimated value of the joint variance of
the experimental sample population data, where s21 and s22
represent the variance of the deviation of the data from the
regression line and the variance of the sample population, N

represents the sample population, m represents the sample
data used for linearity test, and F is the ratio of variance in the
linearity test. Referring to the F value table of the standard

confidence in probability statistics, the t distribution value of
the data can be obtained from the look-up table when the
confidence is 95% and the significance level is 0.05 degrees of
freedom, and the value conversion of the linear test of the data
can be further calculated. Is the value tα of the distribution of
t, and the calculation formula is shown in

tα �
1

t0.95,N− 2
−

1 − (N/m)

(N/(N + 1)) +(N/2)
􏼨 􏼩

− 1

. (17)

4. Discussion on Fuzzy Analytic Hierarchy
Process Evaluation Model of Cable
Insulation Life

4.1. Mine MYP Cable Working Environment Detection. In
order to study the insulation life of MYP cable for mine use,
this paper conducted a chemical test on the environmental
indicators of some mine cables. (e main content of the test
is the content of nitrogen, phosphorus, potassium, chlorine,
calcium, and other elements. (e working environment of
the cable in the mine is generally buried in the soil.
(erefore, it is also necessary to detect the pH value and the
cation exchange capacity, that is, the hardness, humidity,
and temperature in the soil. (e test results are shown in
Table 3. Among them, N refers to the nitrogen that can be
used within a certain period of time, generally between 2 and
20 (g/kg), which is at a low level. P content refers to the
content of orthophosphate in the soil, usually between 5 and
50 (g/kg), in a state of loss.

As shown in Figure 2, in the oxidation induction period
curve of the cable insulation material in different working
environments, the OITof the XLPE sample after 2100 hours
of electric and heating combined aging is extremely short,
and the OIT of the new XLPE sample is 21 minutes. (e
oxidation induction period of the electric heating combined
aging sample is shorter than the oxidation induction period
of single thermal aging, indicating that the combined electric
heating aging degree is serious, and the oxidation induction
period is smaller. (e OIT decreases significantly with the
increase of the aging degree of the sample.

4.2. Cable Structure and Insulation Material Performance
Parameter Analysis. After selecting the corresponding cable
experimental sample materials, this paper investigates the
insulation material properties and structural composition of
the two types of cables. (e results are shown in Table 4.
Among them, the specific heat of the insulating layer reaches
640 J/kg°C, and the thermal conductivity is only 0.16. It can
be seen that the thermal conductivity of the insulating layer
is the lowest among the cable constituent materials.

(e material composition structure of the two types of
cables is shown in Figure 3. (e XLPE cable mainly includes
conductor, inner semiconducting layer, insulating layer,
inner lining, steel wire armor, outer semiconducting layer,
and outer sheath. Mine MYP cable is mainly composed of
copper core conductor, insulation layer, impurity layer, and
rubber sheath.
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4.3. Aging Data Indicators of the Cable at Different Temper-
atures and Electric Field Strengths. (e change of cable
insulation aging life with temperature and working voltage
field strength is shown in Table 5. ICMT represents the
highest temperature inside the cable, PAT represents the

average temperature of the two phases, FMT represents the
temperature of the filling material, and ICME represents the
electric field strength inside the cable.

(is experiment analyzes the insulation resistance and
aging time under four-phase voltages, and the experimental

Cable
evaluation

First level
indicators

Secondary
indicators

Level three
indicators

Insulation quality

Internal factors External factors

Electrical properties Physical properties Material properties

Dielectric
loss

Insulation
resistance

Maximum
internal field

strength

Material
impurities

Maximum
stress

Insulation
thickness

Internal
temperature

Ambient
temperature

Environment
humidity

Annual load
situation

Figure 1: Cable insulation life evaluation system.

Table 3: MYP mining cable working environment chemical detection index.

Chemical index N (g/kg) P (g/kg) K (g/kg) Cl (mmol/L) Ca (mmol/L)
Content 3.43 3.67 11.46 234.65 1.37
Chemical index PH Cation (cmol/kg) Hardness (mmol/L) Alkalinity (mmol/L) Conductance (μs/cm)
Content 8.05 12.26 3.17 49.18 7.99
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Figure 2: Cable oxidation induction period curve under different working environment.

Table 4: Cable structure and thermal performance parameters.

Cable structure Specific heat (J/kg°C) (ermal conductivity Cable radius
Large copper core 385 106 3.8
Small copper core 385 106 2.5
Neoprene sheath 490 0.25 16.0
Ethylene propylene rubber insulation 640 0.16 5.0
Other impurities 475 49.07 2.3
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results are shown in Figure 4. Among them, the insulation
resistance of phases A, B, and C is generally larger than that
of phase D. (is is because, during normal operation, the
energizing current of phases A, B, and C during normal
operation is much larger than that of phase D, and phase D
only has a certain current flow when the cable fails and the
underground power system fails.

4.4. Evaluation of Cable Insulation Aging Life under Different
Temperatures andElectric FieldEndLevels. Table 6 shows the
aging life of cable insulation at different temperatures and
end levels. It can be seen from the table that the aging life of
the cable can reach 106 years in theory under 60 degrees
Celsius and the key level of 40% of the electric field.

However, due to various factors in actual work, the insu-
lation life of the cable is greatly reduced.(emost influential
factor is electricity.

Taking different end-point levels as the abscissa and the
aging life of the cable at different end-point levels as the
ordinate, the SPSS software is used to perform cubic
polynomial fitting, and the curve of the aging time versus
performance at each temperature of the cable is obtained.
Take humidification as an example, as shown in Figure 5.
According to the results of the aging experiment, the
insulation life of the cable under the temperature envi-
ronment of 60°C and below 60°C and the electric field en-
vironment with the end level of 40% and below can reach
more than 106 years, but the actual cable working envi-
ronment often cannot reach this level.

4

3

2 1

7

6

5

XLPE cable
1. Conductor. 2. Inner semiconductive layer. 3. Insulating layer.
4. Inner lining layer. 5. Steel wire armor.
6. Outer semiconductive layer. 7. Outer sheath

(a)

a b c d

Mine MYP cable
a. Sheath
b. Copper core
c. Impurity layer
d. Insulation

(b)

Figure 3: Material composition structure of (a) XLPE cable and (b) mine MYP cable.

Table 5: Changes of cable insulation aging temperature and electric field intensity.

Impact index Index value ICMT PAT FMT ICME

Impurities and conductor spacing
2 51.64 47.75 43.66 5.47
3 51.38 47.22 43.93 5.06
4 50.49 47.16 44.17 4.65

Cable insulation performance loss

Normal 51.62 47.19 43.91 1.1476
Loss 10% 53.44 48.07 44.07 1.2064
Loss 20% 56.27 48.69 44.39 1.4142
Loss 30% 58.19 49.18 44.53 1.7643
Loss 40% 62.66 50.24 44.81 1.9065
Loss 50% 67.49 50.68 44.89 2.1421
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5. Conclusions

(is research mainly improves the fuzzy analytic hierarchy
process for the evaluation of cable insulation life based on
the cable insulation characteristics. In the investigation of
current cable insulation aging life evaluation, this paper
found that the current evaluation and prediction of cable
insulation aging life are mainly evaluated by accelerated
evaluation method and the principles of electrical aging and
thermal aging. However, these evaluation models are highly

pertinent and strongly dependent on the working envi-
ronment of the cable. Based on this, this paper proposes a
cable insulation life evaluationmodel based on the improved
fuzzy analytic hierarchy process. (is model combines the
Weibull model and the Arrhenius model commonly used in
the assessment of cable insulation aging life and the im-
proved fuzzy analytic hierarchy process. It can evaluate the
insulation life of cables in a more in-depth and more specific
manner from the perspective of various influencing factors
and provide companies and individuals using cables with

0
2
4
6
8

10
12
14
16
18
20

0 50 100 150 200 250 300
In

su
la

tio
n 

re
sis

ta
nc

e (
oh

m
)

Aging time (hours)

Four-phase insulation and aging time data

A phase potential B phase potential
C phase potential D phase potential

Figure 4: Four-phase insulation resistance and aging time data.

Table 6: Cable insulation aging life under different temperatures and end levels.

End level (%)
Aging life of cable insulation at different temperatures (years)

60°C 65°C 70°C 75°C 80°C 85°C 90°C 95°C 100°C
40 106.2 99.6 73.4 61.3 30.8 13.9 8.3 4.7 1.9
50 98.7 92.6 66.5 53.4 25.5 16.7 7.4 4.3 1.3
60 89.9 83.3 42.3 37.4 21.2 14.2 6.1 3.8 0.7
70 77.8 70.2 39.8 30.2 18.9 11.8 5.5 3.3 0.3
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Figure 5: Cable insulation life under different temperatures and key levels.
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more accurate cable life evaluation data, which reduces the
resource consumption of power supply maintenance and
improves the safety of the power supply.

(e experiment in this paper adopts the accelerated
thermal aging and electrical aging in the physical laboratory
and the simulation experiment method of the cable working
environment to conduct the insulation life of the cross-
linked polyethylene cable (XLPE) and the mine mobile
flexible cable (MYP) under the accelerated aging of elec-
tricity and heat. Under the influence of electrical and
thermal aging, the time of cable insulation failure will be
greatly shortened; that is to say, factors such as temperature
and voltage will reduce the life of the cable insulation.

Due to the various types of cables, the production
materials and structural specifications are different, and the
performance analysis of the cable insulation life evaluation
model in this study has certain limitations. It is hoped that,
in the future, a more complete and better simulation effect of
cable aging experiment platform can be established, and the
cable insulation life evaluation model of this research can be
extended to more types of cable insulation life evaluation
applications.
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Based on the diffusion of blockchain technology in the smart grid, this paper studies the framework and application of the
blockchain technology in the smart grid, so as to combine the blockchain with the smart grid and establish a sustainable supply
chain. However, the establishment of a sustainable supply chain is based on a layered theoretical framework. Not only should the
framework take into account needless attributes and the relationship among various criteria and aspects but the application should
also involve a balance of multiple stakeholders. For the above reasons, this paper uses a combination of Fuzzy-DEMATEL and
ISM. (e results show that (1) the hierarchical path of sustainable supply chain management of the smart grid under the
blockchain starts from the social level, pays attention to system construction, grasps the technical standards, and defines the
development goals of the power grid. (2)(e development of green energy has become a newmarket growth point. (3)(e control
of the operation level becomes the focus of the smart grid. (4) (e optimization and development of the economic structure are
restricted by social factors. By integrating and optimizing the blockchain and supply chain, this paper puts forward a theoretical
framework, establishes a sustainable GIP application system with multistakeholder participation at the supply chain level, and
indicates the significance of the blockchain in the smart grid.

1. Introduction

(e smart grid is a transparent, seamless, and instant two-
way transmission of energy and information. (e two-way
information exchange between power grids and users is the
biggest difference between smart grids and traditional power
grids [1]. As another disruptive technological innovation
occurring after the internet, blockchain has led to the de-
velopment of distributed accounting system [2, 3], which is
tamper-resistant, traceable, highly trusted, and decentral-
ized. Blockchain can improve the security of the grid system
data and help promote the realization of the reliable, ef-
fective, and trusted distributed smart grid system [4]. (ere
have been many studies on blockchain in the energy field. In
addition, blockchain technology may also subvert the supply
chain [5]. (is article combines the blockchain with a smart
grid and establishes a grid alliance chain with the

participation of governments, enterprises, and individuals.
(e grid alliance chain can perform data uploads, storage,
and condition queries, which promotes the further devel-
opment of smart grids.

Firstly, in the entire energy industry, the construction of
power grids is at the forefront of development, and the
development of smart grids under the blockchain has be-
come a focus of scholars’ attention. Some scholars have
explored the development of the smart grid industry under
the blockchain, but this research is still in the preliminary
stage and lacks systematization. Most studies on the com-
bination of the blockchain and smart grids focus on the
application of blockchain technology in a single part of the
grid value chain, such as the construction of smart grid data
secure storage and sharing systems based on an alliance’s
blockchain [6], blockchain-based distributed secure keyless
signature schemes [7], distribution networks and point-to-
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point energy trading platforms [8], and energy demand-side
management in microgrids under blockchain technology
[9]. It is not difficult to find that the development systems of
smart grids under the blockchain are highly complex, but the
existing research is scattered and lacks integration. Secondly,
the smart grid supply chain is a system composed of or-
ganization, personnel, information, and resources [10].
Supply chains are complex by nature, and inefficient supply
chains can lead to a more serious crisis of trust, thus re-
quiring better information sharing and verifiability [5]. (e
blockchain will work with all the agents of smart grids at the
same time in the process of application, and multiple agents
will work together and affect each other. However, from the
perspective of stakeholder, scholars have performed little
research on the multisubject coordinated development of
systems. From the perspective of sustainability, there is little
research on the integration of the blockchain and smart grid,
which needs to be considered from three aspects: economy,
society, and environment. (irdly, the application space of
private chains is limited because it easily leads to questioning
the credibility of information. In contrast to private chains,
public chains have greatly improved information credibility,
but they cannot ensure the privacy and security of partic-
ipants [11, 12].(e aforementioned problems have increased
the difficulty of the application and popularization of public
chains in the real economy. Relatively speaking, alliance
chains have the characteristics of “partial decentralization.”
As long as a limited number of subjects are included, an
alliance chain can increase security, reduce costs, and in-
crease reliability.

(erefore, this paper has conducted the following
research. Firstly, the paper systematically discusses how
blockchain technology affects the development of the
smart grid supply chain. Sustainability is defined by the
concept of triple bottom line [5]. (e paper establishes a
set of sustainable development system of blockchain-based
smart grids including 14 standards from three aspects.
Secondly, this study analyzes the causality and sorts out
the interrelationships among different levels, building an
influence path of the blockchain on the smart grid sus-
tainable development. (irdly, we construct a smart grid
sustainable supply chain based on the blockchain from the
three layers: government layer, information layer, and
participant layer.

We finally reached these conclusions. (1) (e impact is
reflected in the three aspects. However, the importance of
these three aspects is different. First, the development path of
smart grids under the blockchain is based on solving social
problems and reflects the characteristics of national security
and people’s dependence on the power industry. At the same
time, transactions for renewable new energy are realized
under the blockchain technology, which also shows that the
blockchain has increased the trading space of new energy.
(2) Control at the operation level has become the main point
of smart grid construction under the blockchain, which is
mainly carried out through smart contracts. In addition, the
economic structure of a smart grid is restricted by social
factors. (e economic benefits generated by the realization
of social benefits have become a potential core feature of the

power grid industry. (3) (e system should be built from
three levels of government, information, and participant.
(is study elaborates the construction path of the sustainable
supply chain of the smart grid under the blockchain and
promotes the combination of blockchain and smart grid. In
theory, this paper makes up the research gap of the lack of
systematic application of the blockchain in the smart grid
field. In practice, the government-led and multiparticipatory
GIP application system of the power grid alliance chain
designed in this paper will contribute to the future work of
the smart grid and provide an important reference for
government policy update and business planning.

(e rest of the paper is structured as follows. Section 2
proposes 14 criteria through the literature review. Section 3
describes the calculation steps of the method in detail.
Section 4 obtains the relationship diagram and hierarchical
framework among criteria. Section 5 constructs a sustainable
smart grid supply chain under the blockchain based on the
results. Section 6 draws the conclusion.

2. Literature Review

(e concept of a smart grid integrates many aspects.
Dileep [1] described a smart grid as a transparent,
seamless, and instant two-way transmission of energy and
information. In contrast to traditional power grids, smart
grids will expand the ability to obtain grid panorama
information. Smart grids can strengthen the real-time
analysis, diagnosis, and optimization of power grid
business flows to achieve more refined, accurate, and
timely power grid operation and management. Smart grid
technology is bringing innovation to the power industry
and affecting all parts of the grid supply chain [13]. A
supply chain consists of a number of entities related to the
product and service life cycle from both upstream and
downstream markets, and blockchain technology can
make supply chain management data sharing safe and
transparent [14]. Smart grid technology creates new
challenges in terms of security and intelligence [4].
Blockchain is open and transparent and involves decen-
tralized database technology. Effectively applying block-
chain technology to the construction of smart grids has
attracted widespread attention from scholars. To solve the
security and intelligence problems of smart grids, many
scholars have proposed solutions based on blockchain
technology. Gao et al. [15] used a sovereign blockchain to
automatically record and control power consumption in a
power grid. In addition, Mengelkamp et al. [16] and Pop
et al. [17] proposed blockchain-based smart grid solutions.
By using blockchain technology, smart grid supply chain
can simultaneously achieve secure transaction data storage
while also stimulating the use of green energy and pro-
moting sustainable development [18].

(is paper starts from the triple bottom line theory and
focuses on economic, social, and environmental aspects. We
consider the cost and efficiency of the public infrastructure
in the economic aspect, social welfare and top-level design
issues in the social aspect, and low carbon emission and
green energy in the environmental aspect.
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2.1. Economy

2.1.1. Public Infrastructure Utilization Efficiency. Many
scholars have used blockchain technology to solve infra-
structure problems in the construction of smart grids.
Blockchain technology will drive more distributed grid in-
frastructure and allow local producers to trade in the energy
market. (is will attract more resources that can invest in
distributed grid technology [19]. (e technical form of
blockchain is highly compatible with the construction of the
ubiquitous electric power [20].

2.1.2. Production Cost Management. It has been confirmed
that smart grids under blockchain technology can reduce the
production cost of power generation, effectively use the
existing power infrastructure, and reduce carbon dioxide
emissions [21]. Demand-side management under the
blockchain can achieve supply and demand balance, achieve
optimal production and power generation efficiency, and
thus perform better in terms of production cost manage-
ment [22].

2.1.3. Administration Cost Management. Smart contracts
can reduce paper usage, facilitate quick discussions, and save
time. At the same time, shared databases can reduce
management work [23]. Blockchain can guarantee the se-
curity of the entire system through distributed accounting
without having to go through a central agent or interme-
diary. Smart contracts stored in the blockchain can be au-
tomatically triggered in a decentralized manner, greatly
saving management and service costs [24]. Blockchain
technology helps smart grids use advanced power engi-
neering and wireless communications to improve services
and reduce administration costs [10].

2.1.4. Transaction Cost Management. Blockchain technol-
ogy can eliminate information asymmetry by providing
historical transaction records. (e information cannot be
changed retroactively, so the governance intermediary can
be eliminated, and transaction costs can be reduced [25].
(is process can lead to more short-term dynamic rela-
tionships and temporary partnerships, reducing the cost of
renegotiating, drafting contracts and agreements, and
implementing agreements [26]. Blockchain has features such
as a decentralized database and encrypted signature pro-
tection, which can reduce the need for middlemen and
transaction costs [27]. Smart contracts are usually used to
realize automatic power trading and payment [14].

2.1.5. Financial Cost Management. According to the theory
of information asymmetry, tax-related information is the
starting point of tax collection andmanagement. Incomplete
information and information asymmetry in tax collection
and management will lead to moral hazard and adverse
selection, which will lead to tax loss [28]. Blockchain
technology does not need to rely on any third-party
transactions. Due to the characteristics of smart contracts,

blockchain can automatically achieve pairing between two
parties. (ese characteristics allow the blockchain to auto-
matically provide complete and accurate historical trans-
action records and clearing processing. (is can reduce the
traditional disadvantages of information asymmetry, greatly
simplify the taxation process, and promote a harmonious
relationship between two parties [29]. Auditing cost control
has always been a major concern of national auditing de-
partments. Processing audit data through blockchain
technology can effectively control auditing costs [30].

2.2. Society

2.2.1. Security. Key management is critical to improve the
security of smart grids. Blockchain is a subversive innovation
of key management of the smart grid system [7]. In a
blockchain system, any operation on a given block will result
in a hash mismatch of all contiguous blocks, and many new
applications combine distributed ledger technology with
smart contracts. It is almost impossible for a third party to
tamper or review private information [23]. Each partici-
pating user in a blockchain system has its own public and
private keys. An exclusive public key is issued to all network
users who use the same encryption or decryption algorithm,
while private keys are held by only the users themselves [24].

2.2.2. Authenticity. Blockchain guarantees the authenticity
of transaction information in the operation of smart grid
systems with traceability and transparency. (e key feature
of blockchain is its ability to maintain a consistent view and
consensus among participants [31], even though some of
them may not be honest [32]. Information recorded by the
blockchain is backed up on multiple nodes. Information
updates require the joint authentication of multiple nodes.
One node cannot cheat the other nodes. (erefore, the
authenticity of information is enhanced [33].

2.2.3. Timeliness. By introducing blockchain technology,
certain security services used by power grid operators and
user agreements can be implemented in the form of smart
contracts, which can save process time, reduce mistakes and
improper behaviors in the sales process, and improve the
timeliness and reliability of services [21]. In addition, smart
contracts enable companies to develop business at a lower
cost while improving service efficiency [34]. Transactions
between entities in a smart grid will be more efficient as
security improves.

2.2.4. Credit Evaluation System. Blockchain technology can
be used to build a credit evaluation system to enhance the
effectiveness of monitoring and managing smart grids [35].
Due to the provision of information on credit backgrounds,
the electricity produced by green energy can be sold at a
relatively high price, making green power providers prof-
itable, and companies will be more motivated to use green
renewable energy. (us, blockchain leads to the develop-
ment of a virtuous circle. In addition, through the
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establishment of a blockchain-based telecommunication
evaluation system for users, massive amounts of information
can be automatically recorded, user’s credit evaluation can
be performed through the consideration of corresponding
information, and certain electricity price discounts can be
implemented for users with good credit. Certain punish-
ment measures can be implemented for users who engage in
bad power consumption behaviors such as stealing
electricity.

2.2.5. Incentive and Punishment System. Using the block-
chain, one can create a virtual currency to represent each
unit of electricity. (is system is very useful in the case of
renewable energy produced by consumers themselves. In
addition, incentive schemes can be implemented to promote
renewable energy. By monitoring the transaction history in
the blockchain ledger, one can select a group of peers who
contributed the most to renewable energy transactions and
reward them with virtual currency [36]. Pop et al. [17]
proposed a smart grid monitoring system based on block-
chain and smart contracts. Smart contracts set rules to
identify malicious use points and can detect the malicious
manipulation of usage data and enforce penalties. Smart
contracts include provisions for decentralized control, the
calculation of incentives or penalties, the verification of
demand response protocols, and rules related to balancing
grid-measured energy demand and energy production [15].

2.2.6. Power Grid Optimization. Amrollahi and Bathaee [37]
studied the scale optimization of the microgrid integrating
hybrid photovoltaic and wind energy systems and the impact
of the demand response on scale optimization. Various
model frameworks have been proposed today with the main
purpose of reducing the cost of consumers using different
pricing incentives [38]. A user’s electricity consumption data
can be obtained using a smart meter; another function of
smart grids is to predict and make recommendations re-
garding the user’s electricity consumption behavior, make
full use of the distributed energy generation capacity, and
reduce peak electricity use through the migration of system
pressure created by electricity use to improve the operating
efficiency of power systems [22].

2.2.7. Demand-Side Management. Demand-side manage-
ment technology matches demand with the availability of
resources in a given environment, effectively utilizing
existing infrastructure in smart grids. Power demand-side
management under blockchain technology is an effective
tool that can be used to meet increasing demand [9]. Jab-
barzadeh et al. [39] introduced how an interactive system
between users and suppliers can be built using a smart grid
system, which can effectively improve the poor operability of
demand-side management. Smart grids can achieve two-way
communication between supply and demand; however, the
increased system complexity due to the introduction of
demand-side management is a problem that arises when
using smart grids. To solve this problem, an automatic

control system for energy consumption scheduling based on
game theory was developed. (is system uses intelligent
algorithms instead of manual scheduling, thereby reducing
the complexity of the work of the supplier system’s staff [38].

2.3. Environment

2.3.1. Low Carbon Emission. Based on the use of blockchain
technology and information communication technology, en-
ergy input and carbon footprint can be reduced [40]. In this
process, blockchain can provide a special platform for carbon
emission measurement and right certification. Blockchain can
be used to register and store emission credits in a distributed
database for carbon emission trading to verify renewable energy
encryption credits [41]. Saberi et al. [5] proposed a framework
in which the blockchain forms the basis for the detection,
verification, and reporting processes in carbon trading by
providing unalterable and transparent permit records.

2.3.2. Green Energy. Li et al. [21] proposed that the
blockchain provides a reliable and transparent means to
encourage green energy utilization and reduce energy waste
in a flexible and controllable way. Specifically, blockchain
can track all transactions in a network so that consumers can
know the source of each unit of power and selectively use a
certain type of energy, further promoting the use of green
energy and reducing environmental pollution [18] (see
Table 1).

3. Method

ISM and DEMATEL are appropriate techniques for estab-
lishing clear hierarchies and relationship structures. Al-
though there are many similarities between the two
approaches, ISM divides the relationships among criteria
into four categories, which is used to decompose complex
systems into subsystems, while DEMATEL uses a more
complex assessment. It focuses more on the micro aspect,
helps to determine the strength of direct and indirect re-
lationships among criteria, and visualizes causal structures
through the use of diagrams [42]. (e integration of these
two methods can not only obtain the hierarchy of multi-
factor action in complex systems but also determine the key
factors in the hierarchy, which lays a foundation for the
analysis and decision-making of complex systems.

Fuzzy mathematics is a way of simulating fuzzy infor-
mation processing in the human brain [43, 44]. In addition,
the fuzzy concept allows the capture of human bias and
uncertainty that DEMATEL cannot handle in the data, so
the credibility of analysis results can be improved, and more
valuable reference can be provided for managers’ decision-
making. Hence, this study used Fuzzy-DEMATEL for
analysis.

3.1. Calculation Process: Fuzzy-DEMATEL.
Step 1: taking the research problem as the starting point,

the impact factor system is constructed, which is set as
F1, F2, . . ., Fn.
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Step 2: the relationship among the factors in the system
is determined by the expert scoring method. (e se-
mantic quantization conversion used by experts is
shown in Table 2.
Step 3: use the CFCS method to obtain the n-order
direct impact matrix:

(a) Normalize the triangular fuzzy number:
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(b) Normalize the right and left side:
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(c) Calculate the clarity value of the score:

x
k
ij �

xls
k
ij 1 − xls

k
ij􏼐 􏼑 + xrs

k
ijxrs

k
ij􏽨 􏽩

1 − xls
k
ij + xrs

k
ij􏽨 􏽩

,

z
k
ij � min a

k
1ij + x

k
ij × Δmax

min .

(3)

(d) Calculate the average clarity value:
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Step 4: normalize Z.

λ �
1

max
1≤i≤n

􏽐
n
j�1 zij

, G � λZ. (5)

Step 5: in line with T � G + G2 + · · · + Gn or
T � G(E − G)− 1, E is the constant matrix, then com-
posite impact matrix T is taken.
Step 6: the degree of influence and being influenced are
the values obtained by adding each row and each
column of the composite impact matrix:

Di � 􏽘
n

j�1
tij (i � 1, 2, . . . , n), (6)

Ri � 􏽘
n

i�1
tij (i � 1, 2, . . . , n). (7)

(e formulas of centrality and causality are

Table 1: Aspects and criteria.

Aspects Criteria Explanation

Economic

C1 Public infrastructure
utilization efficiency

Uses blockchain technology to realize the sharing of public infrastructure facilities,
cross-network cooperation, and scattered transactions and improve the sharing

efficiency

C2 Production cost management Uses blockchain technology to analyze production information to achieve the optimal
production and generation efficiency

C3 Administration cost
management

Reduces labor cost through automatic data upload, traceability system, and smart
contract

C4 Transaction cost management Distributed ledger and smart contract reduce transaction cost
C5 Financial cost management Electronic bill management, auditing, and tax supervision

Society

C6 Security Builds a secure database to ensure anonymity and privacy
C7 Authenticity Establishes an open, transparent, authentic, and reliable traceability system
C8 Timeliness Improves efficiency through the smart contract and blockchain traceability system

C9 Credit evaluation system Credit evaluation through the integration of information on the blockchain
C10 Incentive and punishment

system Policy subsidies and illegal punishment for the behavior of blockchain participants

C11 Power grid optimization Microgrid regional power supply, optimal power supply, and attract more power
suppliers

C12 Demand-side management Encourages users to upload demand information to cope with peak hours of power
consumption and match energy production with demand

Environment C13 Low carbon emission Carbon emission trading on the chain promotes enterprises to reduce carbon emissions
through technological progress

C14 Green energy Replaces nonrenewable energy with green energy

Table 2: Semantic transformation.

Language variable TFN
N (0, 0, 0.2)
VL (0, 0.2, 0.4)
L (0.2, 0.4, 0.6)
H (0.4, 0.6, 0.8)
VH (0.8, 1, 1)
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mi � Di + Ri (i � 1, 2, . . . , n), (8)

ni � Di − Ri (i � 1, 2, . . . , n),

H � Ti − Ri (i � 1, 2, . . . , n).
(9)

3.2. Calculation Process: ISM. ISM is an intuitive model that
can transform fuzzy things into good structural relationships
[45].

H � T + E � hij,

λ � α + β.
(10)

Among them, α and β are the mean and standard
deviation.

Determine the reachability matrix among factors:

M � mij􏽨 􏽩
n∗n, (i � 1, 2, . . . , n; j � 1, 2, . . . , n), (11)

mij �
1, h≥ λ,

0, h≤ λ,
(i � 1, 2, . . . , n; j � 1, 2, . . . , n),􏼨 (12)

C fi( 􏼁 � L fi( 􏼁∩P fi( 􏼁. (13)

According to formula (13), L(fi) is the reachable set, and
P(fi) is the antecedent set. Ultimately, we can determine the
composition of the ISM model.

4. Result

We select 7 experts with over 8 years of work experience in
power companies to evaluate the research. Individual face-
to-face interviews were used for data collection. First of all,
the purpose and significance of this research are explained.
Secondly, the concept involved in the questionnaire is
explained.(en, the questions are answered in the process of
expert scoring. Finally, the expert score sheet is recycled.
After processing the data, the direct impact matrix is de-
termined; see Table 3 for details.

Normalize the direct influencematrix, and then calculate
the comprehensive influence matrix, as shown in Table 4.

From equations (6)–(9), we can get causality, centrality,
influence degree, and affected degree, as shown in Table 5.
Influence degree indicates the extent to which other indi-
cators are affected. Affected degree indicates the degree of
influence by other indicators. Centrality represents the
position and the magnitude of its influence. Causality re-
flects the causal relationship among the influencing criteria.

(e DEMATEL causal diagram of the factors is drawn as
shown in Figure 1.

(ere are 6 causal factors, including authenticity (C7),
power grid optimization (C11), green energy (C14),
timeliness (C8), incentive and punishment system (C10),
and security (C6). Among them, security (C6) is the main
driver with an influence degree of 2.3556. (ere are 8
outcome factors, including administration cost manage-
ment (C3), financial cost management (C5), production
cost management (C2), public infrastructure utilization

efficiency (C1), demand-side management (C12), trans-
action cost management (C4), credit evaluation system
(C9), and low carbon emission (C13). For centrality, the
factors follow the order of security (C6), incentive and
punishment system (C10), authenticity (C7), power grid
optimization (C11), timeliness (C8), green energy (C14),
demand-side management (C12), credit evaluation system
(C9), administration cost management (C3), low carbon
emission (C13), transaction cost management (C4), public
infrastructure utilization efficiency (C1), financial cost
management (C5), and production cost management
(C2).

(e overall influence matrix from equation (10) is shown
in Table 6.

Table 7 is the result calculated according to formulas (11)
and (12), which supports the stratification in Table 8 and
Figure 1. In Table 7, the study introduces λ as a threshold to
determine whether the two factors have impact.

(e first-order decomposition structure is shown in
Table 8.

Nq of each layer is ultimately obtained as follows: N1�

{C2, C3, C5}, primary node; N2� {C1, C4, C9, C12, C13},
secondary node; N3� {C7, C8, C11, C14}, third-level node;
N4� {C6, C10}, fourth-level node. According to the above
analysis, based on the method of ISM, the hierarchical
theoretical framework for smart grids under the blockchain
technology has been shown in Figure 2.

5. Discussion

(is paper tries to build the smart grid sustainable supply
chain under the blockchain. (is research proposes a set of
smart grid development standard systems and establishes a
hierarchical model.

First, the incentive and punishment system and security
are at the first level of ISM and have the highest central
position. (erefore, social issues are the core of promoting a
whole smart grid under the blockchain. Smart grids under
the blockchain are oriented to solve social problems, and
they conform to the assumption that technology promotion
needs to be constructed from the social problem perspective,
which is consistent with social construction theory. It has
been pointed out that institutions can play an important role
in leading, guiding, and overall planning and then influ-
encing and determining the bottom level. (e premise of
technological advancement is to take the perfect top-level
design of institutions as the supporting basis and solve social
problems through making technology more perfect in its
application in the society, the economy, and the environ-
ment [46]. In the construction of our entire hierarchical
model, the incentive and punishment system is part of the
top-level system design. Security is still a social issue at the
first level, reflecting the fact that the power grid industry is
still part of the national security system, which concerns
people’s livelihood and national defense [13].(is part of the
conclusion, regarding security, reflects the characteristics of
grids in the smart grid industry and helps us grasp the core
characteristics and potential attributes of a national pillar
industry.
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Second, timeliness, authenticity, and power grid opti-
mization are in the ISM’s second level. (e first two are
characteristics of the blockchain, while power grid opti-
mization reflects the purpose of smart grid development. In
the study of the society as a whole, we divide social problems
into two aspects. (e first is the social welfare created by the

features of the blockchain. Social welfare is mainly con-
sidered from the two aspects of timeliness and authenticity.
Every transaction record in the blockchain is bound with the
information of the trader so that the transmission path of the
transactions between the participants in the smart grid can

Table 3: Direct influence matrix of the blockchain on the smart grid.

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14
C1 0.0000 0.4337 0.4337 0.1616 0.1071 0.0935 0.1207 0.0935 0.1207 0.1207 0.1071 0.1071 0.1752 0.1207
C2 0.0255 0.0000 0.1480 0.1071 0.1480 0.0119 0.0799 0.1071 0.1207 0.0119 0.1207 0.2160 0.0119 0.0119
C3 0.0935 0.1752 0.0000 0.1344 0.1344 0.0527 0.0663 0.0391 0.1207 0.2160 0.0119 0.1207 0.0935 0.0799
C4 0.1071 0.0119 0.4337 0.0000 0.4337 0.1888 0.1616 0.1888 0.1888 0.2296 0.0119 0.1207 0.0119 0.0119
C5 0.0119 0.1071 0.1207 0.1071 0.0000 0.2024 0.1344 0.1071 0.1344 0.1071 0.0119 0.0799 0.0119 0.1071
C6 0.3384 0.1616 0.1616 0.3248 0.3520 0.0000 0.4881 0.4609 0.3112 0.2432 0.4881 0.2704 0.2568 0.4065
C7 0.1207 0.2840 0.3112 0.4337 0.2160 0.1071 0.0000 0.2840 0.4337 0.1616 0.2024 0.0119 0.1888 0.2160
C8 0.1616 0.1888 0.1071 0.4609 0.2160 0.2976 0.0391 0.0000 0.4337 0.2024 0.2160 0.4609 0.1752 0.1071
C9 0.2432 0.0663 0.4609 0.0663 0.4337 0.2024 0.1888 0.1071 0.0000 0.1071 0.0663 0.1207 0.1480 0.0391
C10 0.1480 0.2840 0.3112 0.2568 0.4337 0.2840 0.4337 0.1888 0.2296 0.0000 0.4609 0.3384 0.2296 0.4881
C11 0.4881 0.2024 0.1888 0.0935 0.2160 0.1207 0.2024 0.2296 0.1888 0.1207 0.0000 0.4337 0.4337 0.1752
C12 0.1752 0.1344 0.4609 0.0935 0.1071 0.1344 0.1344 0.1344 0.1207 0.1480 0.1888 0.0000 0.2840 0.1888
C13 0.1344 0.4065 0.2024 0.1071 0.0799 0.2024 0.1888 0.1071 0.1344 0.1207 0.2024 0.2160 0.0000 0.2024
C14 0.4337 0.2160 0.0391 0.1207 0.1752 0.1752 0.1752 0.1071 0.2024 0.2840 0.2160 0.2840 0.4609 0.0000

Table 4: Comprehensive impact matrix of the blockchain on the smart grid.

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14
C1 0.0438 0.1459 0.1583 0.0798 0.0790 0.0568 0.0688 0.0584 0.0752 0.0656 0.0625 0.0739 0.0803 0.0634
C2 0.0289 0.0263 0.0690 0.0474 0.0629 0.0234 0.0393 0.0443 0.0534 0.0236 0.0461 0.0744 0.0260 0.0216
C3 0.0489 0.0722 0.0465 0.0597 0.0695 0.0385 0.0458 0.0348 0.0597 0.0740 0.0311 0.0601 0.0494 0.0453
C4 0.0655 0.0511 0.1608 0.0514 0.1566 0.0837 0.0824 0.0827 0.0949 0.0930 0.0439 0.0758 0.0445 0.0449
C5 0.0333 0.0551 0.0691 0.0567 0.0428 0.0718 0.0617 0.0528 0.0659 0.0515 0.0325 0.0515 0.0327 0.0517
C6 0.1758 0.1439 0.1724 0.1723 0.1986 0.0877 0.2003 0.1875 0.1808 0.1389 0.1952 0.1706 0.1582 0.1733
C7 0.0900 0.1291 0.1603 0.1594 0.1338 0.0808 0.0633 0.1177 0.1674 0.0925 0.0986 0.0750 0.1016 0.0986
C8 0.1060 0.1123 0.1291 0.1676 0.1397 0.1269 0.0795 0.0644 0.1702 0.1054 0.1105 0.1781 0.1070 0.0837
C9 0.0975 0.0687 0.1682 0.0638 0.1538 0.0855 0.0883 0.0653 0.0549 0.0664 0.0560 0.0762 0.0767 0.0510
C10 0.1288 0.1619 0.1929 0.1475 0.2070 0.1401 0.1843 0.1234 0.1532 0.0824 0.1840 0.1766 0.1469 0.1868
C11 0.1733 0.1257 0.1407 0.0871 0.1252 0.0842 0.1080 0.1073 0.1145 0.0842 0.0630 0.1696 0.1638 0.0971
C12 0.0906 0.0893 0.1717 0.0713 0.0849 0.0727 0.0792 0.0730 0.0825 0.0785 0.0881 0.0599 0.1151 0.0869
C13 0.0824 0.1468 0.1163 0.0751 0.0807 0.0866 0.0920 0.0699 0.0869 0.0708 0.0931 0.1067 0.0548 0.0894
C14 0.1618 0.1275 0.1055 0.0911 0.1181 0.0957 0.1053 0.0815 0.1158 0.1179 0.1111 0.1368 0.1693 0.0627

Table 5: Comprehensive impact matrix analysis.

Factor Influence degree Affected degree Centrality Causality
C1 1.1116 1.3267 2.4383 −0.2151
C2 0.5867 1.4558 2.0425 −0.8691
C3 0.7355 1.8609 2.5964 −1.1254
C4 1.1311 1.3300 2.4611 −0.1989
C5 0.7292 1.6527 2.3819 −0.9235
C6 2.3556 1.1343 3.4899 1.2213
C7 1.5682 1.2981 2.8663 0.2700
C8 1.6803 1.1629 2.8432 0.5175
C9 1.1724 1.4752 2.6476 −0.3028
C10 2.2159 1.1448 3.3607 1.0710
C11 1.6436 1.2158 2.8594 0.4279
C12 1.2438 1.4852 2.7290 −0.2415
C13 1.2514 1.3265 2.5779 −0.0751
C14 1.6001 1.1563 2.7564 0.4438
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Figure 1: DEMATEL causal diagram.
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be fully recorded and traced; this information cannot be
destroyed or tampered with, which increases the conve-
nience of the supervision of transactions [27].(e synergy of
the blockchain’s technical features makes its features per-
fectly synchronous, eliminates the needless steps involved in

the current transaction settlement process [47], and makes
the traceability of power products more convenient and
efficient. (erefore, mastering the characteristics of the
blockchain and understanding the technology and standards
of the operation process of the blockchain technology are a

Table 6: Overall influence matrix of the blockchain on the smart grid.

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14
C1 1.0438 0.1459 0.1583 0.0798 0.0790 0.0568 0.0688 0.0584 0.0752 0.0656 0.0625 0.0739 0.0803 0.0634
C2 0.0289 10.0263 0.0690 0.0474 0.0629 0.0234 0.0393 0.0443 0.0534 0.0236 0.0461 0.0744 0.0260 0.0216
C3 0.0489 0.0722 10.0465 0.0597 0.0695 0.0385 0.0458 0.0348 0.0597 0.0740 0.0311 0.0601 0.0494 0.0453
C4 0.0655 0.0511 0.1608 10.0514 0.1566 0.0837 0.0824 0.0827 0.0949 0.0930 0.0439 0.0758 0.0445 0.0449
C5 0.0333 0.0551 0.0691 0.0567 10.0428 0.0718 0.0617 0.0528 0.0659 0.0515 0.0325 0.0515 0.0327 0.0517
C6 0.1758 0.1439 0.1724 0.1723 0.1986 10.0877 0.2003 0.1875 0.1808 0.1389 0.1952 0.1706 0.1582 0.1733
C7 0.0900 0.1291 0.1603 0.1594 0.1338 0.0808 10.0633 0.1177 0.1674 0.0925 0.0986 0.0750 0.1016 0.0986
C8 0.1060 0.1123 0.1291 0.1676 0.1397 0.1269 0.0795 1.0644 0.1702 0.1054 0.1105 0.1781 0.1070 0.0837
C9 0.0975 0.0687 0.1682 0.0638 0.1538 0.0855 0.0883 0.0653 1.0549 0.0664 0.0560 0.0762 0.0767 0.0510
C10 0.1288 0.1619 0.1929 0.1475 0.2070 0.1401 0.1843 0.1234 0.1532 1.0824 0.1840 0.1766 0.1469 0.1868
C11 0.1733 0.1257 0.1407 0.0871 0.1252 0.0842 0.1080 0.1073 0.1145 0.0842 10.0630 0.1696 0.1638 0.0971
C12 0.0906 0.0893 0.1717 0.0713 0.0849 0.0727 0.0792 0.0730 0.0825 0.0785 0.0881 1.0599 0.1151 0.0869
C13 0.0824 0.1468 0.1163 0.0751 0.0807 0.0866 0.0920 0.0699 0.0869 0.0708 0.0931 0.1067 1.0548 0.0894
C14 0.1618 0.1275 0.1055 0.0911 0.1181 0.0957 0.1053 0.0815 0.1158 0.1179 0.1111 0.1368 0.1693 1.0627

Table 7: Reachable matrix of the blockchain on the smart grid.

M C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14
C1 1 1 1 0 0 0 0 0 0 0 0 0 0 0
C2 0 1 0 0 0 0 0 0 0 0 0 0 0 0
C3 0 0 1 0 0 0 0 0 0 0 0 0 0 0
C4 0 0 1 1 1 0 0 0 0 0 0 0 0 0
C5 0 0 0 0 1 0 0 0 0 0 0 0 0 0
C6 1 1 1 1 1 1 1 1 1 0 1 1 1 1
C7 0 0 1 1 0 0 1 0 1 0 0 0 0 0
C8 0 0 0 1 0 0 0 1 1 0 0 1 0 0
C9 0 0 1 0 1 0 0 0 1 0 0 0 0 0
C10 0 1 1 1 1 0 1 0 1 1 1 1 1 1
C11 1 0 0 0 0 0 0 0 0 0 1 1 1 0
C12 0 0 1 0 0 0 0 0 0 0 0 1 0 0
C13 0 1 0 0 0 0 0 0 0 0 0 0 1 0
C14 1 0 0 0 0 0 0 0 0 0 0 0 1 1

Table 8: First-order decomposition structure.

I L(fi) P(fi) C(fi)� L(fi)∩P(fi)
C1 Public infrastructure utilization efficiency 1, 2, 3 1, 6, 11, 14 1
C2 Production cost management 2 1, 2, 6, 10, 13 2
C3 Administration cost management 3 1, 3, 4, 6, 7, 9, 10, 12 3
C4 Transaction cost management 3, 4, 5 4, 6, 7, 8, 10 4
C5 Financial cost management 5 4, 5, 6, 9, 10 5
C6 Security 1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 12, 13, 14 6 6
C7 Authenticity 3, 4, 7, 9 6, 7, 10 7
C8 Timeliness 4, 8, 9, 12 6, 8 8
C9 Credit evaluation system 3, 5, 9 6, 7, 8, 9, 10 9
C10 Incentive and punishment system 2, 3, 4, 5, 7, 9, 10, 11, 12, 13, 14 10 10
C11 Power grid optimization 1, 11, 12, 13 6, 10, 11 11
C12 Demand-side management 3, 12 6, 8, 10, 11, 12 12
C13 Low carbon emission 2, 13 6, 10, 11, 13, 14 13
C14 Green energy 1, 13, 14 6, 10, 14 14
Note. i represents the number of criteria. L(fi) represents the factors affected by Ci. P(fi) represents the factors that affect Ci. L(fi)∩ P(fi) represents the
intersection.
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prerequisite for the implementation of smart grids. We
would like to emphasize the key problem of power grid
optimization in smart grids.(e purpose of the development
of a whole smart grid is to continuously optimize the grid,
which can improve the efficiency of power generation and
transmission, reduce the power supply cost, and reduce the
network loss rate [22]. (erefore, solving social problems is
the foundation. In the whole process, new technology and
industry can be combined in a way that will meet certain
standards; we should pay attention to system construction,
grasp technical standards, and make clear the goal of power
grid development.

In the second level of the ISM, we identified a new
criterion of green energy, which belongs to the environ-
mental level. (e appearance of this new criterion can in-
dicate some new research directions. Generally, in the
process of many industries’ sustainable development, en-
vironmental issues are paid less attention than social and
economic issues. However, in this study, green energy is seen
as a new bright spot and can be explained by considering the
following two aspects. First, the development of renewable
energy can take advantage of blockchain technology. Be-
cause blockchain storage involves authentic and decen-
tralized transactions, power producers can attract more
small participants to engage in power generation, facilitating
more private, small power generation transactions [18].
With increasing environmental concerns, power companies
tend to switch from traditional generation to renewable
energy, and the development of renewable energy and rapid
technological innovation have become the driving forces of
the grid supply chain network [47]. Blockchain technology
provides more power and increases the feasibility of the
development of green energy. Green energy is a target
product that uses the blockchain to bring market optimi-
zation. Second, green renewable energy is a substitute for
grid development for nonrenewable energy [21].(e trend is
irreversible, and smart grid development is a new strategy
for the future. (erefore, research conclusions on green
energy highlight the promotion of energy marketization by
blockchain technology and the strategic trend of new energy

industry development under blockchain technology. Our
research plays a leading and guiding role in the development
of the blockchain energy industry.

(e third level includes the credit evaluation system and
the utilization efficiency of the common infrastructure and
involves low carbon emission, demand-side management,
and transaction cost management. (ey represent three
different levels of economy, society, and environment and
are somewhat complicated. However, if we look at the whole
third level, we can find that these five indicators are the
concrete manifestation of the blockchain in the application
process and the key factors of blockchain operation. (e
whole operation process of blockchain mainly revolves
around smart contracts [48]. Smart contracts have the ad-
vantages of data irreversibility, security assurance, and full
automation. (e application of smart contracts to smart
grids will simplify various communication processes and
improve operating efficiency [14]. However, whether smart
contracts can make people more active in participating
requires the establishment of a sound credit evaluation
system. In addition, transactions involving smart contracts
increase the number of stakeholders [5]. In other words, the
emergence of smart contracts will increase the common
development of physical and virtual markets. In the process
of market operation, smart contracts can promote the uti-
lization efficiency of the real economy, which is mainly
reflected in the utilization efficiency of public infrastructure
in smart grids, while in virtual markets, it is mainly reflected
in low carbon emission as a result of virtual trading and
demand-side management [49]. (e credit evaluation sys-
tem guarantees the authenticity and visibility of the whole
operation. (e results of this part reveal that smart grids are
enhanced by the blockchain at the operation level and
present the application characteristics of smart contracts in
the power grid industry.

Financial cost management, production cost manage-
ment, and administration cost management are at the last
level, and all belong to the economic level, which is different
from other industries. For example, in the traditional
manufacturing industry, economic problems are of greater
concern. (e construction of a national smart grid industry
not only involves social issues such as people’s livelihood
and national defense but also shows the strength of the new
energy strategy, which promotes the application of block-
chain technology to social and environmental problems.
Blockchain technology can reduce economic costs to a large
extent, which will make it easier to control financial costs
[30], reduce power generation production costs, and im-
prove power infrastructure utilization efficiency [21].

Finally, due to the above research conclusions and
stakeholder theory [50], this paper built a blockchain-based
smart grid sustainable GIP application system on the supply
chain level, as shown in Figure 3. It includes a government
level, information level, and participant level and shows how
stakeholders at all stages of the supply chain can collaborate
with the blockchain. (is system mainly takes the smart grid
cloud platform under the blockchain as the core and spreads
the information flow among the participants. (e infor-
mation encrypted cannot be decrypted even if it is

Lowest level

General level

Secondary priority

Top priority

C2 C3 C5

C1 C4 C9 C12 C13

C14C11C8C7

C6 C10

Figure 2: (e hierarchical theoretical framework for smart grids
under the blockchain technology.
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intercepted on the internet. Blockchain can ensure the stable
and efficient operation of the system.

(e participation level in the system can be divided into
two parts: enterprises and users. Enterprises can be divided
into power producers and raw material suppliers. Asym-
metric encryption technology enables all transaction in-
formation related to the enterprise to be accurately recorded
in the blockchain. In addition, enterprises can upload some
public information, such as production information, in-
formation on the use of raw materials, and electricity prices,
to the blockchain to provide data for users’ electricity
transactions and allow for the supervision of government
agencies. At the same time, transactions between partici-
pants will automatically generate electronic contracts and
upload them to the blockchain cloud platform. Users can be
divided into ordinary users and users involved in distributed
generation. Ordinary users upload their real identity in-
formation that has been encrypted to the blockchain and
make transaction requests with virtual identities. Users can
inquire about the price of electricity, the source of raw
materials for power generation, and so on. Users partici-
pating in distributed generation encrypt their real identity
information and upload it to the blockchain and, at the same
time, upload their power generation information to the
public.(e blockchain can intelligently match the remaining
power generation with the corresponding ordinary users
who apply for transactions.

(e information level is the core link of the whole GIP
application system. (rough interactions and data sharing
with the management and the participation layer, we can
optimize power production, the use of raw materials,
trading, and other links in a penetrating manner. In this way,

we can realize the whole process of trading, provide cus-
tomers with dynamic product quality traceability and other
services, and enable government agencies to implement
management and regulation in a more reasonable and ef-
fective way.

(e government level is mainly composed of relevant
government management agencies. First, an energy man-
agement agency can issue carbon emission permits from the
blockchain, and enterprises can trade freely. (e power
agency can integrate information on power grid equipment,
power supply and demand, blockchain technology, and
other information to make engage in more reasonable power
grid planning. Regulators can conduct all-round supervision
and inspection of power technology, security, quality, and
market prices using keys provided by the blockchain cloud
platform. In addition, tax agencies can obtain enterprises’
authorization to check the enterprises’ accounts, which will
lead to more convenient tax management. We expect that
this system can promote the sustainable supply chain de-
velopment of smart grids under the blockchain technology
and contribute to the development of the whole national
economy.

6. Conclusion

(e current literature lacks in-depth research on the sus-
tainable supply chain development system covering the
whole smart grid value chain under blockchain technology.
We analyze the impact of blockchain technology on the
sustainable development of smart grids from economic,
social, and environmental aspects and construct a hierar-
chical theory framework. (e sustainable GIP application
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Figure 3: A blockchain-based smart grid sustainable GIP application system at the supply chain level.
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system at the supply chain level is systematic and com-
prehensive, which will help promote the sustainable de-
velopment of the smart grid industry in the future and
provide an important reference for governments and
enterprises.

(is study also has some limitations. In the process of
using Fuzzy-DEMATEL and ISM methods to analyze the 14
influencing factors, this paper only obtains the basic
structured results among the influencing factors. Future
research also needs to use structural equation modeling and
other methods to verify the action path of influencing factors
from the operational level.
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,is paper studies the service commission contract of an online travel agency (OTA) to integrate the online to offline (O2O)model
by cooperation with a traditional travel agency (TTA) under asymmetric information. ,e principal-agent models are established
with symmetric and asymmetric service information, respectively. Further, the impacts of asymmetry information on the revenue
of the OTA, TTA, and the whole O2O model and the properties of optimal commission contract are analyzed. ,e paper notes
management implications: (1) OTA designs service commission contracts by weighing the fixed payment and service commission
coefficient for different incentives to TTAs with different serviceabilities and (2) because the existence of asymmetric information
always leads to the damage of OTA’s expected revenue, OTA should encourage the TTA to disclose private service information.

1. Introduction

With the rapid development of Internet and information
technology, it is a popular and convenient way for tourists
to buy more diverse tourism products and services through
online travel agencies (OTAs) [1–3]. However, online
tourism product homogenization makes OTAs reduce the
service quality to attract more tourists, such as cashback
and low price, forcing consumption in the experience,
which seriously increase tourists’ complaints and hinder
the healthy development of online tourism [4–6]. To im-
prove competitive advantage and realize differentiation,
some OTAs (e.g., Ctrip) open up offline stores to achieve
online to offline (O2O) model for providing personal in-
formation and advice to tourists, and some cooperate with
traditional travel agencies (TTAs), such as Uzai (http://
www.uzai.com/) and ZhongXin TTA, Lvmama (http://
www.lvmama.com), and JinJiang TTA [4]. In the process
of cooperation between OTAs and TTAs, it is difficult for
OTAs to observe TTAs’ service information, which makes
the cooperation and incentive problem more complicated.

,erefore, how to design the commission contract of TTAs
strategically for OTAs is an urgent problem to implement
O2O strategy.

,e O2O model, as a new e-commerce business model,
combines online trading and offline experience and has
become an important strategy for the development of en-
terprises in recent years [7]. With the rapid development of
OTAs, the online channel plays a crucial role in tourism and
hospitality, and the tourism O2O model achieved by the
cooperation between OTAs and hotels or airlines is a
common phenomenon. ,erefore, there is a growing pop-
ularity on the cooperation problem between OTAs and
hotels or airlines and they have gotten some effective co-
operation strategies [1, 8–11]. However, to seek better
business opportunities, OTAs have to attach importance to
the offline service to achieve differentiation. Although some
scientific researchers have demonstrated the importance of
TTAs’ advice-offering and OTAs’ attributes in travelers’
booking, little literature in the hospitality and tourism fields
has studied the service contract problem of cooperation
between OTAs and TTAs.
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To fill this gap and provide some suggestions for OTAs
and TTAsmanagers on establishing the O2Omodel through
service cooperation, this paper proposes a cooperation
model to describe decision interactions of an OTA and a
TTA. ,e OTA and TTA play a principal-agent model in
which the OTA, as the principal player, determines the
service commission and the TTA, as the agent, determines
service effort. In addition, in the O2O model, because the
OTA and TTA are relatively independent, TTA’s private
information is difficult to disclose and it often hides its own
service information to obtain higher revenue. By comparing
the case of information symmetry and asymmetry, the
impacts of asymmetry information on OTA’s service con-
tract, TTA’s information value, and the revenue of OTA and
TTA are analyzed.

,e rest of this paper is organized as follows. Section 2
reviews the related literature. Section 3 describes the service
cooperation between an OTA and a TTA. Section 4 analyzes
and compares equilibriums of symmetric and asymmetric
information and further analyzes equilibriums when TTA’s
ability is continuous. Section 5 presents the results of nu-
merical analyses. Section 6 concludes this paper by sum-
marizing some of the managerial implications obtained.

2. Literature Review

According to the purpose of studying the service coopera-
tion contract design of OTAs and TTAs, this section reviews
three distinct of literature studies about the O2O model,
service cooperation, and cooperation between tourism en-
terprises and OTAs.

2.1.O2OModel. Since Alex Rampel put forward the concept
of the O2O model, it has attracted wide attention in aca-
demia. Although the concept and classification of the O2O
model are different because of the scholars’ different re-
search perspectives, it is a business model for the effective
integration of online and offline stores [4, 7]. It is believed
that O2O is a new business model, which can disclose
product information, change consumer brand awareness,
and mitigate the adverse effects of product uncertainty on
consumers’ shopping decisions [12]. By using 311 respon-
dent data from O2O e-commerce users in Greater Jakarta
Area, Savila et al. showed that both multichannel integration
and trust have a significant effect on both customer online
loyalty and customer offline loyalty that drive customer
repurchase intention [13].

According to the existing research about the O2Omodel,
it can be divided into two categories: one is to purchase
online and then experience offline, which can also be called
online to offline; the other is to experience offline and then
purchase online, which can also be called offline to online
[14]. In the hospitality and tourism industry, because
tourists have to experience tourism products offline, the
O2O model achieved by the cooperation between OTAs and
hotels or airlines is a common phenomenon. From the
perspective of the supply chain, scholars more emphasize the
sale cooperation between the OTAs and hotels or airlines

and have gotten some effective cooperation strategies
[1, 8–11]. In the retail industry, as the major characteristic
feature of a product is tangible, it can be touched and tried
out.,e O2Omodel, achieved by cooperating with others or
opening by oneself [14, 15], becomes the main research
direction. Considering that the service cost and effort in-
formation of the showroom are asymmetry, Jin et al. study
the design of the commission contract of offline to online,
which is considered that the showroom and online retailer
have impacts on consumers’ purchasing decisions, respec-
tively [15]. In practice, online sale efforts and offline services
will affect the demand for each other. ,erefore, it is difficult
to highlight the integrity of the online retailer and store
cocreating O2O model by splitting online and offline
demand.

Despite the impact of technology and the advent of
online bookings, offline channels play a pivotal role in the
tourism supply chain. Unlike the general retail product, the
tourism product of a travel agency cannot be touched,
transported, stored, or returned. ,e functions of offline
channels are different between general retailer and travel
agency. ,e offline channels of general retailer provide
touching, trying, and even online return service for con-
sumers. ,e offline channels of travel agency provide scene
experience, personal and professional information, and
advice to meet travelers’ demands on a continuous basis by
gathering and organizing information [16, 17]. ,e O2O
model of travel agency in this paper is an integration of
online and offline. Both online sale efforts and offline ser-
vices will have an impact on the overall demand for the O2O
model.

2.2. Service Cooperation. ,e existing literature on service
cooperation is mostly concentrated in the supply chain field.
Service cooperation not only reduces the competition be-
tween direct and retail channels but also improves supply
chain revenue [18–21]. Unit service reward and service cost
sharing are the main forms of service cooperation. To avoid
channel conflict and improve service efficiency, Xiao, Dan,
and Zhang studied after-sale service cooperation between
direct channel and retailers in which direct channel pays unit
service commission to retailers [18]. In the O2O retail
market, the service cost sharing mechanism is introduced to
coordinate conflicts and achieve a win-win strategy, thereby
improving the performance of the entire O2O supply chain
[19]. Due to the importance of presales services in pur-
chasing decisions, Zhou et al. introduce that the service cost
sharing contract can effectively stimulate the retailer to
improve his service level while free riding occurred [20].
Considering that the retailer provides the same service level
in both channels or not, Yang and Zhang compare the
manufacturer’s optimal profit and retailer’s optimal profit
under the condition of different services and the same
service and provide differentiated services to enable the
system to achieve the optimal profit [21]. However, the
completely symmetrical assumptions in the above literature
are not currently common practice. ,e adverse selection
and moral hazard are always in the cooperation process [22].
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2.3. Cooperation between Tourism Enterprises and OTAs.
Clearly, the OTAs are an extremely important part of the
tourism supply chain, recognized as an online distribution
channel for hotels and airlines. A larger number of scholars
have emerged to pay attention to the issue of the cooperation
problem between hotels, airlines, and OTAs, such as pricing
strategy, cooperation form, and coordination strategy
[1, 8–11]. Koo et al. point out that the airlines are less likely
to use OTA platforms if the airlines have a large loyal
consumer base or if the OTA platform is highly competitive
[8]. Ling et al. and Guo et al. study the optimal pricing
strategy for tourism hotels when they operate their online
channel by cooperation with an OTA [1, 9]. Considering the
overbooking of hotels, Dong and Ling study the pricing and
overbooking strategies of a hotel in the context of cooper-
ation with multiple OTAs and analyze how these strategies
influence the cooperation process [10]. ,e commonly used
“first come first serve” form puts hotels in a disadvantageous
position especially when the OTAs have much more market
attractiveness than the hotels. Xu et al. propose a new form
named “setting Online-Exclusive-Rooms” for a hotel to
collaborate with a third-party website on room booking
service [11].

To get a new business opportunity, the TTAs are in-
creasingly aware of the need to open up online markets’
cooperation with OTAs because of the low volume of visits
and lack of e-commence operating experience of self-built
website [3, 4]. ,erefore, a few scholars have provided
suggestions on the cooperation between TTA and OTA.
Based on the resource-based view, Shi and Long analyze the
complementary resources input decisions of OTAs and
TTAs cocreating the O2O model, which do not propose a
clear form of cooperation [3]. In a supplemental study, Long
and Shi study the optimal pricing strategies of a tour op-
erator and an OTA when they achieve the O2O business
model through online sale and offline service cooperation to
develop the advantage of complementary resources [4].

However, no study has addressed the problem of an
OTA that wants to achieve its O2O model by cooperating
with a TTA with private information. In this situation, the
OTA has little information and experience regarding offline
service and knows little about how to design a service
contract to disclosure TTA’s real information. To enrich the
scientific literature and provide some suggestions to OTA on
how to pursue offline service, this paper studies the optimal
service contract of OTAs under asymmetric information
through the analysis of a simple O2Omodel composed of an
OTA and a TTA.

3. Problem Description and Assumptions

In this paper, the O2O model, combining both trading and
offline service, achieved by service cooperation of an OTA
and a TTA is considered herein. Table 1 summarizes the
main notation and its definitions used in this paper.

,e OTA makes some effort to induce customers to
make reservations through its website, such as ranking
position. According to the literature [1], c (eO) is a convex
increasing function with dc(eO)/deO > 0, d

2c(eT)/de2T > 0,

and c(eO) � 0. ,e sale cost of OTA is c(eO) � ηOe2O/2,
where ηO is the OTA’s sale cost coefficient, which is widely
used in the cost management literature [23–26].

While the TTA provides offline services for tourism
products, such as the scene experience and personalized and
professional travel advice, the service effort is the cost of
hiring salespersons by TTA. According to the literature
[4, 25, 26], a strictly convex service function c (eT) is used to
depict TTA’s unit cost of service effort, c(eT) � ηTe2T/2,
where ηT is the TTA’s service cost coefficient,
dc(eT)/deT > 0, and d2c(eT)/de2T > 0.

,e demand for O2O model q is influenced by OTA’s
saleability sO, sale effort eO, TTA’s serviceability sT, service
effort eT, market scale θ , and market random factors ξ.

q � f sO, eO( 􏼁 + g sT, eT( 􏼁 + u(θ) + ξ, (1)

where fsO
> 0, fsO

sO ≤ 0, feO
> 0, feO,eO

≤ 0, gsT
> 0, gsTsT

≤ 0,
geT
> 0, geTeT

≤ 0, uθ > 0, uθθ ≤ 0, and ξ follows a normal
distribution ξ ∈ N(0, σ2).

In this paper, according to the literature [27], let f (eO)�

sOeO, g(eT) � sTeT, and u (θ)� θ. ,us, the demand for O2O
model is q� sOeO + sTeT + θ + ξ. Assuming that the revenue of
O2O model is proportional to its demand, the revenue of
O2O model can be simplified into Π(q) � sOeO+

sTeT + θ + ξ. Following the studies of Jin et al. [15] and He
et al. [28], OTA provides service commission (a, b) to
motivate TTA to make service effort, where a represents
fixed payment and b denotes service commission coefficient
or the rate of revenue sharing. ,erefore, given (a, b), the
service commission that OTA pays for TTA is
T(q) � a + bΠ(q).

Based on the above assumptions, the OTA’s revenue
function is obtained as follows:

ΠO � Π(q) − T(q) − c eO( 􏼁 � (1 − b) sOeO + sTeT + θ + ξ( 􏼁

− a −
ηOe

2
O

2
.

(2)

Assuming that OTA is risk-neutral and its utility is equal
to expected revenue, the OTA’s expected revenue is

EΠO � (1 − b) sOeO + sTeT + θ( 􏼁 − a −
ηOe

2
O

2
. (3)

,e TTA’s revenue is

ΠT � T(q) − c eT( 􏼁 � a + b sOeO + sTeT + θ + ξ( 􏼁 −
ηTe

2
T

2
.

(4)

Assuming that TTA is risk-neutral risk aversion, one form
of the utility function dominant in both theoretical and applied
work in areas of decision theory and finance is the exponential
utility function. Following the literature [29],
UT(ΠT) � − e− rΠT , where r denotes TTA’s risk aversion co-
efficient and r> 0, r� 0, and r< 0 are risk aversion, risk neu-
trality, and risk preference, respectively. By certainty
equivalencemethod, the revenue of TTA is obtained as follows:
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EΠT � a + b sOeO + sTeT + θ( 􏼁 −
ηTe

2
T

2
−

rσ2b2

2
. (5)

Due to the uncertainty of the O2O model market de-
mand and equation (5), TTA’s risk cost is rσ2b2/2.

4. Equilibrium Solutions and Analysis

,is paper mainly studies the service cooperation contract
design of OTA creating O2O model by cooperating with TTA
under symmetric and asymmetric information. Further, the
contract model with continuous type of TTA’s serviceability
under information asymmetry is researched. Here, the su-
perscripts “N,” “S,” and “C” represent the case of symmetric
information, the discrete type, and continuous type of TTA’s
service capability under information asymmetry, respectively.

In the process of establishing service cooperation be-
tween an OTA and a TTA, the serviceability and effort are
TTA’s private information which OTA is difficult to observe.
Similar to the study of Li et al. [30], it is assumed that there
are two possibilities for TTA’s serviceability: high service-
ability sTH and low serviceability sTL, and sTH> sTL.

4.1. Equilibrium of Symmetric Information. In the case of
symmetric information, the OTA fully knows the state of
TTA’s serviceability sTi (i�H, L). ,e OTA designs a service
contract (aN

i , bN
i ) and sale effort eN

Oi when the type of TTA’s
serviceability is i. ,en the expected revenue of OTA
EΠO(aN

i , bN
i ) and TTA EΠTi(aN

i , bN
i ) and the optimization

problem P1 is

max
aN

i
,bN

i
,eN

Oi

EΠO � 1 − b
N
i􏼐 􏼑 sOe

N
Oi + sTie

N
Ti + θ􏼐 􏼑 − a

N
i −

ηOe
N2
Oi

2
􏼠 􏼡,

s.t.(IR − i)a
N
i + b

N
i sOe

N
Oi + sTie

N
Ti + θ􏼐 􏼑 −

ηTe
N2
Ti

2
−

rσ2 b
N
i􏼐 􏼑

2

2
≥ ΠT ,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(6)

where

e
N
Ti � argmax

eT

a
N
i + b

N
i sOe

N
Oi + sTie

N
Ti + θ􏼐 􏼑 −

ηTe
N2
Ti

2
−

rσ2 b
N
i􏼐 􏼑

2

2
⎛⎝ ⎞⎠. (7)

In the above optimization problem P1, the OTA max-
imizes its revenue. Inequality (IR-i) is individual constraints,
assuring that the TTA will join the service cooperation
because of exceeding the reservation revenue ΠT . Equation

(7) denotes the TTA optimizes service effort by maximizing
its revenue. ,e optimal decisions are found out by solving
the above optimization problem P1 using the backward
induction method.

Table 1: Notation and definitions.

Notation Definitions
sO Sale ability of OTA
eO Sale effort of OTA
C (eO) Sale cost of OTA
ηO Sale cost coefficient of OTA
sT Serviceability of TTA
eT Service effort of TTA
ηT Service cost coefficient of TTA
C (eT) Unit cost of service effort of TTA
Q ,e demand for O2O model
θ Market scale
ξ Market random factors
T (q) Service commission that OTA pays for TTA
A Fixed payment
B Service commission coefficient or the rate of revenue sharing
Π (q), ΠO, ΠT ,e revenue of O2O model, OTA, and TTA, respectively
EΠO, EΠT ,e expected revenue of OTA and TTA, respectively
UT (EΠT) ,e utility function of TTA
R TTA’s risk aversion coefficient
I ,e state of TTA’s serviceability, i�H, L
sTi TTA’s serviceability, i�H, L
ρ ,e probability that the OTA believes that the TTA’s serviceability is at a high state
Note that the superscript ∗denotes the optimal solutions.
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Theorem 1. In the case of symmetric information, given the
type of TTA’s serviceability as i, the OTA’s optimal service
contract (aN∗

i bN∗
i ), sale effort eN∗

Oi , and the TTA’s optimal
service effort eN∗

Ti are

b
N∗
i �

s
2
Ti

s
2
Ti + ηTrσ2

,

a
N∗
i � ΠT −

s
2
O

ηO

+ θ􏼠 􏼡b
N∗
i +

1
2

rσ2 −
s
2
Ti

ηT

􏼠 􏼡 b
N∗
i􏼐 􏼑

2
,

e
N∗
Oi �

sO

ηO

,

e
N∗
Ti �

s
3
Ti

ηT s
2
Ti + ηTrσ2􏼐 􏼑

�
sTi

ηT

b
N∗
i .

(8)

,eorem 1 shows that, (1) with the TTA’s service cost
coefficient ηT, market uncertainty σ2, and risk aversion coef-
ficient r increasing, the service commission coefficient bN∗

i

decreases; (2) when the market scale θ and OTA’s sale ability
decreasing sO or OTA’s sale cost coefficient ηO increasing, the
OTA’s fixed payment increases aN∗

i , so as to encourage TTA to
participate in cooperation for cocreating the O2O model. In
addition, sO and ηO only affect OTA’s fixed payment aN∗

i but
have no effect on service commission coefficient bN∗

i ; (3) the
OTA’s online sales effort eN∗

Oi is only related to its own saleability

sO and cost coefficient ηO and is directly proportional to sO and
inversely proportional to ηO; (4) with the service commission
coefficient bN∗

i and TTA’s serviceability sTi increasing or TTA’s
service cost coefficient ηT decreasing, the TTA’s offline service
effort eN∗

Ti increases.

4.2. Equilibrium of Asymmetric Information. In the case of
asymmetric information, the TTA surely knows which of the
two serviceability states will occur, while the OTA has only a
subjective assessment about the likelihood of the two ser-
viceability states. Let ρ be the probability that the OTA
believes that the TTA’s serviceability is at a high state and 1-ρ
be the probability of the low state. Due to its parsimony and
tractability for analysis, this type of asymmetric information
has been commonly employed in supply chain contracting
[15, 27, 30]. In this paper, the OTA is an uninformed party
that acts as a principal, and the TTA is an agent that holds
private information about its serviceability. ,e service
contract design problem is investigated under asymmetric
serviceability information.,e goal of the OTA is to design a
menu of service contracts so as to maximize its expected
profit based on the revelation principle.

When the state of TTA’s serviceability is i and OTA gives
service contract (aS

i , bS
i ) and sale effort eS

Oi , the revenue of
OTA and TTA is EΠO(aS

i , bS
i ) and EΠTi(aS

i , bS
i ), respectively,

and then the optimization problem P2 is

max
aS

H
,bS

H
,eS

OH
,aS

L
,bS

L
,eS

OL

EΠO � ρ 1 − b
S
H􏼐 􏼑 sOe

S
OH + sTHe

S
TH + θ􏼐 􏼑 − a

S
H −

ηOe
S2
OH

2
􏼠 􏼡 +􏼨

(1 − ρ) 1 − b
S
L􏼐 􏼑 sOe

S
OL + sTHe

S
TL + θ􏼐 􏼑 − a

S
L −

ηOe
S2
OL

2
􏼠 􏼡􏼩

s.t.(IC − H)a
S
H + b

S
H sOe

S
OH + sTHe

S
TH + θ􏼐 􏼑 −

ηTe
S2
TH

2
−

rσ2b2H
2
≥

a
S
L + b

S
L sOe

S
OS + sTHe

L
TH + θ􏼐 􏼑 −

ηTe
L2
TH

2
−

rσ2b2L
2

(IC − L)a
S
L + b

S
L sOe

S
OL + sTLe

S
TL + θ􏼐 􏼑 −

ηTe
S2
TL

2
−

rσ2b2L
2
≥

a
S
H + b

S
H sOe

S
OH + sTLe

H
TL + θ􏼐 􏼑 −

ηTe
H2
TL

2
−

rσ2b2H
2

,

(IR − H)a
S
H + b

S
H sOe

S
OH + sTHe

S
TH + θ􏼐 􏼑 −

ηTe
S2
TH

2
−

rσ2b2H
2
≥ ΠT ,

(IR − L)a
S
L + b

S
L sOe

S
OL + sTLe

S
TL + θ􏼐 􏼑 −

ηTe
S2
TL

2
−

rσ2b2L
2
≥ ΠT ,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)
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where

e
S
TH � argmax

e

a
S
H + b

S
H sOe

S
OH + sTHe

S
TH + θ􏼐 􏼑 −

ηTe
S2
TH

2
−

rσ2b2H
2

􏼠 􏼡, (10)

e
S
TL � argmax

e

a
S
L + b

S
L sOe

S
OL + sTLe

S
TL + θ􏼐 􏼑 −

ηTe
S2
TL

2
−

rσ2b2L
2

􏼠 􏼡. (11)

In the above optimization problem P2, the expected
revenue of OTA EΠO is the sum of revenue under the
cooperation of serviceability states of TTA. Inequalities (IC-
i) are incentive compatibility constraints, assuring that the
TTA does not pretend to choose the other serviceability
state, where eL

TH(eH
TL) indicates the optimal service effort

level of TTA under service reward contract (aS
L, bS

L)
((aS

H, bS
H)). Inequalities (IR-i) are individual rationality

constraints, assuring that the TTA will join to cocreate O2O
model because of exceeding the reservation revenue ΠT .
Equations (10) and (11) denote the TTA optimizes its service

effort eN
Ti by maximizing its revenue according to OTA’s

service cooperation contract (aS
i bS

i ) and sale effort eS
Oi. ,e

optimal decisions are found out by solving the above op-
timization problem P2 using the backward induction
method.

Theorem 2. Under asymmetric information, the OTA re-
veals TTA’s serviceability by designing separation contracts.
:e OTA’s service commission contract, optimal sale effort,
and TTA’s service effort are

a
S∗
H � ΠT −

s
2
O

ηO

+ θ􏼠 􏼡b
S∗
H +

1
2

rσ2 −
s
2
TH

ηT

􏼠 􏼡 b
S∗
H􏼐 􏼑

2
+

1
2ηT

s
2
TH − s

2
TL􏼐 􏼑 b

S∗
L􏼐 􏼑

2
,

b
S∗
H �

s
2
TH

s
2
TH + ηTrσ2

,

a
S∗
L � ΠT −

s
2
O

ηO

+ θ􏼠 􏼡b
S∗
L +

1
2

rσ2 −
s
2
TL

ηT

􏼠 􏼡 b
S∗
L􏼐 􏼑

2
,

b
S∗
L �

(1 − ρ)s
2
TL

s
2
TL − 2ρs

2
TL + ρs

2
TH +(1 − ρ)ηTrσ2

,

e
S∗
OH � e

S∗
OL �

sO

ηO

,

e
S∗
TH �

s
3
TH

ηT s
2
TH + ηTrσ2􏼐 􏼑

,

e
S∗
TL �

(1 − ρ)s
3
TL

s
2
TL − 2ρs

2
TL + ρs

2
TH +(1 − ρ)ηTrσ2􏼐 􏼑ηT

.

(12)

,eorem 2 shows the following:

(1) When r⟶ +∞, bS∗
H � bS∗

L � 0 and aS∗
H � aS∗

L �

ΠT can be obtained. ,at is, when TTA has no risk
tolerance, its revenue could only be equal to its reser-
vation revenue. When r⟶ 0, bS∗

H � 1 and
bS∗

L � (1/1 + ρ(s2TH − s2TL/(1 − ρ)s2TL))< 1. ,at is,
when the TTA tends to be risk-neutral, TTA with high
serviceability will obtain the total revenue and if the

difference between the two types of TTA’s serviceability
or the probability of TTA with high serviceability is
greater, the OTA’s service commission coefficient for
TTA with low serviceability is lower. When r>0, with
the increase of TTA’s risk aversion coefficient, the
service commission coefficient decreases correspond-
ingly, indicating that risk aversion can offset the in-
centive effect of the service commission coefficient.
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(2) According to (zbS∗
H /zsTH)≥ 0(zbS∗

L /zsTL)≥ 0, the
service commission coefficient will increase with the
increasing TTA’s serviceability.

(3) ,e service effort of the TTA with low serviceability
has no effort on the service commission coefficient
the TTA with high serviceability obtains. However,
the difference between service effort of TTA with
high and low service will affect the service com-
mission coefficient TTA with low serviceability ob-
tains, and the greater the difference is, the smaller the
service commission coefficient is.

(4) According to (zbS∗
H /zρ) � 0(zbS∗

L /zρ)≤ 0, the
probability ρ has no effect on service commission
coefficient that the TTA with high serviceability
obtains. However, with the increase of ρ, the service
commission coefficient that the TTA with high
serviceability obtains decreases.

(5) ,e relationship between service commission coef-
ficient and TTA’s service cost coefficient ηT, the
degree of market uncertainty σ2, the degree of risk
aversion r, and the relationship between fixed pay-
ment and OTA’s saleability and sale cost coefficient
are the same under symmetric information, which is
omitted here.

Corollary 1. For TTA with different serviceability, the op-
timal service commission contract parameters have the re-
lationships bS∗

H ≥ bS∗
L and aS∗

H ≤ aS∗
L .

Corollary 1 shows that the motivation purpose of OTA
service contract is different for TTA with different service-
ability.,ismeans that theOTA should balance themotivation
cooperation and the incentive of improving service effort for
TTA when designing service commission contract. If the TTA
is of a low serviceability type, the OTA will give TTA a larger
fixed payment to ensure TTA’s initiative in cocreating the O2O
model. If the TTA is of a high serviceability state, the OTA will
give a larger service commission coefficient. And according to
bS∗

H − bS∗
L � ((s2TH − s2TL) (ρs2TH + (1 − ρ) ηTrσ2)/

(s2TH +ηTrσ2)(s2TL − 2ρs2TL +ρs2TH + (1 − ρ)ηTrσ2))≥ 0, the
greater the difference between service efforts of TTA with high
and low service, the bigger the difference of service commission
coefficient.

4.3. Comparison of Results under Symmetric and Asymmetric
Information

4.3.1. Validity of Separation Service Contract. By intro-
ducing the results of ,eorem 2 into incentive compatibility
constraints (IC-i) and comparing the TTA’s revenue of TTA
false and truthfulness reporting serviceability, it is obtained
as

EΠTH a
S∗
H , b

S∗
H􏼐 􏼑 − EΠTH a

S∗
L , b

S∗
L􏼐 􏼑 � 0,

EΠTL a
S∗
L , b

S∗
L􏼐 􏼑 − EΠTL a

S∗
H , b

S∗
H􏼐 􏼑 �

b
S∗
H − b

S∗
L􏼐 􏼑 b

S∗
H + b

S∗
L􏼐 􏼑 sTH + sTL( 􏼁

2ηT

> 0.

(13)

When the TTA with low serviceability pretends to be the
TTA with high serviceability, the revenue is strictly lower than
that when TTA truthfully reports serviceability
(EΠTL(aS∗

H , bS∗
H )<EΠTL(aS∗

L , bS∗
L )). ,erefore, the TTA

with low serviceability has no motivation to disguise the TTA
with high serviceability. In addition, if the TTA is of a high
serviceability type, its false report will not affect its revenue
(EΠTH(aS∗

H , bS∗
H ) � EΠTH(aS∗

L , bS∗
L )). ,erefore, the TTA

with high serviceability has nomotivation to disguise TTAwith
low serviceability. It can be seen that separation of service
contract has the characteristics of “self-selection” in the OTA
and TTA cocreating O2Omodel.,at is, the TTAwith high or
low serviceability needs to choose the service contract corre-
sponding to its serviceability type.

Corollary 2. By comparing the expected revenue and the
reservation revenue with different serviceability types, it is
obtained as

EΠT sTL( 􏼁 � ΠT ,

EΠT sTH( 􏼁 � ΠT +
s
2
TH − s

2
TL􏼐 􏼑

2ηT

b
S∗ 2
L .

(14)

Corollary 2 shows that when the TTA is of a low ser-
viceability type, TTA’s revenue is reservation revenue after
accepting the service commission contract. However, when
the revenue of TTA with high serviceability is greater than
reservation revenue, the difference ((s2TH − s2TL)/2ηT)bS∗ 2

L

shows that, in order to obtain private information of TTA’s
serviceability, the OTA needs to pay TTA information
sharing fees. If the OTA does not pay the information fee,
TTA may lie about its serviceability and damage the OTA’s
expected revenue.

4.3.2. :e Impact of Information Asymmetric on Service
Contract and Expected Revenue. According to ,eorems 1
and 2, by comparing and analyzing the service contract,
TTA’s optimal service effort, and the revenues of the
partners under symmetric and asymmetric information
conditions, ,eorems 3 and 4 are obtained.

Theorem 3. :e optimal service contract, sale effort, and
TTA optimal service effort under symmetry and asymmetry
information have the following relationships:
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(1) aS∗
H ≥ aN∗

H ,bN∗
H � bS∗

H

(2) aS∗
L ≥ aN∗

L ,bS∗
L ≤ bN∗

L

(3) eN∗
TH � eS∗

TH,eS∗
TL < eN∗

TL

(4) eN∗
Oi � eS∗

Oi

In,eorem 3, (1) and (2) show that the OTA should pay a
higher fixed payment to mobilize TTA to participate in coc-
reating the O2O model under asymmetric information. If the
TTA is of a low serviceability type, theOTA lacksmotivation to
encourage TTA to provide higher service effort, and the service
commission coefficient is “distorted downward.” If the TTA is
of a high serviceability type, the OTA will provide a higher
service commission coefficient to encourage the TTA to
provide higher service effort under asymmetrical information.
Here, the TTA can obtain additional information rent by
“upward distorted” fixed payment.,is also means that, due to
the existence of asymmetric information, the service contract
design of OTA needs to adjust the fixed payment and service
commission coefficient to ensure that TTA can participate in
cooperation and choose the appropriate level of service efforts
that are beneficial to OTA. From (3), the service effort of TTA
with the high serviceability is the same in symmetrical and
asymmetrical information, and the service effort of TTA with
the low serviceability is lower in asymmetrical information
than that in symmetrical information. ,erefore, the OTA is
dominant in encouraging low serviceability type TTA to
participate in cooperation, which will also provide incentives to
participate in cooperation and service efforts to TTA with high
serviceability state. (4) shows that the OTA’s optimal sale effort
is the same in symmetrical and asymmetrical information.,is
is straightforward because the OTA knows its own saleability
information.

Theorem 4. :ere is the following relationship between
OTA’s and TTA’s expected revenue under symmetry and
asymmetry information:

(1) EΠS∗
Oi ≤EΠN∗

Oi

(2) EΠS∗
TH ≥EΠN∗

TH

(3) EΠS∗
TL � EΠN∗

TL

,eorem 4 shows that the information disadvantage of
OTA is detrimental to its expected revenue; the information
advantage of TTA does not necessarily generate information
rent. When the TTA is the high serviceability type, the
increase of fixed payment cost and constant service com-
mission coefficient make OTA pay higher service com-
mission. ,erefore, the TTA with high serviceability can get
additional information rent from the increased fixed pay-
ment. When the TTA is of a low serviceability type, the
asymmetric information makes the service commission
coefficient tilt downward and fixed payment cost rise, and
the rise of fixed payment can make up for the loss of TTA
caused by the decline of service commission coefficient.
,erefore, the expected revenue of TTA with low service-
ability remains unchanged.

4.4. Strategic Analysis When TTA’s Service Ability Is
Continuous. Assuming that TTAs’ service capability is
continuously distributed and satisfied sT ∈ H � [sT , sT],
F(sT) and f(sT) are TTA’s cumulative distribution and
distribution density function, respectively, and f(sT)> 0.

Due to the fact that ξ is not related to sT, the expected
revenue of risk-neutral OTA can be obtained as

EΠO sT( 􏼁 � 􏽚
sT

sT

1 − b
C

sT( 􏼁􏼐 􏼑 sOe
C
O sT( 􏼁 + s

C
Te

C
T sT( 􏼁 + θ􏼐 􏼑 − a

C
sT( 􏼁 −

ηOe
C2
O sT( 􏼁

2
􏼨 􏼩f sT( 􏼁dsT. (15)

,e expected revenue of TTA is

EΠT sT( 􏼁 � a
C

sT( 􏼁 + b
C

sT( 􏼁 sOe
C
O sT( 􏼁 + s

C
Te

C
T sT( 􏼁 + θ􏼐 􏼑

−
ηTe

C2
T sT( 􏼁

2
−

rσ2bC2
sT( 􏼁

2
.

(16)
Firstly, determine the service effort level of TTA eC

T(sT); that
is, ∀sT ∈H, eC

T(sT) � argmaxeEΠT(sT) � � (sC
TbC(sT)/ηT).

Bringing eC
T(sT) to equation (16), it is obtained as

EΠT sT( 􏼁 � a
C

sT( 􏼁 + sOe
C
O sT( 􏼁 + θ􏼐 􏼑b

C
sT( 􏼁

+
1
2

s
2
T

ηT

− rσ2􏼠 􏼡b
C2

sT( 􏼁.

(17)

Furthermore, when sT is continuous, the optimization
problem P3 is

max
aC,bC

􏽚
sT

sT

1 − b
C

sT( 􏼁􏼐 􏼑 sOe
C
O sT( 􏼁 + s

C
Te

C
T sT( 􏼁 + θ􏼐 􏼑 − a

C
sT( 􏼁 −

ηOe
C2
O sT( 􏼁

2
􏼨 􏼩f sT( 􏼁dsT

s.t.(IC)b
C
·

sT( 􏼁≥ 0,

(18)

(IC)a
C
·

sT( 􏼁 + sOe
C
O

·

sT( 􏼁b
C

sT( 􏼁 + sOe
C
O sT( 􏼁 + θ􏼐 􏼑b

C
·

sT( 􏼁 +
s

C2
T

ηT

− rσ2􏼠 􏼡b
C
·

sT( 􏼁 � 0, (19)
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(IR)a
C

sT( 􏼁 + sOe
C
O sT( 􏼁 + θ􏼐 􏼑b

C
sT( 􏼁 +

1
2

s
2
T

ηT

− rσ2􏼠 􏼡b
C2

sT( 􏼁≥ ΠT , (20)

where eC
T(sT) � (sC

TbC(sT)/ηT). Theorem 5. When (d/dsT)(1 − F(sT)/sTf(sT))< 0,

a
C∗

sT( 􏼁 � ΠT −
s
2
O

ηO

+ θ􏼠 􏼡b
C∗

sT( 􏼁 −
1
2

s
2
T

ηT

− rσ2􏼠 􏼡b
C∗2

sT( 􏼁 + 􏽚
sT

sT

ω
ηT

b
C2

(ω)dω,

b
C∗

s
C
T􏼐 􏼑 �

1
1 + ηTrσ2/sC2

T􏼐 􏼑 + 2 1 − F s
C
T􏼐 􏼑􏼐 􏼑/sC

Tf s
C
T􏼐 􏼑􏼐 􏼑

,

e
C∗
O �

sO

ηO

,

e
C∗
T sT( 􏼁 �

s
C
Tb

C∗
sT( 􏼁

ηT

.

(21)

,eorem 5 shows that when the serviceability of TTA is
continuous, (d/dsT)(1 − F(sT)/sTf(sT))< 0 is the precon-
dition for the existence of a service commission separation
contract. At this time, bC∗(sT) is strictly increasing, and all
TTA can choose appropriate service contracts corre-
sponding to its serviceability type.

Corollary 3. EΠT(sT) − ΠT � 􏽒
sT

sT
(ω/ηT)bC∗2(ω)dω.

Corollary 3 shows that, apart from the TTA with the
worst serviceability, all other types of TTA can get strict
information rent. With the increase of TTA’s serviceability,
the information rent and the excepted revenue of TTA
increase, which is consistent with the conclusion when
TTA’s serviceability is discrete.

5. Numerical and Sensitivity Analysis

,e impacts of the risk aversion coefficient, serviceability,
and asymmetric information on OTA service contract and
both TTA and OTA’s revenue are analyzed so as to get
more management implications. Considering that the
references on cooperation between the TTA and OTA are
less and numerical examples are usually hypothetical, the
values of parameters are assigned according to Jin et al.
[15]. A selected set of parameters is as follows: sO � 0.3,
ηO � 0.1, ηT � 0.3, sTH � 0.5, sTL � 0.5, ρ� 0.5, θ� 0, σ2 � 4,
and ΠT � 5. In order to study the impacts of TTA’s risk
aversion coefficient r and serviceability sTi on the service
commission and revenue of both TTA and OTA, take sTi
as the horizontal axis; that is, when sTH � 0.5 and
sTL ∈ (0.2, 0.5) or when sTL � 0.5 and sTH ∈ (0.5, 1), fixed
payment, service commission coefficient, and revenue
under symmetric information and asymmetric informa-
tion are plotted, respectively, with r � 0.1, r � 0.5, and
r � 0.9. ,e results of numerical examples are summarized
in Figures 1–3.

5.1. Analysis of the Parameters of Service Commission
Contract. Figure 1 shows that (1) when TTA’s serviceability
sTi increases, fixed payment of aS∗

i and aN∗
i always de-

creases, but aS∗
i > aN∗

i . ,is is straightforward because OTA
needs to give TTA more fixed payment to stimulate its
initiative to cooperate and create an O2O model under
asymmetric information; (2) when r takes different values,
the influence of asymmetric information on fixed payment
increases with the increase of the difference between TTA’s
serviceability, which indicates that the smaller the difference
between TTA’s different serviceability, the smaller the in-
fluence of asymmetric information on fixed payment; (3) no
matter the serviceability type of TTA is, aS∗

i and aN∗
i in-

crease and the distance between fixed payment curves de-
creases with the increase in r, indicating that r can alleviate
the impact of asymmetric information on fixed payment.

Figure 2 shows that (1) when TTA’s serviceability sTi
increases, service commission coefficient of bS∗

i and bN∗
i

always increases, and bS∗
H � bN∗

H and bS∗
L < bN∗

L . ,is in-
dicates that the existence of asymmetric information does
not affect the service commission coefficient of OTA paid for
TTA with high serviceability, but it will reduce the service
commission coefficient of OTA paid for TTA with low
serviceability; (2) no matter the serviceability type of TTA is,
bS∗

i and bN∗
i decrease with the increase in r, indicating that r

can offset the incentive effect of service commission coef-
ficient on TTA; (3) Figure 2(b) shows the distance between
service commission coefficient curves decreases with r or sTL
increases, which indicates that r can alleviate the impact of
asymmetric information on service commission coefficient
and the smaller the difference between TTA’s different
serviceability, the smaller the influence of asymmetric in-
formation on service commission coefficient.

5.2. Revenue Analysis of Both TTA and OTA. Figure 3 shows
that (1) no matter the serviceability type of TTA is, there is
ΔEΠSN∗

Oi < 0, indicating that the existence of asymmetric
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information always leads to loss of OTA expected revenue.
ΔEΠSN∗

TH > 0 and ΔEΠSN∗
TL � 0 show that only TTA with high

serviceability can obtain additional information rent. ΔEΠSN∗
TH

and ΔEΠSN∗
OH are symmetric with respect to the 0 value curve,

which shows that, in the O2O model composed by TTA and
OTA, the existence of asymmetric information transfers part of

revenue from OTA to TTA with high service capability; (2)
when sTH increases, ΔEΠSN∗

Oi firstly decreases and then in-
creases. ,e changing trend of ΔEΠSN∗

OH depends on whether
OTA’s revenue from the improvement of TTA’s serviceability
can compensate for the cost of information value; (3) |ΔEΠSN∗

Oi |

decreases with r increases, which shows that r can alleviate the

5
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Figure 1: Impacts of r and sTi on fixed payment. (a) sTL � 0.5. (b) sTH � 0.5.
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Figure 2: Impacts of r and sTi on service compensation coefficient. (a) sTL � 0.5. (b) sTH � 0.5.
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adverse effect of OTA’s information disadvantage. ΔEΠSN∗
TH

decreases with r increases, which indicates that r can inhibit the
information advantage of TTA with high serviceability.

6. Conclusion and Future Research

,e rationality of the OTA service commission contract is an
important factor to ensure the efficient operation of the O2O
model in the establishment of service cooperation between
OTA and TTA. Considering the serviceability information
asymmetry, the OTA designs reasonable service commission
contracts to differentiate TTA serviceability and motivate
TTA to improve service effort level. Some suggestions for
establishing a cooperation contract are provided:

(1) When an OTA has low saleability or high sale cost,
the OTA will increase the fixed payment to the TTA
to support the cocreation of the O2O model. ,e
incentive effect of the service commission coefficient
can be offset by the TTA’s service effort cost coef-
ficient, risk aversion coefficient, and the degree of
market uncertainty.

(2) When the type of TTA’s serviceability is continuous,
the precondition of separation contract is
(d/dsT)(1 − F(sT)/sTf(sT))< 0. At this time, the
TTA can choose the appropriate contract corre-
sponding to its serviceability type.

(3) In cocreating the O2O model, the existence of
asymmetric information always results in the loss of
OTA’s expected revenue. Except for TTA with the
lowest serviceability, all other types of TTA can
obtain strict information rent. ,e stronger the TTA
serviceability is, the more information rent it obtains
and the greater its expected revenue is.

(4) ,e OTA designs service contracts by weighing the
different incentives of fixed payments and service

commission coefficient to the TTA.When the TTA is
a high serviceability type, the OTA sets a high service
commission coefficient to encourage the TTA to
make more service. When the TTA is of a low
serviceability type, the OTA sets a larger fixed
payment, stimulating its enthusiasm for participat-
ing in cocreating the O2O model.

Due to some of its basic assumptions, there are still
some limitations of this paper. Firstly, in this paper, the
service commission contract is considered as a linear
form. In future research, it can be extended by other
service cooperation forms, for example, service cost-
sharing contract. Secondly, this study only considers that
an OTA establishes service cooperation with a TTA or
multiple TTAs. ,e next step is to extend this model, in
which two or more OTAs achieve the O2O model by
service cooperation with multiple TTAs. ,irdly, the
optimal service commission contract is studied from a
short-term perspective. However, in some cases, long-
term cooperation is more conducive to the stable devel-
opment of both. For example, He et al. studied sustainable
tourism by using evolutionary game models [31, 32].
Although it is more complex and challenging, service
cooperation could be discussed from a long-term per-
spective. Finally, our paper mainly utilizes an analytical
approach. ,us, another future research direction is to
conduct empirical research to validate our analytical
findings.

Appendix

Proof of TTA’s revenue

Assuming that the random variable x follows normal dis-
tribution x∼N (m, n2), its utility function are the same as
TTA’s: U (x)� -e-rx, and its expected utility is

0.1

0
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STH
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r = 0.1
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r = 0.9

∆E∏OH
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∆E∏OH
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(a)

0
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r = 0.9
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(b)

Figure 3: Impacts of r and sTi on ΔEΠSN∗
Ti and ΔEΠSN∗

Oi . (a) sTL � 0.5. (b) sTH � 0.5.
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EU(x) � 􏽚
+∞

− ∞
− e

− rx 1
����
2πn

√ e
− (x− m)2/2n2( )dx � − e

− r m− rn2/2( ).

(A.1)

According to certainty equivalence method EU�U (CE),
− e− r(CE) � − e− r(m− rn2/2) can be obtained and also CE � m −

(rn2/2) can be get. According to ξ ∈ N(0, σ2), EΠT � a + b

(sOeO + sTeT + θ) − (ηTe2T/2), Var(ΠT) � b2σ2. ,e TTA’s
revenue ΠT is regarded as a random variable x, its certainty
equivalent revenue is a + b(sOeO + sTeT + θ)−

(ηTe2T/2) − (rσ2b2/2).

Proof of :eorem A.1. ,e optimization problem P1 is
solved by using reverse induction and K-T method. ,e
process is solved in two steps.

① ,e TTA’s response function is eN
Ti � (sTib

N
i /ηT),

with a given service contract (aN
i bN

i ), and sale effort
eN

Oi.
② Solving OTA’s optimal service contract and sale

effort.

Plugging eN
Ti back to optimization problem P1, it is easy

to know that the OTA’s expected revenue EΠO is linear
function of aN

i and a joint concave of bN
i and eN

Oi. ,erefore,
there are corner solution aN

i and interior solution bN
i and eN

Oi

under the constraint equation (IR). ,at is, there exists a
unique optimal solution. ,e Lagrange function is con-
structed as

L a
N
i , b

N
i , e

N
Oi􏼐 􏼑 � 1 − b

N
i􏼐 􏼑 sOe

N
Oi + sTie

N
Ti + θ􏼐 􏼑 − a

N
i −

ηOe
N2
Oi

2
􏼠 􏼡

+ χ a
N
i + b

N
i sOe

N
Oi + sTie

N
Ti + θ􏼐 􏼑 −

ηTe
N2
Ti

2
−

rσ2 b
N
i􏼐 􏼑

2

2
− ΠT

⎛⎝ ⎞⎠.

(A.2)

Let (zL/zaN
i ) � (zL/zbN

i ) � (zL/zeN
Oi) � 0, (zL/zχ)≥

0,χ ≥ 0 and.χ(zL/zχ) � 0
,e only set of solutions can be obtained

(aN∗
i bN∗

i eN∗
Oi ). □

Proof of :eorem A.2. ,e optimization problem P2 is
solved by using reverse induction and K-T method. ,e
process is solved in two steps.

① ,e TTA’s response function can be obtained
eS

Ti � (sTib
S
i /ηT), with a given service contract (aS

i bS
i ),

and sale effort eS
Oi.

② Solving OTA’s optimal service contract and sale
effort.

Plugging eS
Ti back to optimization problem P2, it is easy

to know that the OTA’s expected revenue EΠO is linear
function of aS

i and a joint concave of bS
i and eS

Oi. ,erefore,
there are corner solution aS

i and interior solution bS
i and eS

Oi

under the constraint equation (IR-i). It is easy to prove that
(IC-H) and (IR-L) are tight constraints, so the above op-
timization problem P2 can be rewritten as follows P2′

max
aS

H
,bS

H
,eS

OH
,aS

L
,bS

L
,eS

OL

EΠO � ρ 1 − b
S
H􏼐 􏼑 sOe

S
OH +

b
S
Hs

2
TH

ηT

+ θ􏼠 􏼡 − a
S
H −

ηOe
S2
OH

2
􏼠 􏼡 +(1 − ρ) ×􏼨

1 − b
S
L􏼐 􏼑 sOe

S
OL +

b
S
Ls

2
TL

ηT

+ θ􏼠 􏼡 − a
S
L −

ηOe
S2
OL

2
􏼠 􏼡􏼩

s.t.(IC − H)a
S
H + b

S
H sO( e

S
OH + θ􏼐 􏼑 +

b
S
HsTH􏼐 􏼑

2

2ηT

−
rσ2b2H
2
≥

a
S
L + b

S
L sOe

S
OL + θ􏼐 􏼑 +

b
S
LsTH􏼐 􏼑

2

2ηT

−
rσ2b2L
2

(IR − L)a
S
L + b

S
L sOe

S
OL + θ􏼐 􏼑 +

b
S
LsTL􏼐 􏼑

2

2ηT

−
rσ2b2L
2
≥ ΠT .

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(A.3)
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,e Lagrange function is constructed as

L aH, bH, eOH, aL, bL, eOL, χ1, χ2( 􏼁 � ρ 1 − b
S
H􏼐 􏼑 sOe

S
OH +

b
S
Hs

2
TH

ηT

+ θ􏼠 􏼡 − a
S
H −

ηOe
S2
OH

2
􏼠 􏼡 +(1 − ρ)×

· 1 − b
S
L􏼐 􏼑 sOe

S
OL +

b
S
Ls

2
TL

ηT

+ θ􏼠 􏼡 − a
S
L −

ηOe
S2
OL

2
􏼠 􏼡 + χ1 a

S
L + b

S
L sOe

S
OL + θ􏼐 􏼑 +

b
S
LsTL􏼐 􏼑

2

2ηT

−
rσ2bS2

L

2
− ΠR

⎛⎝ ⎞⎠

+ χ2 a
S
H + b

S
H sOe

S
OH + θ􏼐 􏼑 +

b
S
HsTH􏼐 􏼑

2

2ηT

−
rσ2bS2

H

2
− a

S
L − b

S
L sOe

S
OL + θ􏼐 􏼑 −

b
S
LsTH􏼐 􏼑

2

2ηT

+
rσ2bS2

L

2
⎛⎝ ⎞⎠.

(A.4)

,e Kuhn-Tucker condition is obtained as

zL

za
S
i

�
zL

zb
S
i

�
zL

ze
S
Oi

� 0,
zL

zχ1
≥ 0,

zL

zχ2
≥ 0, (A.5)

where χ1 ≥ 0 and χ1(zL/zχ1) � 0, χ2 ≥ 0 and χ2(zL/zχ2) � 0.

In χ1 � 1, χ2 � ρaS∗
H bS∗

H eS∗
OH,a

S∗
L , bS∗

L and eS∗
OL can be

obtained. □

Proof of Corollary A.1.

b
S∗
H − b

S∗
L �

s
2
TH − s

2
TL􏼐 􏼑 ρs

2
TH +(1 − ρ)ηTrσ2􏼐 􏼑

s
2
TH + ηTrσ2􏼐 􏼑 s

2
TL − 2ρs

2
TL + ρs

2
TH +(1 − ρ)ηTrσ2􏼐 􏼑

≥ 0,

a
S∗
H − a

S∗
L �

s
2
O

ηO

+ θ􏼠 􏼡 −
1
2

rσ2 −
s
2
TH

ηT

􏼠 􏼡 b
S∗
L + b

S∗
H􏼐 􏼑􏼠 􏼡 b

S∗
L − b

S∗
H􏼐 􏼑.

(A.6)

When r≤ 0, it is easy to get aS∗
H < aS∗

L . When r> 0, let

G(r) �
s
2
O

ηO

+ θ􏼠 􏼡 −
1
2

rσ2 −
s
2
TH

ηT

􏼠 􏼡 b
S∗
L + b

S∗
H􏼐 􏼑 �

s
2
O

ηO

+ θ􏼠 􏼡 +
s
2
TH

2ηT

b
S∗
L + b

S∗
H􏼐 􏼑 −

1
2

rσ2 b
S∗
L + b

S∗
H􏼐 􏼑, (A.7)

where (s2TH/2ηT)(bS∗
L + bS∗

H ) is about r monotonically
decreasing.

1
2

rσ2 b
S∗
L + b

S∗
H􏼐 􏼑 �

1
2

rσ2
s
2
TH

s
2
TH + ηTrσ2

+
(1 − ρ)s

2
TL

s
2
TL − 2ρs

2
TL + ρs

2
TH +(1 − ρ)ηTrσ2

􏼠 􏼡

�
1

2ηT

s
2
TH + s

2
TL −

s
4
TH

s
2
TH + ηTrσ2

−
(1 − ρ)s

2
TL s

2
TL − 2ρs

2
TL + ρs

2
TH􏼐 􏼑

s
2
TL − 2ρs

2
TL + ρs

2
TH +(1 − ρ)ηTrσ2

⎛⎝ ⎞⎠,

(A.8)
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(1/2)rσ2(bS∗
L + bS∗

H ) is about r monotonically increasing.
,erefore, G(r) is about r monotonically decreasing,

which maximizes r⟶ 0 at and minimizes at r⟶ +∞.

G(+∞) �
s
2
O

ηO

+ θ􏼠 􏼡,

G(0) �
s
2
O

ηO

+ θ􏼠 􏼡 +
s
2
TH

2ηT

1 +
(1 − ρ)s

2
TL

s
2
TL − 2ρs

2
TL + ρs

2
TH

􏼠 􏼡.

(A.9)

,erefore, G(r)> 0 and aS∗

L ≥ aS∗

H , only when r⟶ +∞,
aS∗

L � aS∗
H . □

Proof of :eorem A.3. (1)
aS∗

H − aS∗

L � (1/2ηT)(s2TH − s2TL)(bS∗

L )2 ≥ 0;
(2) bS∗

L − bN∗

L � (ρs2TL(s2TL − s2TH)/(s2TL− 2ρs2TL+ ρs2TH +

(1 − ρ)ηTrσ2)(s2TL + ηTrσ2))≤ 0;

a
S∗

L − a
N∗

L � b
N∗

L − b
S∗

L􏼐 􏼑
s
2
O

ηO

+ θ􏼠 􏼡 −
1
2

rσ2 −
s
2
TL

ηT

􏼠 􏼡 b
N∗

L + b
S∗

L􏼐 􏼑􏼠 􏼡. (A.10)

,e process of solving value of (aS∗

L − aN∗

L ) is similar to
the proof of Corollary 1.

,e proofs of (3) and (4) of theorem are easy, so they are
omitted. □

Proof of :eorem A.4.

(1) ΔEΠSN∗

OH � EΠS∗

OH − EΠN∗

OH � (1/2ηT)(s2TL − s2TH)

(bS∗

L )2 ≤ 0

ΔEΠSN∗

OL � EΠS∗

OL − EΠN∗

OL � b
S∗

L − b
N∗

L􏼐 􏼑
s
2
TL

ηT

−
1
2

s
2
TL

ηT

+ rσ2􏼠 􏼡 b
N∗

L + b
S∗

L􏼐 􏼑􏼠 􏼡

�
1
ηT

b
S∗

L − b
N∗

L􏼐 􏼑 s
2
TL −

s
2
TL

2b
N∗
L

b
N∗

L + b
S∗

L􏼐 􏼑􏼠 􏼡 �
s
2
TL

2ηT

b
S∗

L − b
N∗

L􏼐 􏼑 1 −
b

S∗

L

b
N∗

L

⎛⎝ ⎞⎠

� −
s
2
TL + ηTrσ2􏼐 􏼑

2ηT

b
S∗

L − b
N∗

L􏼐 􏼑
2
≤ 0.

(A.11)

(2) ΔEΠSN∗

TH � EΠS∗

TH − EΠN∗

TH � (1/2ηT)(s2TH − s2TL)

(bS∗

L )2 ≥ 0

ΔEΠSN∗

TH � EΠS∗

TL − EΠN∗

TL � 0. (A.12)
□

Proof of :eorem A.5. According to the display principle,
when analyzing the validity of continuous variables, the
analysis restriction can be displayed a(sT

↔
), b(sT
↔

)􏽮 􏽯 directly.
,erefore, ∀(sT, sT

↔
) ∈ H, there is

a
C

sT( 􏼁 + sOe
C
O sT( 􏼁 + θ􏼐 􏼑b

C
sT( 􏼁 +

1
2

s
2
T

ηT

− rσ2􏼠 􏼡b
C2

sT( 􏼁≥

a
C

sT
↔

􏼐 􏼑 + sOe
C
O sT
↔

􏼐 􏼑 + θ􏼐 􏼑b
C

sT
↔

􏼐 􏼑 +
1
2

s
2
T

ηT

− rσ2􏼠 􏼡b
C2

sT
↔

􏼐 􏼑.

(A.13)
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According to In equation (A.13), there is

a
C

sT( 􏼁 + sOe
C
O sT( 􏼁 + θ􏼐 􏼑b

C
sT( 􏼁 +

1
2

s
2
T

ηT

− rσ2􏼠 􏼡b
C2

sT( 􏼁≥

a
C

sT
′( 􏼁 + sOe

C
O sT
′( 􏼁 + θ􏼐 􏼑b

C
sT
′( 􏼁 +

1
2

s
2
T

ηT

− rσ2􏼠 􏼡b
C2

sT
′( 􏼁,

(A.14)

a
C

sT
′( 􏼁 + sOe

C
O sT
′( 􏼁 + θ􏼐 􏼑b

C
sT
′( 􏼁 +

1
2

s
′2
T

ηT

− rσ2⎛⎝ ⎞⎠b
C2

sT
′( 􏼁≥

a
C

sT( 􏼁 + sOe
C
O sT( 􏼁 + θ􏼐 􏼑b

C
sT( 􏼁 +

1
2

s
′2
T

ηT

− rσ2⎛⎝ ⎞⎠b
C2

sT( 􏼁.

(A.15)

In equations (A.14) and (A.15) are added and simplified
as

sT − sT
′( 􏼁 b

C
sT( 􏼁 − b

C
sT
′( 􏼁􏼐 􏼑≥ 0. (A.16)

So bC(sT) is no decreasing, which shows bC(sT) is dif-
ferentiable everywhere in the interval [sT , sT], and

bC
·

(sT)≥ 0. In addition, the first-order condition for sT is

obtained aC
·

(sT
↔

) + sOeC
O

·

(sT)bC(sT) + (sOeC
O(sT) + θ)bC

·

(sT) + ((s2T/ηT) − rσ2)bC
·

(sT) � 0 from In equation (A.13).
According to the direct display mechanism, ∀sC

T ∈ H

there is

a
C
·

sT( 􏼁 + sOe
C
O

·

sT( 􏼁b
C

sT( 􏼁 + sOe
C
O sT( 􏼁 + θ􏼐 􏼑b

C
·

sT( 􏼁

+
s
2
T

ηT

− rσ2􏼠 􏼡b
C
·

sT( 􏼁 � 0.

(A.17)

In equations (18) and (19) are incentive compatibility
constraints to ensure that the TTA has no motivation to
deviate from the service reward contract provided by OTA.
In equation (20) is the constraint condition for the TTA to
participate in cooperation and cannot be lower than its
reserved revenue.

Derivatives of equation (17), and further simplified
according to equation (19)

EΠT

·

sT( 􏼁 �
sT

ηT

b
C2

sT( 􏼁. (A.18)

Bring EΠT

·

(sT) into equation (15), the above optimi-
zation problem P3 can be rewritten as follows P3′

max
aC,bC

􏽚
sT

sT

sOe
C
O sT( 􏼁 +

s
2
Tb

C
sT( 􏼁

ηT

+ θ −
1
2

s
2
T

ηT

+ rσ2􏼠 􏼡b
C2

sT( 􏼁 − EΠT sT( 􏼁 −
ηOe

C2
O sT( 􏼁

2
􏼨 􏼩f sT( 􏼁dsT, (A.19)

s.t. in equation (18) and (A.18), EΠT(sT)≥ ΠT

Let EΠT(sT )≥ ΠT , the solution of integral equation
(A.18) is obtained

EΠT sT( 􏼁 � 􏽚
sT

sT

ω
ηT

b
C2

(ω)dω + ΠT . (A.20)

According to. 􏽒
sT

sT
[􏽒

sT

sT
(ω/ηT)bC2(ω)dω]f(sT)dsT �

􏽒
sT

sT
[􏽒

sT

sT
f(ω)dω] (sT/ηT)bC2(sT)dsT � 􏽒

sT

sT
(1 − F(sT)/f

(sT))(sT/ηT)bC2(sT)f(sT)dsT

,en the objective function of P3 is

max
aC,bC

􏽚
sT

sT

sOe
C
O sT( 􏼁 +

s
2
Tb

C
sT( 􏼁

ηT

+ θ −
1
2

s
2
T

ηT

+ rσ2􏼠 􏼡b
C2

sT( 􏼁 −
1 − F sT( 􏼁

f sT( 􏼁

sT

ηT

b
C2

sT( 􏼁 − ΠT −
ηOe

C2
O sT( 􏼁

2
􏼨 􏼩f sT( 􏼁dsT. (A.21)
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,e optimal solution is

e
C∗
O �

sO

ηO

,

b
C∗

s
C
T􏼐 􏼑 �

1
1 + ηTrσ2/sC2

T􏼐 􏼑 + 2 1 − F s
C
T􏼐 􏼑􏼐 􏼑/sC

Tf s
C
T􏼐 􏼑􏼐 􏼑

,

(A.22)

Where, bC∗(sT ) � (1/1 + (ηTrσ2/sT ) + (2/ sT f(sT ))),
bC∗(sT) � (1/1 + (ηTrσ2/sT

2
))

When sT � sT , according to equation (16) and EΠT(sT )

� ΠT , aC∗(sT ) can be obtained as

a
C∗

sT􏼐 􏼑 � ΠT −
s
2
O

ηO

+ θ􏼠 􏼡b
C∗

sT􏼐 􏼑 −
1
2

sT

2

ηT

− rσ2⎛⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎠b
C∗2

sT􏼐 􏼑.

(A.23)

Bring bC∗(sC
T) into equation (A.20), EΠT(sT) can be

obtained as

EΠT sT( 􏼁 � 􏽚
sT

sT

ω
ηT

b
C∗2

(ω)dω + ΠT . (A.24)

Bring equation (A.24) into equation (17), aC∗(sT) can be
obtained as

a
C∗

sT( 􏼁 � ΠT −
s
2
O

ηO

+ θ􏼠 􏼡b
C∗

sT( 􏼁 −
1
2

s
2
T

ηT

− rσ2􏼠 􏼡b
C∗2

sT( 􏼁

+ 􏽚
sT

sT

ω
ηT

b
C2

(ω)dω.

(A.25)

□
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With the rapid development of urban economy, the development of urban rail transit is becoming more and more rapid. As an
energy-saving, land-saving, and environment-friendly green travel mode, the subway provides realistic and feasible solutions to
the increasingly prominent traffic environment and other urban diseases in our country and brings a booming development in the
subway construction industry with efforts to promote and build in many large cities. For a large number of subway constructions,
it is particularly important to judge the construction safety status in time during the entire safety management process. Regularly
conducting safety risk assessments on subway construction status can accurately predict and judge the types of accidents that
occur. In order to solve the current safety risk assessment problems in the process of subway construction in our country, this
paper is based on the BP neural network to intelligently identify the safety risks of subway construction, choosing from three
aspects: human factors, management factors, and risk factors. We evaluate the construction safety of subway projects under
construction through the model, predict the types of accidents that may occur, so that the construction unit can take corre-
sponding preventive and improvement measures, improve the relevant safety technology of subway construction in a targeted
manner, and propose corresponding reductions. We provide suggestions and measures for risk probability, to ensure that the
construction unit discovers the danger in time and takes safety measures. +e rectification measures provided theoretical basis
and guidance.

1. Introduction

1.1. Background and Significance. With the rapid economic
growth and rapid population growth, the scale of trans-
portation and the density of people’s travel have increased,
and urban transportation has brought new huge overload
pressure [1]. With the subway as the main mode of oper-
ation, it not only relieves the traffic and traffic congestion in
the city but also changes the role of people’s lifestyle and
travel mode [2]. +e construction of the subway has the
characteristics of concealment, complexity, and uncertainty.
Due to the rapid development of subway projects, the large
scale of construction, and the lack of sufficient technology
and management capabilities, the safe construction of
subway projects has potential high safety hazards [3]. It has
devastating effects on victims, property damage, and social
environment. +erefore, it is very urgent to determine the

dangerous factors in subway construction and formulate
appropriate countermeasures to reduce or even eliminate
possible safety accidents. +e purpose of this article is to
establish a safety assessment prediction model, through
which the safety of underground projects under construc-
tion can be evaluated and the types of possible accidents can
be predicted, so that the construction unit can take ap-
propriate preventive and remedial measures [4].

1.2. Related Work and Research. McCulloch and Pitts in-
troduced the M.P. model in their published article. Since the
birth of this model, it has pioneered the theoretical research
of neural network models [5]. Yang et al. discussed methods
and strategies for solving uncertainty problems and dis-
cussed appropriate assumptions for comprehensive uncer-
tainty analysis [6]. Based on multiple examples of
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engineering projects, Yang et al. started with system de-
velopment, controllability, and independence and created a
relatively conceptual framework based on project strategy
[7]. By comparing different types of commonly used proj-
ects, the ability to predict risk and governance is improved
[8, 9].

Ma of the United States applied risk analysis to tunnels
and underground projects in 1970 [9]. Since then, foreign
research on risk assessment methods and risk management
theories has increased, and remarkable results have been
achieved and widely used. He not only put forward the ideas
to follow but also created a tunnel cost model based on
computer simulation, the scope of which is limited to hard
rock tunnels. +e biggest innovation of this model is the
increase of uncertainty in the project budget, so it is very
suitable for actual engineering [10]. Tsai et al. have proposed
an engineering risk management model for the Amsterdam
North-South subway project, which is used to control the
risks of technically complex underground projects [11]. It
has gone through various stages of project design and
construction, including project quality, duration, and cost
[12].

Our country has held many informal seminars on neural
networks [13]. +e “First Academic Conference on Neural
Networks in China” jointly organized by eight companies
including our country’s computer companies and artificial
intelligence companies was held in Beijing. Yiming et al.
introduced the process and method of risk management
combined with subway construction and explained the
practicality and convenience of applying risk management
methods in subway construction [14]. Han et al. analyzed the
causes of domestic subway construction accidents in recent
years, emphasized the importance of risk management in
subway construction, summarized the characteristics of
subway project risk management, and put forward sug-
gestions on the content of subway risk management [15].
Longkang et al. introduced the risk index method in the risk
assessment of mechanical tunnels, and it has been widely
used in mechanical tunnels in our country [16]. Based on the
system theory, Zeng et al. used dynamic control principles to
study the theoretical framework of the subway project risk
assessment system from the perspective of dynamic system
risk assessment [17–19]. +ere are some shortcomings in the
experimental research of the abovementioned scholars, so
this paper studies the intelligent identification of safety risks
in subway construction based on the BP neural network.

1.3. Innovation. +is article introduces the BP neural net-
work algorithm in the field of underground construction
project risk analysis. It not only expands the scope of the BP
neural network algorithm but also enriches the traditional
management method system of the project management
profession, which is practical. +e theoretical significance
and practical value of the application are studied.

+is paper uses the advantages of the BP neural network
in self-learning, nonlinear self-adaptation, approximation
ability, etc. and, according to the subway engineering data
sample, realizes the prediction of subway target risk to

quickly and effectively assess the risks of subway con-
struction and provide solutions to the risks of subway
construction.

In order to reduce the dependence on personnel in the
risk identification process and realize the intelligent auto-
matic identification of construction safety risks, this paper,
based on the cloud storage and cloud sharing functions of
the building information model, deeply studies the pre-
construction safety risk identification, proposes a subway
station construction safety risk intelligent identification
model, establishes a set the safety risk identification during
the construction preparation period to the safety control
technology system for prevention and control, and provides
reference and support for realizing the safe construction of
subway stations.

+is article introduces the BP neural network algorithm
to use the powerful nonlinear problem processing capa-
bilities to provide better solutions for subway project risk
analysis and to obtain analysis results faster, especially when
there are many indicators, evaluation, and improvement+e
advantages of the BP neural network algorithm are more
obvious.

+is article introduces the importance of subway con-
struction safety and current problems in the abstract section.
In the second part of this article, the function of the BP
neural network algorithm and its application in subway
construction safety are introduced. In the third part of this
article, we simulate the BP neural network algorithm in the
subway construction. In the fourth part, the data are ana-
lyzed. Verification: the function of the BP neural network
algorithm is verified.

2. Method of Safety Risk Identification inMetro
Engineering Construction

2.1. BP Neural Network. +e BP neural network structure is
composed of an input layer, a hidden layer, and an output
layer. +e process of its learning algorithm is the forward
propagation of information and the back propagation of
errors [20]. Error back propagation refers to the difference
between the expected value and the output value. Error: the
output layer transfers it to the hidden layer according to the
error gradient descent method and then passes it from the
hidden layer to the input layer. +e error signal is trans-
mitted back along the original line through the network to
correct the connection weight of each layer of neurons,
thereby gradually approaching the goal [21]. +e global
minimum error is calculated, and it is determined whether
the error meets the requirements. If the error is lower than
the set accuracy, or if the number of training times is greater
than the set maximum number of training times, the
training ends; otherwise, the next learning sample is selected,
and the next round is returned. Calculation: the forward
propagation of information and the back propagation of
errors make the weights of each layer to continuously self-
adjust, and the entire network self-adaptively learns until the
output error is less than the error target value or the set
number of training times [22].
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+e working state of the BP neural network is mainly
divided into two kinds of learning state and working state.
+e learning state is to continuously adjust the connection
weights between neurons in each layer to make the net-
work output more in line with the real situation; its
working state means that the connection weights between
the neurons in each layer no longer changes, and the built
BP used the neural network model, input new data, and
get prediction data. +e BP neural network model es-
tablishes a nonlinear high-latitude functional relationship
between the input factor and the output factor. +is
functional relationship is the result of the model training
sample learning. Using this training result, new data are
input outside the training sample, and we can get the
correct output, that is, the prediction result, which is also
the main idea of using the BP neural network to solve the
problem in this article [23].

In a simple BP neural network structure, each neuron
takes the output of the previous layer of neurons as input,
outputs its own calculation results, and transmits it to the
next layer as its input [24, 25]. +e BP neural network can be
single layered or multilayered [13]. +e neural network has
an input layer, an output layer, and a hidden layer, as shown
in Figure 1.

+e neuron model in the BP neural network is similar to
other neurons, so the general model structure diagram can
refer to the form in the figure mentioned above. +e dif-
ference lies in the transmission mode. BP neurons usually
use nonlinear transfer functions, such as logsig and tansig
functions, both of which are sigmoid functions, and their
output values will be limited to (0, 1) [26]. +e standard BP
network structure includes four parts: input and output,
activation function, error calculation, and self-learning. +e
formula description is as follows:

(1) Input output: hidden layer node and output node
output model.

Ni � f 􏽘 Aij × Bi − zi􏼐 􏼑,

Ek � f 􏽘 Mjk × Nj − zk􏼐 􏼑,
(1)

where f is the nonlinear activation function; z is
the threshold of the neuron.

(2) Activation function: it mainly refers to the sigmoid
function.

f(x) �
1

(1 + e)
. (2)

(3) Error calculation: in order to make the difference
between the expected output of the network and the
actual output meet the external expectations, the
following function model can be used:

Ez �
1
2

× 􏽘 rsi − nsi( 􏼁
2
, (3)

where rsi is the nonlinear activation function; nsi is the
threshold of the neuron.

+e network learning process of the BP neural network
can be described by Figure 2.

In the process of system risk assessment, the BP neural
network has the following advantages:

(1) +e BP neural network adopts a parallel structure
based on the human brain and has the characteristics
of parallel processing, which can effectively over-
come the influence of subjective factors and com-
prehensively evaluate the security status and
interaction of the system. +e safety in this case is
multifunctional.

(2) Using the complementarity of the BP network
knowledge storage function and appropriate learn-
ing samples, we can realize the complete combina-
tion of historical experience and new knowledge and
dynamically evaluate the security status of the system
development process.

(3) Using the sheep tolerance characteristics of the BP
network method, it is possible to process various
nondigital indicators while selecting appropriate
functions and data structures to perform a fuzzy
assessment of the security status of the system
[27, 28].

2.2. Safety Risk and Identification of Subway Construction.
Risk is usually an abstract and relatively vague concept [29].
It includes two main factors: risk sources and risk issues. It
refers to the uncertainty of hazardous events that lead to
potential risk losses. +is uncertainty includes objective
uncertainty and subjective uncertainty [30, 31]. For objective
uncertainty, one can use mathematical statistics to calculate.
Subjective uncertainty is closely related to people’s under-
standing of the risk event itself, the environment, and
psychological state at the time, so the subjective risk per-
ception of different individuals is still uncertain. +e safety
risk of subway construction refers to the threats that may
occur during the entire process from the preparation stage of
the subway project to its completion and acceptance stage
[32].

From the perspective of risk uncertainty, the risk of a
project can be defined as “+e impact of project objectives
(quality, cost, and duration) that may occur during the entire
life cycle of the project and the possible interventions that

Input layer Output layerHidden layer

... ......

Figure 1: BP network model structure diagram.
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may occur” in production and operations. In the process,
uncertainty or the impact of events may cause damage or
loss of mechanical operations [33]. +e risk analysis and
assessment process is shown in Figure 3.

+e construction risk management of subway engi-
neering refers to that in order to achieve the expected goals
of quality, time, cost, and safety, the manager of the orga-
nization appropriately uses the basic risk management
theory, including organization, design, coordination, and
management. For control during the establishment of a deep
foundation, the risks must be fully identified, analyzed, and
evaluated, and preventive measures must be taken to reduce
the possibility of risk events or reduce the adverse effects of
the results [34]. Due to the objective existence of managerial
subjective differences, the evaluation of objective risks and
their potential impacts is unilateral. After completing the
abovementioned risk identification, the risks must be ana-
lyzed and evaluated in detail.+is is the whole process of risk
management. An important link is also the link and bridge
between risk identification and risk decision making, which
is the key to risk management [35, 36].

+e environment of the subway project and the con-
struction site is complex and closely connected, interacting
with and restricting each other. As an important part of the
urban rescue project, it has high requirements for con-
struction safety and construction quality. Due to the par-
ticularity of the subway construction site and the complexity
of construction, the interface will contain many different

aspects of the industry. +e working area of a subway tunnel
is completely different from that of buildings on the ground.
+e working space of the ground building is relatively wide,
and the vertical and horizontal directions are combined,
while the working space of the subway mechanical tunnel is
mainly horizontal, and the working space is very narrow.
+ese factors determine the longest construction period of
the subway project. Urban subway is a kind of high-cost and
high-cost underground transportation.+ere are mainly two
types of overhead and underground space.+e underground
cost is mainly of high cost.

2.3.-e Construction Safety Risk Assessment Index of Subway
Engineering. Establishing a reasonable and effective risk
assessment system can improve the accuracy of risk as-
sessment and lay a good foundation for risk assessment and
control.

On the basis of the existing subway project safety
evaluation system, the risk factors that may affect the
construction progress of the subway project are compre-
hensively analyzed, and the subway project construction
evaluation system is established. In addition, considering the
current risk factors caused by the ideas and technological
innovation of each component, the innovative ideas and
technological risks are taken as independent evaluation
indicators to establish a risk evaluation system that best
meets the requirements. In the construction of the subway,
the basic principle of the index system proposed in this paper
is verified through the analytic hierarchy process, which
provides a theoretical basis for the next development and is
more in line with the actual implementation requirements of
the project [37].

In the process of risk assessment of subway project
construction, not only should the identification and control
of risk indicators be strengthened but also reasonable risk
assessment standards should be formulated. Determining
the risk level of subway construction can help decision
makers familiarize themselves with the adverse effects of
subway incidents and promote risk prevention. According to
the literature review, this article also determines the fol-
lowing five risk levels in conjunction with the actual con-
struction of the subway project, as shown in Table 1.

Weight
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Input samples,
calculate multilayer

output

Calculate the
weight of the output
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Figure 2: BP neural network flow chart.
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Establishing a project risk assessment system is an
important task. +e quality, rationality, and completeness
of the company directly affect the results of the risk as-
sessment. +erefore, it is very important to establish a
logical, scientific, practical, and objective engineering risk
assessment system. +e special complexity of the subway
itself, coupled with the various natural and man-made
environments in which it is located, makes it even more
complicated. It can be said that the risk of a subway
project is a complete system, so the establishment of a risk
assessment index system must also comply with this
systematic principle. When selecting indicators, the fac-
tors affecting mechanical hazards should be considered as
comprehensively as possible, and evaluation indicators
should be considered in a stable process. Evaluation in-
dicators must be considered systematically. In order to
build an organic whole, various dynamic and static in-
dicators should be combined for qualitative and quanti-
tative analysis. Only in this way can the final assessment
result more fully reflect the risks of the subway project
[38].

3. Safety Risk Identification Experiment of
Subway Construction

+is article discusses the issue of subway construction safety
assessment. It is easy to know that each influencing factor,
namely, the safety factor index, has a different degree of
influence on the safety level of the assessed item. At the same
time, the construction of groundwater works in each region
follows the surrounding rocks, hydrogeological sites,
monasteries, political zones, and much more. In addition,
expectations for the safety of an underground project should
also be different.

3.1. Test Subject. +is paper selects 15 existing subway
projects as samples for research and determines the se-
lection of subway projects based on the BP neural network
construction method. +erefore, this paper selects 15
groups of cities under construction in A, B, C, D, and E
cities. For the subway project, the study continued to
invite 8 professionals in the industry who participated in
the risk factor identification questionnaire to analyze and
identify 12 risk evaluation index systems established for
10 projects.

3.2. Test Design. Safety management of the subway con-
struction organization: the construction party involved in
this article is the construction unit. +e safety management

of the subway construction organization refers to the
organization safety management of the construction
unit. Organizational safety management is mainly re-
alized through the construction unit’s institutional
functions, guarantee measures, and system constraints
[39]. Organizational safety management restricts and
guides human behavior from the management level,
reduces the probability of unsafe behaviors, and stan-
dardizes construction behavior. +erefore, when evalu-
ating indicators, the safety management indicators of
subway construction organization are divided into
construction site safety management, three evaluation
items of safety production system, and safety manage-
ment organization.

+e idea of calculating the weight in this section is the
number of evaluation index levels is 3 levels, first calculating
the weight value of the standard level at the target level, then
calculating the weight value of the index level in the cor-
responding standard, and finally, calculating the value of the
single-layer weight combination. To obtain the total weight,
we take the total weight of the index level index as the target
level.

(1) We inquire and collect knowledge about safety risks
in the construction specifications of subway projects
published in our country and scientific papers and
documents at home and abroad

(2) We transform risk knowledge into computer
expressions

(3) Based on cloud information technology of building
information technology, we complete the con-
struction of a knowledge base of hidden dangers in
subway construction and accumulate and share the
knowledge base

(4) Based on the established knowledge base on the
safety of subway structure, we intelligently extract
the technical data of the BIM subway model and
read the technical parameters of the various rules
related to the various dangers of the subway
station

(5) use the credibility combination analysis method to
formulate intelligent identification rules

+e criterion layer calculates the weight of the target
layer. +e criterion layer is four indicators of organiza-
tional safety management, technical safety management,
environmental safety management, and personnel safety
management, which are represented by T1 T2 T3 T4 in turn
and assigned values according to the importance of the
target layer. +rough pairwise comparison, the judgment

Table 1: Risk levels of subway construction.

Risk level Interval range Meaning
Level 1 (0, 0.2] Acceptable and strive to control the risk within this level
Level 2 (0.2, 0.4] Acceptable, it is allowed to occur within certain conditions without escalating the risk level
Level 1 (0.4, 0.6] Do not want to happen; compare the adverse effects of risks and the cost of measures taken
Level 4 (0.6, 0.8] Unacceptable; immediately formulate risk response measures
Level 5 (0.8, 1] Completely unacceptable; eliminate or avoid risks
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matrix Z of the target layer and the criterion layer is
established:

Z �

1
1
3

3 2

3 1 4 2

1
3

1
4

1
1
3

1
2

1
2

3 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
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. (4)

+e consistency test is performed through the relevant
formula. If the consistency ratio is less than the specified
0.10, it indicates that the consistency of the crisis matrix is
good and the weight distribution of each indicator meets the
requirements. Otherwise, it indicates that the distribution of
the matrix is unreasonable, the degree of dispersion is large,
and the crisis is not accurate. At this time, the weight of the
rating index should be modified and then recalculated:

AM �
(αmax−q)

(q − 1)
�

(3.112 − 3)

(3 − 1)
� 0.056,

AN �
(A × M)

(N × M)
�
0.056
0.9

� 0.059< 0.1.

(5)

3.3. Experimental Results. According to the identification
results of safety hazards, potential hazards include instability
of the foundation pit steel structure, instability of the
foundation pit supporting structure, flowing soil and
punches under the foundation pit, harmful geological
conditions, and leakage and cracks. +e construction team
took many effective measures. Obviously, the construction
of subway projects in each region depends on the sur-
rounding rock structure soil, geological and hydrogeological
conditions, management agencies, and local policy envi-
ronment in different regions. +e site was arranged in ad-
vance, and the entire construction work of the subway with
emergency teams and various emergency equipment was safe
and smooth, and good implementation results were achieved.
Based on this BIM model of subway construction, the results
of intelligent hazard identification using the reliability
combination analysis method are given as shown in Table 2.

4. Related Analysis of Safety Risks in
Subway Construction

4.1. Questionnaire for Risk Assessment of Metro Engineering
Construction. We pay attention to the intersection of the
two types of samples during network training because the
central input of the same type of samples will cause the
network to only determine themapping relationship suitable
for this type of sample during the training and determi-
nation process. When other types of samples are concen-
trated, the network weight value adjustment will move to the
new mapping relationship, and the previous training results
will be cancelled. In this article, according to the

Matlab2012a Neural Network Toolkit, it is called the BP
Neural Network. +rough the construction sample data of
15 subway projects in specific locations, including con-
struction cost, pile quality, slope instability, long inspection
cycle, house deformation, pipeline, and fast sand, all aspects
of the data have been integrated and organized, and finally,
the sample training data that have been researched and
analyzed are introduced into the BP training program. +e
value-added evaluation and change risk curve of the me-
chanical deep base mirror are shown in Figure 4.

4.2. Types of Accidents in Subway Construction. Most con-
struction accidents are not isolated, but a variety of accidents
occur together, or the occurrence of other accidents due to
one type of accident will eventually cause casualties to the
masses and adversely affect social life. Due to limited data
collection, reliable information is mainly obtained through
media reports and related materials. For accidents that have
no social impact but frequently occur (such as falling from a
height), the device will have a certain degree of concealment,
and the outside world will not be able to obtain related types
of accidents. In terms of accident statistics, there were 12
collapse accidents, with the largest number of accidents,
followed by collapses, pipeline damage, and mechanical
accidents.+ese three accidents are also more common, with
6 cases, 6 cases, and 5 cases respectively. In the past four
years, there have been frequent shootings and fires.+emost
common subway construction accidents are collapses,
pipeline damage, and mechanical accidents. It seems that we
should not only focus on the types of accidents that cause
deaths and injuries but also ignore the types of accidents
without casualties. +is is incorrect because the mechanism
of construction accidents is the same, but the consequences
are different. +rough incomplete statistics of China’s
subway construction accidents in the past five years, the
results are shown in Figure 5.

4.3.Characteristics of EnvironmentalRiskFactors. Due to the
uncertainty of system behavior during normal subway
construction, mechanical accidents may be caused, which is
not conducive to subway construction. Underground en-
gineering is a large-scale urban construction project. +e
construction process is very complicated and involves many
risk factors. Geological hazards, environmental hazards,
construction hazards, etc. are caused by the upcoming
subway construction. Most subway lines pass through
complex areas, such as the old city and shopping areas.+ere
are many types of buildings along the line, such as houses,
viaduct foundations, underground passages, and under-
ground passages. +e surrounding environment along the
line is more complicated. According to the evaluation model
and risk level standards, and when determining the weights,
relevant experts and experienced technicians are first re-
quired to evaluate to determine the probability of occurrence
of all risk factors and the extent of potential risks at the factor
level. +e estimated values are shown in Table 3.

As shown in Table 3, the risk assessment of subway
construction projects can be divided into 5 levels. When the
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Table 2: Risk intelligent identification results.

Security risk classification Rule coding Risk description Credibility

Construction technology risk factors
R1-2 Quicksand 0.7
R1-27 Unstable steel structure of foundation pit 0.49
R1-16 Unstable foundation pit retaining structure 0.19

Project characteristics risk factors — — —
Geological and hydrological risk factors R3-02 Harmful geological conditions 0.33
Risk factors of construction environment R4-14 Leaks and cracks in underground pipelines 0.28
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Figure 4: Risk assessment value of subway construction.
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Figure 5: Statistics of accident types in subway construction.

Table 3: Classification criteria for risk level S.

Grade Valuation S Meaning description
Level 1 0.8–1.0 +e highest level of risk, which may cause devastating disasters and heavy casualties
Level 2 0.6–0.8 +e level of risk is very high, causing widespread damage or casualties
Level 3 0.4–0.6 +e risk level is relatively high, which may cause damage within a certain range
Level 4 0.2–0.4 +e risk level is low, and appropriate preventive measures can be taken
Level 5 0–0.2 +e lowest level of risk, almost no risk
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valuation is 0.8–1.0, the subway construction risk is the
highest, and when the valuation is 0–0.2, the subway con-
struction risk is the lowest.

4.4. Statistics of Our Country’s Subway Construction Acci-
dents in Recent Years. At present, the conduct of our
country’s subway is at its peak. Since the design of the
subway, there have always been multiple risk factors. +e
construction of the subway is scattered and involves many
builders. If an accident occurs, it may cause serious personal
and property damage. During the subway construction
process, the complexity of rocks and ground and the un-
predictable state of unknown objects, the complexity of the
construction process and construction equipment, the
concealment of the project, the length of the construction
period, and the uncertainty of the construction process risk
have all increased. +e total number of subway construction
accidents is also increasing year by year. +erefore, the
establishment of a subway construction risk assessment
system can clarify the sources of danger in the subway
construction process and reduce the occurrence of subway
accidents. Figure 6 shows the statistical results of China’s
subway construction accidents from 2004 to 2019.

According to the data in Figure 6, it can be seen that, in
2004, the number of accidents was 20, with the lowest
mortality rate. In 2010, the number of accidents was 33 with
the highest mortality rate. In 2007, the number of accidents
was the lowest with 18.

4.5.PercentageofAccidents inEachMonth. According to the
statistical results of domestic and foreign subway con-
struction accidents and related research results, the
subway construction process mainly includes safety ac-
cidents such as collapse, object hit, fall from height, lifting
injury, and mechanical accident. In these 16 years, we can
see the highest number of subway construction accidents
occurred in March and May, July-August, and November;
February was the lowest, and the number of adjacent
months has changed greatly. From July to August, the

weather in our country is the hottest, the daytime is long,
and the outdoor working environment is bad, which has
become the peak of accidents. +e accidents in November
were mainly concentrated in cities in the middle and lower
reaches of the Yangtze River. Due to weather changes, the
number of rainy days exceeds 20 days, and the total
number of accidents and casualties is also the highest. +e
Guangdong subway accidents in March mainly occurred
in Guangzhou and Shenzhen, accounting for 40% of the
country. +e weather in Guangdong gradually warmed up
in March, and the rain began to increase. +ere were many
rivers in Guangzhou and Shenzhen, and the ground was
loose, which also increased the safety risks of subway
construction, as shown in Figure 7.

5. Conclusions

Safety assessment and prediction research during the sub-
way construction stage can identify major risks in advance
based on the analysis results, improve the management, and
control capabilities and early warning capabilities of subway
construction, thereby improving the safety level of the
construction site and reducing accidents during the con-
struction of the subway in our country. Avoiding or re-
ducing losses and financial losses as much as possible to
provide safety guarantees for the promotion of China’s
urban rail transit construction is of great theoretical sig-
nificance for the comprehensive subway safety assessment in
the future.
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Figure 6: Statistics of our country’s subway construction accidents
from 2014 to 2019.
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On the basis of summarizing the existing research results
and combining the construction characteristics of subway
projects, this study constructed a set of index systems
consistent with the risk analysis of subway construction
progress and introduced the improved BP neural network
algorithm into the risk preassessment. It has theoretical
research significance and practical application value, takes
the risk of conceptual technological innovation as an in-
dependent evaluation index, and has established a set of
progress evaluation index systems that is more in line with
the characteristics of current construction projects. +is will
help subway construction projects to more completely and
accurately identify the risk factors that may occur during the
construction process and to preconfigure countermeasures
to reduce the possibility of efficiency hazards and their
impact.

+e improved BP neural network algorithm analyzes the
risks in the construction of subway projects, and the fea-
sibility of the intelligent risk identification model is analyzed
and demonstrated. +is model is actually applied to subway
stations, and appropriate risk prevention and control
measures are taken according to the identification results,
which effectively reduces the occurrence of construction
safety risk accidents and safely realizes the goal of safe
construction of subway stations.

Data Availability

+e data that support the findings of this study are available
from the corresponding author upon reasonable request.
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)is paper applies mechanism design to the supply chain enterprise’s pollution abatement problem with carbon tax. To maximize
the government’s expected utility, an uncertain contract model is presented in the framework of principal-agent theory, where the
government’s assessment of the supply chain enterprise’s carbon emission level is described as an uncertain variable. Afterwards,
the equivalent model is provided to obtain the optimal contract for the uncertain pollution abatement problem. )e results
demonstrate that the supply chain enterprise’s optimal output decreases with the carbon emission level. Furthermore, the
government’s optimal transfer payment decreases with the carbon emission level if the carbon tax is low. In contrast, if the carbon
tax is high, the optimal transfer payment increases with the carbon emission level. In addition, an increase in the carbon emission
level decreases the optimal utilities of both the government and the supply chain enterprise and also leads to the supply chain
enterprise’s incremental marginal utility. Finally, we provide a numerical example, which illustrates the effectiveness and
practicability of the proposed model.

1. Introduction

)e implementation of an environmental governance policy
on government agendas around the world has stirred a
renewed interest in the optimal mechanism design of pol-
lution abatement. Environmental pollution is caused by the
excessive discharge of various industrial pollutants, such as
carbon emissions, leading to climate change, air pollution,
and water pollution. According to the Global Carbon Budget
2020, the Global Carbon Project’s researchers estimate that
global carbon emissions in 2019 will increase by 2% (+0.8%
to +3.0%) after three years of almost no growth, reaching a
new high of 9.9 ± 0.5 GtC. From the report of Climate News
Network 2020, almost one-fifth of all the world’s carbon
emissions come from the supply chain enterprises.
According to a McKinsey report on consumer packaged
goods (CPG) supply chain enterprises, more than 80% of the
overall emissions come from getting a product from the
source to the consumer as part of the supply chain. Miti-
gating environmental pollution will require the government

to adopt substantial abatement mechanisms of industrial
pollutants or carbon emissions that can be implemented
most cost-effectively by the carbon tax policy [1]. )e
government’s choice of appropriate pollution abatement
mechanisms is essential for minimizing the environmental
pollution and stimulating the supply chain enterprises to
increase productivity, which will further promote economic
growth [2]. )is paper presents an optimal incentive con-
tract design for an uncertain pollution abatement problem
with carbon tax.

)e government, as an environmental regulator, usually
lacks perfect information on supply chain enterprises’ de-
mand for pollution. Because of the influence of such
asymmetric information, supply chain enterprises have in-
centives to misreport their pollution demand if the pollution
abatement mechanism is based on such reports. )erefore,
many authors (e.g., Kim and Chang [3], Duggan and Roberts
[4], and Montero [5]) have designed incentive mechanisms
that can induce regulated supply chain enterprises to
truthfully reveal their demand. For example, these studies
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present mechanisms whereby the regulator provides the
supply chain enterprise a menu of contracts; faced with this
menu, the supply chain enterprise’s dominant strategy is to
truthfully report its private information. By applying
principal-agent theory, the relationship between the econ-
omy and the environment is discussed under asymmetric
carbon emission information. However, few studies in the
existing literature investigate how the incentive contract is
designed in the uncertain pollution abatement problem
when carbon tax is considered.

As a representative approach to mitigating environmental
pollution, carbon tax discourages the use of fossil fuels by
making carbon emissions more costly [6]. Moreover, this
policy also facilitates reductions in carbon emissions via fuel
choices or technological innovations. In 1990, a carbon tax
policy was first introduced in Finland and was subsequently
extended to several other countries. For instance, Japan in-
troduced a carbon tax policy in 2012. )e use of carbon taxes
has shown broadly positive effects in reducing carbon
emissions while generating slightly negative impacts on
economic growth. In China, an environmental protection tax
law was implemented on 1 January 2018. )e carbon tax
policy has received increasing attention since the launch of the
national carbon trading market. Nevertheless, there are few
theoretical studies of the impact of carbon emissions and taxes
on the optimal incentive contract design.

To study this problem, we construct an optimal contract
model in which the government is regarded as the principal
and the supply chain enterprise is regarded as the agent. To
this end, an uncertain contract model is presented to
maximize the expected utility of the government, in which
the government’s assessment of the supply chain enterprise’s
carbon emission level is subjective and is described as an
uncertain variable. )en, we provide the crisp equivalent
model and obtain the optimal solution of this problem. If the
government has historical data on the supply chain enter-
prise’s carbon emissions, then the uncertain information
about carbon emission level may be rationally described as a
random variable. A model can be built to maximize the
government expected net profit, and its equivalent deter-
ministic model can be also obtained naturally by applying
the probability measure. Meanwhile, the optimal solution of
the contract model under stochastic environment can be also
obtained. However, in most practical scenarios, historical
data are unavailable. )e supply chain enterprise’s carbon
emission level is often difficult to measure directly. In fact,
for a supply chain enterprise without historical data on the
carbon emission level, the government can ask domain
experts to subjectively evaluate the degree of belief about the
supply chain enterprise’s carbon emissions. Subsequently,
the uncertainty distribution of carbon emissions could be
estimated by using uncertainty theory.

)e main findings of our paper are as follows. First, if a
supply chain enterprise’s carbon emission level increases,
then the supply chain enterprise is less willing to produce
output; that is, the optimal output of the enterprise decreases
with the carbon emission level. Second, the government’s
optimal transfer payment decreases with the carbon emis-
sion level if the carbon tax is below a certain threshold. In

contrast, if the carbon tax is above this threshold, the
government’s optimal transfer payment to the supply chain
enterprise increases with the carbon emission level. Finally,
the optimal utilities of both the government and the en-
terprise decrease with the carbon emission level.

)e remainder of this study is organized as follows.
Section 2 reviews the related literature. We present an
uncertain contract model in Section 3. Section 4 derives an
equivalent model for uncertain pollution abatement prob-
lem. Moreover, we obtain the optimal contract for the
equivalent model in Section 5. In Section 6, we provide a
numerical example to illustrate the effectiveness and prac-
ticability of the proposed model. Finally, Section 7 sum-
marizes the main conclusions of this study.

2. Literature Review

)is study is mainly related to three streams of literature.)e
first stream concentrates on the economics of the pollution
abatement problem. )e second stream explores principal-
agent problems associated with pollution abatement. )e
last research stream addresses the application of uncertainty
theory to principal-agent problems.

In the first stream of literature on the economics of the
pollution abatement problem, the effect of government
policy on the economics of pollution abatement has been
investigated by many researchers [7, 8]. Laffont and Tirole
[9] study how spot and futures markets for tradeable pol-
lution permits affect the polluters’ compliance decisions.)e
conclusions can be applied to a variety of situations, such as
public transportation, demand-side management, bypass in
telecommunications, or forward sales by a private mo-
nopolist. Moreover, the researchers discuss the negative
impact of plain pollution allowance markets on the envi-
ronmental pollution innovation. Lothe and Myrtveit [10]
establish a formal model to interpret the issues that arise in
the multitask environmental problem of implementing an
optimal strategy. In recent years, research and practice in the
area of carbon tax policy have continued to grow. For in-
stance, Martin et al. [2] examine the effects of carbon tax on
manufacturing plants by using the panel data from the UK
production census. Liu et al. [6] summarize an analysis of
choice preferences to design the carbon tax policy from the
viewpoint of Chinese businesses. Fahimnia et al. [11] es-
tablish a supply chain optimization model that combines
carbon emissions and economic objectives under the scheme
of carbon tax policy. In addition, Klenert and Mattauch [12]
study the distributional effects of carbon tax reform while
considering that households must consume carbon-
intensive goods in the market. In contrast to these papers,
we consider the optimal mechanism design in the pol-
lution abatement problem with carbon tax and analyze
how carbon tax affects the optimal contract.

)is paper also examines numerous studies of principal-
agent problems associated with pollution abatement [13]. Helm
andWirl [14] discuss contracting of a principal with an agent if
multilateral externalities are present; the example is that of an
international climate agreement given private information
about the willingness to pay for emissions abatement. By
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studying a hierarchical model of environmental regulation and
enforcement, Arguedas and Rousseau [15] investigate the na-
tional regulator and the monitoring decision made by a local
enforcement agency. In addition, Shrestha [16] designs an
incentivemechanism in which the regulator provides amenu of
linear price-quantity contracts to each firm. Lika et al. [17] study
incentive water pricing schemes under asymmetric information
by using a principal-agentmodel. By applying the agency theory
and drawing on the organizational culture, Dubey et al. [18]
study a theoretical model of reconfigurable manufacturing
systems to integrate the topmanagement’s beliefs, participation,
and environmental performance. However, our work differs
from the studies cited above in three aspects. First, the carbon
emission level is the private information of the supply chain
enterprise. Second, we consider a carbon tax that the supply
chain enterprise pays to the government in the pollution
abatement problem. )ird, we assume that the government’s
subjective assessment of the supply chain enterprise’s carbon
emission level is described as an uncertain variable.

)e last stream of literature examines the application of
uncertainty theory to principal-agent problems. )e existing
literature characterizes the uncertain information in princi-
pal-agent problems as a random variable or a fuzzy variable
[19, 20]. However, due to the influence of subjective factors
and the lack of historical data, characterizing the information
uncertainty as randomness is not entirely reasonable.
)erefore, uncertainty theory, an axiomatic approach based
on the subjective information, has been proposed, including
an uncertain variable, uncertainty distribution, and expected
value [21]. Since then, uncertainty theory has attracted
considerable attention among researchers in related fields as
an important mathematical approach to dealing with infor-
mation uncertainty. Many researchers apply uncertainty
theory to principal-agent problems [22]. For instance, Mu
et al. [23] study a principal-agent problem between one
enterprise and one rural migrant worker and then establish an
uncertain contract model. Zhou et al. [24] establish an un-
certain model of principal-agent problem under loss aversion
and inequity aversion and analyze how loss aversion and
inequity aversion affect the wage structure in optimal contract
design. By studying an uncertain principal-agentmodel, Zhou
et al. [25] investigate the effect of referral services on the
optimal contract with CPC or CPS payments. In addition, the
application of uncertainty theory in supply chain manage-
ment has been extensively researched in the literature [26, 27].
Similar to the above literature, our work depicts the gov-
ernment’s subjective assessment of the supply chain enter-
prise’s carbon emission level by an uncertain variable.

3. Uncertain Pollution Abatement Model

Consider an uncertain pollution abatement problem with
two participants: the government (she) and the supply chain
enterprise (he). )e government is the principal, and the
supply chain enterprise is the agent. To induce the supply
chain enterprise to truthfully reveal the carbon emission
level, the government should design a mechanism to opti-
mize the trade-off between the economic development and
environmental protection.

)e carbon emission level is the private information of the
supply chain enterprise, and the government cannot observe it
exactly. )e government’s subjective assessment of the supply
chain enterprise’s carbon emission level can be characterized as
an uncertain variable ξ in the range of [a, b], where
0≤ a< b< +∞. )e uncertain variable ξ has the uncertainty
distribution function Φ(x); it is assumed that ϕ(x) is the
derivative of Φ(x), where Φ(x) and ϕ(x) satisfy
(Φ(x)/ϕ(x))/dx ≥ 0,∀x ∈ [a, b]. Let q(x) be the output of the
supply chain enterprise, where x denotes the carbon emissions
he realizes in the production process.)e degree of pollution of
the environment is p(x), which can be practically measured by
air quality, water quality, and biological pollution. C(q(x), x)

denotes the supply chain enterprise’s production cost at a given
level of carbon emissions. Moreover, the transfer payment the
government makes to the supply chain enterprise is denoted by
t(x), and G(q(x)) represents the revenue the government
obtains if the supply chain enterprise’s output is q(x). In ad-
dition, βx is the corresponding carbon tax the supply chain
enterprise pays to the government, where β represents the tax
rate of the carbon emissions quota.)is assumption implies that
an increase in carbon emissions increases the carbon tax if the
tax rate is unchanged. )us, the contract that the government
designed can be characterized by a mechanism (q(·), t(·)).

In the pollution abatement problem, an uncertain
contract model is presented to maximize the expected utility
of government. )e government could induce the supply
chain enterprise to truthfully reveal carbon emission level by
the optimal incentive contract. To be more specific, several
assumptions are listed as follows.

(3.1) For the supply chain enterprise’s production cost
function C(q, x), we assume that

zC(q, x)

zq
> 0,

zC(q, x)

zx
> 0.

(1)

)at is, when the carbon emission the supply chain
enterprise realizes is constant, the supply chain
enterprise’s production cost increases as the output
q increases; and when the output is constant, the
supply chain enterprise’s production cost increases
as the realized carbon emission level increases. In
addition, the cost function also satisfies the fol-
lowing conditions:

z
2
C(q, x)

zq
2 > 0,

z
2
C(q, x)

zq zx
> 0,

z
3
C(q, x)

zq zx
2 ≥ 0,

z
3
C(q, x)

zq
2
zx
≥ 0.

(2)
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Referring to some literature [8, 13, 16], we also
assume that an increase in the supply chain en-
terprise’s output and carbon emission level will
increase the production cost. )is assumption
means that the supply chain enterprise’s output is
positively correlated with the production cost due
to the law of diminishing marginal profit. More-
over, the enterprise with higher carbon emission
level may have a higher production quantity and
lower green production technology. An efficient
production output and advanced green production
technology can help the supply chain enterprise
reduce production costs.

(3.2) )e degree of pollution p(x) to the environment is
increasing in the realized carbon emission level x;
that is,

dp(x)

dx
> 0, 0<p(x)<p0,∀x ∈ [a, b], (3)

where p0 is constant, implying the highest degree
of environmental pollution. Clearly, this means
that there is an upper bound on the degree of
environmental pollution.

(3.3) )e transfer payment t(x) of the government and
the output q(x) of the supply chain enterprise are
almost everywhere continuously differentiable, and

0≤ t(x)≤T, ∀x ∈ [a, b]. (4)

(3.4) )e government’s revenue function G(q) is an
increasing and concave function with the output q;
that is,

dG(q)

dq
> 0,

d2G(q)

dq
2 ≤ 0,

G(0) � 0.

(5)

(3.5) For each contract (q(x), t(x)), we assume that

dG(q)

dq
−

zC(q, x)

zq
≥ 0, ∀x ∈ [a, b]. (6)

)e government’s utility function can be repre-
sented by

V(q(x), t(x), x) � λ(G(q(x)) − t(x) + βx)

+(1 − λ) p0 − p(x)( 􏼁,
(7)

where λ ∈ (0, 1) represents the government’s
preferences for environment. If λ is close to 0, the
government is only concerned with the environ-
ment. If λ is close to 1, the government behaves as a
pure expected utility-maximizing entity concerned
only with the economy. On the right-hand side of
equation (7), the first term represents the sum of
the revenue and net carbon tax of the transfer
payment. )e second term also implies the change
value of the initial state and the pollution state of
the environment. )e expected utility of the gov-
ernment can be obtained as follows:

E[V(q(ξ), t(ξ), ξ)] � E λ(G(q(ξ)) − t(ξ) + βξ)􏼂

+(1 − λ) p0 − p(ξ)( 􏼁􏼃.
(8)

Since the government cannot exactly assess the
carbon emission level of the supply chain enter-
prise, the carbon emission level cannot be ob-
served. To motivate the supply chain enterprise to
truthfully reveal their private information, the
incentive-compatible constraint of the supply
chain enterprise should be written as follows:

t(x) − βx − C(q(x), x)≥ t(y) − βy − C(q(y), x), ∀x, y ∈ [a, b].

(9)

In addition, the supply chain enterprise has two
choices: one is to accept the contract that the
government designed; alternatively, the supply
chain enterprise can reject the contract. Only if the
difference between the transfer payment and the
carbon tax is larger than the production cost is it
rational for the enterprise to participate in pro-
duction; that is,

U(q(x), t(x), x) � t(x) − βx − C(q(x), x)≥ 0, ∀x ∈ [a, b],

(10)

which represents the participation constraint of the
uncertain contract model.
)e uncertain contract model of pollution abate-
ment problem can be written as follows:

max
q(·),t(·){ }

E[V(q(ξ), t(ξ), ξ)]

s.t.
t(x) − βx − C(q(x), x)≥ t(y) − βy − C(q(y), x), ∀x, y ∈ [a, b],

t(x) − βx − C(q(x), x)≥ 0, ∀x ∈ [a, b].

(11)
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4. EquivalentModel for theUncertain Pollution
Abatement Problem

In this section, the equivalent form of the uncertain pol-
lution abatement model is considered to obtain the optimal
solution of the model (11). We first consider the incentive
compatibility constraint (9) and then derive the following
proposition.

Proposition 1. For any x ∈ [a, b], the incentive compati-
bility constraint (9) is equivalent to

dt(x)

dx
� β +

zC(q, x)

zq
·
dq(x)

dx
,

dq(x)

dx
< 0.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(12)

Proof. Let R(x, y) � t(y) − βy − C(q(y), x), which repre-
sents the utility of the supply chain enterprise obtains with
the carbon emission level x but choosing the mechanism
(q(·), t(·)), where x≠y. )erefore, the incentive compati-
bility constraint (9) is rewritten as

R(x, x)≥R(x, y), ∀x, y ∈ [a, b]. (13)

For any x ∈ [a, b], from the first-order condition

zR(x, y)

zy
|y�x � 0, (14)

we obtain that

dt(x)

dx
� β +

zC(q(x), x)

zq
·
dq(x)

dx
, ∀x ∈ [a, b]. (15)

Moreover, the second-order condition should also be
satisfied; that is,

z2R(x, y)

zy2 |y�x < 0, (16)

Furthermore, we derive

d2t(x)

dx
2 −

z
2
C(q(x), x)

zq
2 ·

dq(x)

dx
􏼠 􏼡

2

−
zC(q(x), x)

zq
·
d2q(x)

dx
2 < 0.

(17)

By differentiating equation (15) with respect to x, we
obtain that

d2t(x)

dx
2 �

z
2
C(q(x), x)

zq
2

dq(x)

dx
􏼠 􏼡

2

+
z
2
C(q(x), x)

zq zx

dq(x)

dx

+
zC(q(x), x)

zq

d2q(x)

dx
2 .

(18)

Substituting equation (18) into (17) yields that

z
2
C(q(x), x)

zq zx

dq(x)

dx
< 0, ∀x ∈ [a, b]. (19)

Since we have (z2C(q, x)/zq zx)> 0 by assumption (3.1),
it follows that (dq(x)/dx) < 0. In addition, equation (15) can
be rewritten as

dt(x)

dx
� β +

zC(q, x)

zq
·
dq(x)

dx
. (20)

In addition, when y>x,

t(y) − βy − (t(x) − βx) � 􏽚
y

x

zC(q(τ), τ)

zq

dq(τ)

dτ
dτ

≤ 􏽚
y

x

zC(q(τ), x)

zq

dq(τ)

dτ
dτ

� C(q(y), x) − C(q(x), x),

(21)

from (z2C(q, x)/zq zx)> 0 and (dq(x)/dx) < 0.
When y<x, inequality (21) also holds. )erefore, the

inequality t(x) − βx − C(q(x), x)≥ t(y) − βy − C(q(y), x)

holds for any x, y ∈ [a, b].
Proposition 1 implies that as the carbon emission level x

increases, the regulated polluting supply chain enterprise
lowers his output q(x). )is observation implies that the
optimal output of the regulated polluting supply chain
enterprise will decrease with the increase in the carbon
emission level.

Next, we discuss the participation constraint (10) and
derive the following proposition. □

Proposition 2. 3e participation constraint (10) is equiva-
lent to

U(q(b), t(b), b) � 0. (22)

Proof. Differentiating equation (10) with respect to x yields
dU(q(x), t(x), x)

dx
�
dt(x)

dx
− β −

zC(q(x), x)

zq
·
dq(x)

dx
−

zC(q(x), x)

zx
.

(23)

From equation (15) and assumption (3.1), we obtain

dU(q(x), t(x), x)

dx
� −

zC(q(x), x)

zx
< 0, (24)

which shows that the supply chain enterprise’s utility
function is decreasing in the carbon emission level; that is,
for any x ∈ [a, b], there exists

U(q(x), t(x), x)>U(q(b), t(b), b)≥ 0. (25)

)erefore, provided that U(q(b), t(b), b) � 0, the par-
ticipation constraint can be satisfied.

Finally, we further investigate the objective function of
the government and obtain the equivalent form as
follows. □
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Proposition 3. 3e objective function of the government can
be rewritten as

E[V(q(ξ), t(ξ), ξ)]

� 􏽚
b

a
λ(G(q(x)) − t(x) + βx) +(1 − λ) p0 − p(x)( 􏼁􏼂 􏼃ϕ(x)dx.

(26)

Proof. Differentiating V(q(ξ), t(ξ), ξ) with respect to x

yields

dV(q(x), t(x), x)

dx
� λ

dG(q(x))

dq
·
dq(x)

dx
−
dt(x)

dx
+ β􏼢 􏼣 − (1 − λ)

dp(x)

dx

� λ
dG(q(x))

dq
−

C

zq
􏼢 􏼣 ·

dq(x)

dx
− (1 − λ)

dp(x)

dx
.

(27)

By assumptions (3.2) and (3.5) and Proposition 1, we
obtain

dG(q(x))

dq
−

zC(q(x), x)

zq
≥ 0,

dp(x)

dx
> 0,

dq(x)

dx
< 0,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(28)

that is, (dV(q(x), t(x), x)/dx)< 0. It implies that the gov-
ernment’s utility function decreases with the carbon emis-
sion level x.

With reference to Liu and Ha [28], the government’s
expected utility function is presented as

E[V(q(ξ), t(ξ), ξ)]

� 􏽚
b

a
λ(G(q(x)) − t(x) + βx) +(1 − λ) p0 − p(x)( 􏼁􏼂 􏼃ϕ(x)dx.

(29)

According to Propositions 1–3, it is clear to prove that
model (11) is equivalent to

max
q(·),t(·){ }

􏽚
b

a
λ(G(q(x)) − t(x) + βx) +(1 − λ) p0 − p(x)( 􏼁􏼂 􏼃ϕ(x)dx

s.t.

dt(x)

dx
� β +

zC(q, x)

zq
·
dq(x)

dx
, ∀x ∈ [a, b],

dq(x)

dx
< 0, ∀x ∈ [a, b],

t(b) − βb − C(q(b), b) � 0.

(30)

□
5. Optimal Solution of the Equivalent Model

)is section obtains the optimal solution of the equivalent
contract model.)e following theorem states the main result
that there exists an optimal contract of the equivalent model
of the uncertain pollution abatement problem.

Theorem 1. If (q∗(x), t∗(x)) is the optimal contract of
model (30), then we have

dG q
∗
(x)( 􏼁

dq
−

zC q
∗
(x), x( 􏼁

zq
−

z
2
C q
∗
(x), x( 􏼁

zx zq
·
Φ(x)

ϕ(x)
� 0,

(31)

t
∗
(x) � βx + C q

∗
(x), x( 􏼁 + 􏽚

b

x

zC q
∗
(τ), τ( 􏼁

zτ
dτ. (32)

Proof. From U(q(b), t(b), b) � 0 and equation (24), we
derive that
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U(q(x), t(x), x) � 􏽚
b

x

zC(q(τ), τ)

zτ
dτ. (33)

Furthermore, by equation (10), we have

t(x) − βx � C(q(x), x) + 􏽚
b

x

zC(q(τ), τ)

zτ
dτ. (34)

Let S � 􏽒
b

a
(G(q(x)) − t(x) + βx)ϕ(x)dx, and then it

follows from equation (34) that

S � 􏽚
b

a
G(q(x)) − C(q(x), x) − 􏽚

b

x

zC(q(τ), τ)

zτ
dτ􏼠 􏼡ϕ(x)dx.

(35)

Define Y � 􏽒
b

a
􏽒

b

x
(zC(q(τ), τ)/zτ)dτϕ(x)dx, and then

S � 􏽚
b

a
(G(q(x)) − C(q(x), x))ϕ(x)dx − Y. (36)

Since

Y � 􏽚
b

a
􏽚

b

x

zC(q(τ), τ)

zτ
dτ􏼠 􏼡ϕ(x)dx

� 􏽚
b

a
􏽚

b

x

zC(q(τ), τ)

zτ
dτ􏼠 􏼡dΦ(x)

� 􏽚
b

a
Φ(x)

zC(q(x), x)

zx
dx − Φ(a) 􏽚

b

a

zC(q(τ), τ)

zτ
dτ

� 􏽚
b

a
Φ(x)

zC(q(x), x)

zx
dx,

(37)

it is apparent that

S � 􏽚
b

a
(G(q(x)) − C(q(x), x))ϕ(x)dx − 􏽚

b

a
Φ(x)

zC(q(x), x)

zx
dx

� 􏽚
b

a
(G(q(x)) − C(q(x), x))ϕ(x) − Φ(x)

zC(q(x), x)

zx
􏼨 􏼩dx

� 􏽚

b

a

(G(q(x)) − C(q(x), x)) −
zC(q(x), x)

zx
􏼢 ·

Φ(x)

ϕ(x)
[ϕ(x)dx.

(38)

)erefore, the government’s expected utility function
can be rewritten as

E[V(q(ξ), t(ξ), ξ)] � 􏽚
b

a
λG(q(x))ϕ(x)dx − 􏽚

b

a
λC(q(x), x)ϕ(x)dx

+ 􏽚
b

a
(1 − λ) p0 − p(x)( 􏼁ϕ(x)dx

− 􏽚
b

a
λΦ(x)

zC(q(x), x)

zx
dx.

(39)

Let

F(q, x) � λ G(q(x)) − C(q(x), x) −
zC(q(x), x)

zx
·
Φ(x)

ϕ(x)
􏼠 􏼡 +(1 − λ) p0 − p(x)( 􏼁. (40)
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By taking the first-order and second-order partial de-
rivative of F(q, x) with respect to x, we obtain

zF(q, x)

zq
� λ

dG(q(x))

dq
−

zC(q(x), x)

zq
−

z
2
C(q(x), x)

zx zq
·
Φ(x)

ϕ(x)
􏼢 􏼣,

z
2
F(q, x)

zq
2 � λ

d2G(q(x))

dq
2 −

z
2
C(q(x), x)

zq
2 −

z
3
C(q(x), x)

zx zq
2 ·
Φ(x)

ϕ(x)
􏼢 􏼣.

(41)

According to assumptions (3.1) and (3.4), it is apparent
that (z2F(q, x)/zq2)≤ 0; that is, the government’s utility
function V(q, t, x) is concave in q. )erefore, the optimal
output q∗(x) satisfies (zF(q, x)/zq)|q�q∗(x) � 0; that is,

dG q
∗
(x)( 􏼁

dq
−

zC q
∗
(x), x( 􏼁

zq
−

z
2
C q
∗
(x), x( 􏼁

zx zq
·
Φ(x)

ϕ(x)
� 0.

(42)

Under such settings, the optimal transfer payment t∗(x)

can be written as

t
∗
(x) � βx + C q

∗
(x), x( 􏼁 + 􏽚

b

x

zC q
∗
(τ), τ( 􏼁

zτ
dτ. (43)

In addition, the derivation of equation (42) with respect
to x is

d2G q
∗
(x)( 􏼁

dq
2 −

z
2
C q
∗
(x), x( 􏼁

zq
2 − L(x)

z
3
C q
∗
(x), x( 􏼁

zx zq
2􏼠 􏼡

dq
∗
(x)

dx

�
z
2
C q
∗
(x), x( 􏼁

zq zx
+

z
2
C q
∗
(x), x( 􏼁

zq zx
·
dL(x)

dx
+ L(x)

z
3
C q
∗
(x), x( 􏼁

zq zx
2 ,

(44)

where L(x) � (Φ(x)/ϕ(x)). From assumptions (3.1) and
(3.4), we have (dq∗(x)/dx) < 0. Hence, the feasible solution
(q∗(x), t∗(x)) is the optimal solution of model (30).

By using )eorem 1, we can convert the uncertain
pollution abatement problem (11) into an optimal control
problem with boundary constraints by substituting equation
(34) into the government’s objective function. )eorem 1
designs the optimal contract (q∗(x), t∗(x)) for the uncertain
pollution abatement problem. )is implies that the supply
chain enterprise has the optimal output and the government

pays the enterprise the optimal transfer payment. )e in-
centive contract (q∗(x), t∗(x)) is also the optimal mecha-
nism designed by the government.

Let u(x) � dq(x)/dx. By converting the proposed model
into the following optimal control problem, we obtain the
necessary conditions for the optimal solution by applying
Pontryagin’s maximum principle. □

Remark 1. )e uncertain pollution abatement problem (11)
can be cast as the following optimal control problem:

max
u(·)

􏽚
b

a
λ G(q(x)) − C(q(x), x) −

zC(q(x), x)

zx
·
Φ(x)

ϕ(x)
􏼠 􏼡ϕ(x)dx

+ 􏽚
b

a
(1 − λ) p0 − p(x)( 􏼁ϕ(x)dx

s.t.

dq(x)

dx
� u(x), ∀x ∈ [a, b],

u(x)< 0, ∀x ∈ [a, b],

t(b) − βb − C(q(b), b) � 0.

(45)

8 Mathematical Problems in Engineering



In fact, construct the Hamiltonian H(q(x), u(x),

c(x), x) as

H(q(x), u(x), c(x), x) � λ G(q(x)) − C(q(x), x) −
zC(q(x), x)

zx

Φ(x)

ϕ(x)
􏼠 􏼡ϕ(x)

+(1 − λ) p0 − p(x)( 􏼁ϕ(x) + c(x)u(x),

(46)

where q(x) is the state variable, u(x) is the control var-
iable, and c(x) is the adjoint variable. From Pontryagin’s
maximum principle, the necessary condition of the op-
timal solution to model (45) is that there exists an adjoint
variable c∗(·) such that (q∗(·), u∗(·)) satisfies the
following:

(1) u∗(·) maximizes the Hamiltonian function (46); that
is,

H q
∗
(x), u

∗
(x), c

∗
(x), x( 􏼁 � max

u(x)≤0
H q
∗
(x), u(x), c

∗
(x), x( 􏼁.

(47)

(2) q∗(x) satisfies the state equation

dq(x)

dx
�

zH

zc
. (48)

(3) c∗(x) satisfies the adjoint equation

dc(x)

dx
� −

zH

zq
. (49)

(4) )e terminal constraints are satisfied; that is,

c(a) � 0,

t(b) − βb − C(q(b), b) � 0.
􏼨 (50)

From the above statement, it can be seen from
equations (31) and (32) that the optimal contract
(q∗(x), t∗(x)) can also be obtained by applying
Pontryagin’s maximum principle. Furthermore, we
investigate the effects of carbon emission level on the
supply chain enterprise’s output and the govern-
ment’s transfer payment in the following
proposition.

Proposition 4. 3e optimal contract (q∗(x), t∗(x)) for
model (30) has the following features:

(i) q∗(x) is decreasing in x.
(ii) If there exist a tax rate β and a carbon emission level x

such that β + (zC(q∗(x), x)/zq∗(x)) (zq∗(x)/
zx)≤ 0, then t∗(x) is decreasing in x; if there also exist
a tax rate β and a carbon emission level x such that
β + (zC(q∗(x), x)/zq∗(x))(zq∗(x)/zx)> 0, then
t∗(x) is increasing in x.

Proof. Result (i) can be obtained immediately from the
proof of )eorem 1.

For result (ii), due to dq∗(x)/dx< 0,
zC(q∗(x), x)/zq∗(x)> 0 and

dt
∗
(x)

dx
� β +

zC q
∗
(x), x( 􏼁

zq
∗
(x)

·
dq
∗
(x)

dx
, (51)

and it is clear that dt∗(x)/dx< 0 on the condition that
0< β≤ − (zC(q∗(x), x)/zq∗(x))(zq∗(x)/zx). Moreover, it
is also obtained that dt∗(x)/dx> 0 on the condition that
− (zC(q∗(x), x)/zq∗(x))(zq∗(x)/zx)< β< 1.

Proposition 4 implies that as the realized carbon
emission level increases, the supply chain enterprise lowers
the output to reduce the pollution emissions. We assumed
that the supply chain enterprise’s production cost increases
with the realized carbon emission level. In this assumption, it
is believed that the increase in production cost may result in
a reduction in the supply chain enterprise’s output. More-
over, an increase in the carbon emission level will also affect
the government’s transfer payment to the supply chain
enterprise. If the tax rate of the carbon emissions quota is
below a certain threshold (0< β≤ − (zC(q∗(x), x)/ zq∗(x))

(zq∗(x)/zx)), the government’s transfer payment will de-
crease with the carbon emission level to reduce the pollution
emissions. However, if the tax rate of this quota is above this
threshold (− (zC(q∗(x), x)/zq∗(x))(zq∗(x)/zx)< β< 1),
the government’s transfer payment to the regulated pol-
luting supply chain enterprise will increase with the carbon
emission level. )is finding leads us to an interesting
conclusion that the impacts of the government’s transfer
payment on carbon emission level have opposite effects
under different tax rates. Specifically, an increase in carbon
emissions could increase the government’s transfer pay-
ment given a high tax rate for the carbon emissions quota.
When the carbon emission level increases, so do the supply
chain enterprise’s production cost and carbon tax. More-
over, the regulated polluting supply chain enterprise’s
utility decreases with the increase in production cost and
carbon tax. )en, the government’s transfer payment to
the supply chain enterprise may increase. )e reason is
that the government should encourage the supply chain
enterprise to participate in production. Furthermore, it
also follows from the participation constraint that when
the carbon emission level increases further, the incentive
for the government to increase the transfer payment
becomes stronger.
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Additionally, the government collects a carbon tax from
the supply chain enterprise. )e carbon tax consists of the
tax rate of the carbon emission quota and the carbon
emission level. )erefore, as the tax rate or the carbon
emission level increases, so will the carbon tax, and then the
government’s transfer payment will decrease. In reality, it is
believed that the government often wants to use a carbon tax
to control the carbon emission level and improve the utility.
According to Proposition 4, a decrease in the carbon
emission level will increase the supply chain enterprise’s
output. However, a decrease in the carbon emission level
would decrease the government’s transfer payment if the
carbon tax is high. )e following proposition answers the
question of how carbon emissions affect the government and
the supply chain enterprise’s optimal utilities. □

Proposition 5. 3e optimal utilities V(q∗(x), t∗(x), x) and
U(q∗(x), t∗(x), x) of the uncertain pollution abatement
model satisfy the following:

(i) 3e government’s optimal utility V(q∗(x), t∗(x), x)

is decreasing in the carbon emission level x.
(ii) 3e supply chain enterprise’s optimal utility

U(q∗(x), t∗(x), x) is decreasing in the carbon
emission level x, and his marginal utility is also in-
creasing in the carbon emission level x.

Proof. For result (i), by taking the partial derivative of
equation (7) with x, we have

zV q
∗
(x), t
∗
(x), x( 􏼁

zx
� λ

zG q
∗
(x)( 􏼁

zq
∗
(x)

zq
∗
(x)

zx
−

zt
∗
(x)

zx
+ β􏼠 􏼡 − (1 − λ)

zp(x)

zx
. (52)

According to Proposition 1, it is clear that

zV q
∗
(x), t
∗
(x), x( 􏼁

zx
� λ

zG q
∗
(x)( 􏼁

zq
∗
(x)

zq
∗
(x)

zx
−

zC q
∗
(x), x( 􏼁

zq
∗
(x)

·
zq
∗
(x)

zx
􏼠 􏼡 − (1 − λ)

zp(x)

zx

� λ
zG q
∗
(x)( 􏼁

zq
∗
(x)

−
zC q
∗
(x), x( 􏼁

zq
∗
(x)

􏼠 􏼡
zq
∗
(x)

zx
− (1 − λ)

zp(x)

zx
.

(53)

From assumptions (3.2) and (3.5), we have
(zp(x)/zx)> 0 and (zG(q∗(x))/zq∗(x))− (zC(q∗(x),

x)/zq∗(x))> 0.
Furthermore, it follows from Proposition 1 that

zV q
∗
(x), t
∗
(x), x( 􏼁

zx
< 0. (54)

For result (ii), by taking the partial derivative of equation
(10) with respect to x, we also have

zU q
∗
(x), t
∗
(x), x( 􏼁

zx
�

zt
∗
(x)

zx
− β −

zC q
∗
(x), x( 􏼁

zx
−

zC q
∗
(x), x( 􏼁

zq
∗
(x)

zq
∗
(x)

zx
. (55)

From Proposition 1, we obtain that

zU q
∗
(x), t
∗
(x), x( 􏼁

zx
� −

zC q
∗
(x), x( 􏼁

zx
< 0. (56)

Furthermore,

z
2
U q
∗
(x), t
∗
(x), x( 􏼁

z
2
x

� −
z
2
C q
∗
(x), x( 􏼁

zx zq
∗
(x)

zq
∗
(x)

zx
. (57)

From assumption (3.1) and Proposition 1, it is apparent that

z
2
C q
∗
(x), x( 􏼁

zx zq
∗
(x)
> 0,

zq
∗
(x)

zx
< 0.

(58)

)erefore, we have

z
2
U q
∗
(x), t
∗
(x), x( 􏼁

z
2
x

> 0. (59)

)is proposition indicates that the government and the
supply chain enterprise’s optimal utilities will decrease as the
carbon emission level increases. Previously, we determined
that an increase in carbon emissions increased the gov-
ernment’s transfer payment when the carbon tax was high.
Although the transfer payment increases, the carbon tax βx

also increases and then negatively affects the utility of the
supply chain enterprise. )erefore, the above conclusion is
reasonable. If the carbon tax βx is constant, the carbon
emission level x decreases with the increase in tax rate β.
)erefore, the tax rate could control the carbon emission
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level. When holding the carbon emission level x constant, an
increase in the tax rate will lead to deterioration of the supply
chain enterprise’s utility. To maintain the participation
constraint, the supply chain enterprise would lower the
production cost. Based on assumption (3.1), it is observed
that the production cost C(q(x), x) decreases as the output
q(x) decreases. )us, an increase in the tax rate will reduce
the regulated polluting supply chain enterprise’s optimal
output. □

6. Numerical Example

In this section, we provide a numerical example to illustrate
the effectiveness of the optimal contract and investigate the

effects of carbon emissions, carbon tax rate, and environ-
mental preference on the optimal contract design. Without
loss of generality, we assume that the supply chain enter-
prise’s carbon emission level ξ � L(a, b) is a linear un-
certain variable; that is, the supply chain enterprise’s carbon
emission level has the minimum value a and the maximum
value b.

Assume that the government’s revenue function is
G(q(x)) � ln q(x), and the supply chain enterprise’s pro-
duction cost is C(q, x) � x2q. )e degree of pollution to the
environment is p(x) � ex, and p0 � eb. )erefore, the
government’s utility function can be written as

V(q(x), t(x), x) � λ(ln q(x) − t(x) + βx) +(1 − λ) e
b

− e
x

􏼐 􏼑, x ∈ [a, b]. (60)

)e supply chain enterprise’s utility function can be
written as

U(q(x), t(x), x) � t(x) − βx − x
2
q(x), x ∈ [a, b].

(61)

)e uncertain pollution abatement model is

max
q(·),t(·){ }

E λ(ln q(x) − t(x) + βx) +(1 − λ) e
b

− e
x

􏼐 􏼑􏽨 􏽩

s.t.
t(x) − βx − x

2
q(x)≥ t(y) − βy − x

2
q(y), ∀x, y ∈ [a, b],

t(x) − βx − x
2
q(x)≥ 0, ∀x ∈ [a, b].

(62)

According to Propositions 1–3, it follows from equation
(30) that model (62) can be described as

max
q(·),t(·){ }

􏽚
b

a
λ(lnq(x) − t(x) + βx) +(1 − λ) e

b
− e

x
􏼐 􏼑􏽨 􏽩ϕ(x)dx

s.t.

dt(x)

dx
� β + x

2dq(x)

dx
, ∀x ∈ [a, b],

dq(x)

dx
< 0, ∀x ∈ [a, b],

t(b) − βb − b
2
q(b) � 0.

(63)

From equations (31) and (32) in )eorem 1, the optimal
contract (q∗(x), t∗(x)) to model (63) satisfies

1
q
∗
(x)

− x
2

− 2x
Φ(x)

ϕ(x)
� 0,

t
∗
(x) � βx + x

2
q
∗
(x) + 􏽚

b

x
2τq
∗
(τ)dτ.

(64)

Since it is clear that

Φ(x) �

0, if x< a,

x − a

b − a
, if a≤ x≤ b,

1, if x> b,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(65)
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and (Φ(x)/ϕ(x)) � x − a, ∀x ∈ [a, b], we obtain that

q
∗
(x) �

1
3x

2
− 2ax

, (66)

t
∗
(x) � βx +

x

3x − 2a
+
2
3
ln(3b − 2a) −

2
3
ln(3x − 2a).

(67)

In particular, if a � 1, b � 5, and β � 0.5, the optimal
contract (q∗(x), t∗(x)) obtained from equations (66) and
(67) is shown in Figure 1. It can be observed from Figure 1
that the optimal design of the pollution abatement contract
generally involves a negative supply chain enterprise’s
output, and it would be the optimal strategy for the

government to order a reduction in the supply chain en-
terprise’s output when the supply chain enterprise’s carbon
emission level increases. Moreover, when the supply chain
enterprise’s carbon emission level is below a certain
threshold, the government’s transfer payment will decrease
with the carbon emission level. When the supply chain
enterprise’s carbon emission level is above that threshold,
the government’s transfer payment will increase with the
carbon emission level.

Furthermore, we examine the effect of the carbon tax
rate on the government’s optimal transfer payment. Without
loss of generality, we assume that the carbon tax rate β can be
chosen from the set 0.2, 0.5, 0.8{ } and that the parameters
a � 1 and b � 5 remain unchanged. From Figure 2, we
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Figure 1: Optimal solutions of uncertain pollution abatement model.
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Figure 2: Effect of carbon tax rate on optimal transfer payment.
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observe that the government’s transfer payment is de-
creasing in the carbon emission level if the carbon tax rate is
low. When the carbon tax rate increases, the government’s
transfer payment shows a rising trend as the carbon emission
level increases.

Finally, we illustrate the optimal utility of the uncertain
pollution abatement model and examine the impacts of
carbon emissions and environmental preference on the
optimal utility. Suppose that the parameters a � 1, b � 5, and
λ � 0.9 remain unchanged. Figure 3(a) shows that the op-
timal utility of the uncertain pollution abatement model
decreases with the carbon emission level. However, an in-
crease in the carbon emission level will lead to the gov-
ernment’s diminishing marginal utility and the supply chain
enterprise’s incremental marginal utility. To test and verify
the effect of the environmental preference on the govern-
ment’s utility, the environmental preference λ can be chosen
from the set 0.7, 0.5, 0.3{ }. Accordingly, Figure 3(b) shows
that the government’s utility will increase as the environ-
mental preference decreases, that is, as the government
becomes more concerned with the environment.

7. Conclusion

)is paper studies an uncertain contract model for the
pollution abatement problem in which the government
faces the supply chain enterprise with private carbon
emission information. )e optimal contract model, in
which the government’s assessment of the supply chain
enterprise’s carbon emission level is characterized as an
uncertain variable, is presented with the purpose of
maximizing the expected utility of the government. )e
crisp equivalent model for the uncertain contract model is

presented and the optimal solution of the equivalent
model is obtained. )e results show that the regulated
polluting supply chain enterprise’s optimal output will
decrease if the supply chain enterprise’s carbon emission
level increases. Additionally, if the carbon tax is below a
certain threshold, the government’s optimal transfer
payment decreases with the carbon emission level.
However, we reach an interesting conclusion that the
impacts of the government’s transfer payment on carbon
emission level have opposite effects under different carbon
tax rates. )e government’s optimal transfer payment to
the regulated polluting supply chain enterprise increases
with the carbon emission level if the carbon tax is above a
threshold. In addition, the government and the supply
chain enterprise’s optimal utilities will strictly decrease as
the supply chain enterprise’s carbon emission level
increases.

In future work, we could incorporate competition into
the contract design in the pollution abatement problem. For
instance, the government may offer an incentive contract to
motivate supply chain enterprises and induce competition
among them. Furthermore, it would also be interesting to
study the bounded rationality decision in the optimal in-
centive contracts for the pollution abatement problem.
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Does green image impact enterprise environmental protection investment? How does the green image affect enterprise envi-
ronmental protection investment? In order to solve the above problems, this paper uses an empirical analysis to explore the
relationship among regional economic development level, green image, and enterprise environmental protection investment
based on the empirical data of A-share manufacturing listed companies from 2007 to 2015 in China./e research results show that
good green image has a positive role to promote enterprise environmental protection investment, and regional economic
development level partially mediates green image and enterprise environmental protection investment./e article confirms that a
good green image can send positive signals to stakeholders and increase their loyalty and satisfaction with the enterprise’s
products or services./e level of regional economic development provides opportunities for the green development of enterprises.
With the improvement in the level of regional economic development, stakeholders’ awareness of environmental protection has
increased, and they have becomemore sensitive to enterprise environmental protection investment behaviors./e research results
also show that the environmental awareness of corporate stakeholders plays an important role in actively fulfilling, and it provides
new ideas for companies to conduct production and management in a green-oriented model.

1. Introduction

According to the data of “China’s green GDP (green
GDP� total GDP−(environmental resources cost-
+ environmental resources protection service fee); the
Chinese government has issued the first green GDP ac-
counting research report since 2006) performance evalua-
tion report” in 2018, China’s green GDP is growing
continuously, and its growth rate has begun to exceed the
GDP growth rate of the same period. In 2016, the average

growth rate of China’s green GDP economic aggregate
reached 7.58%, exceeding the GDP growth rate of the same
period by 0.08%. In addition, the average growth rate of per
capita green GDP of China’s 31 provinces/regions has
reached 6.79%.With the advent of the era of green economy,
the government, public, and society pay more attention to
environmental issues. /e environmental awareness of en-
terprise stakeholders, including consumers, investors, sup-
pliers, and employees, is increasing. Stakeholders exert
pressure on enterprises to carry out green production and
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management and reduce the impact of enterprises on the
environment, which urges enterprises to start integration
resources for environmental protection investment to meet
the requirements of legitimacy and green demands of
stakeholders./erefore, if an enterprise wants to survive and
develop, it needs not only to be successful in finance but also
to have an outstanding performance in sustainable devel-
opment. Only in this way can it obtain competitive ad-
vantage and survive and develop. In addition, with the
implementation of China’s environmental protection
strategy, the Chinese government continues to increase its
investment in environmental protection. According to the
National Bureau of Statistics, from 2001 to 2017, China’s
investment in environmental pollution control increased by
14% annually, reaching 952.9 billion yuan. However, the
average proportion of China’s environmental pollution
control investment in GDP from 2015 to 2018 is about
1.33%, which is still lower than the international level. It is
urgent for enterprises to participate in environmental
protection investment. As the emitters of pollutants and
consumers of resources, they should take the initiative to
undertake the responsibility of environmental protection
investment and reduce the degree of environmental pollu-
tion. As an investment, enterprise environmental protection
investment can successfully eliminate or reduce the negative
impact of corporate production and management on the
environment [1]. However, because the managers think that
the cost and income of environmental protection investment
do not match, the enterprises lack the initiative of envi-
ronmental protection investment.

Most studies believe that enterprises need to carry out
environmental protection investment behaviors under strict
environmental regulations [2, 3]. For example, Tang et al. [3]
take the heavy pollution industry as an example, and the
research shows that the scale of enterprise environmental
protection investment is seriously insufficient at present.
Most enterprises’ environmental protection investment is a
passive behavior under government regulation, and the
relationship between them is U-shaped. Li et al. [4] and Gao
and Zhang [5] hold the same view. According to Leiter et al.
[6], the relationship between the intensity of environmental
regulation and the scale of enterprise environmental pro-
tection investment is an inverted U-shaped relationship;
when the environmental benefits are greater than the en-
vironmental costs, they are positively correlated; if the en-
vironmental benefits are less than the environmental costs,
they are negatively correlated. From the above research
results, we can see that there is a threshold value for the
impact of environmental regulation on enterprise envi-
ronmental protection investment, and environmental reg-
ulation is not omnipotent. /erefore, the existing literature
also studies the impact of external factors such as consumer
behaviors [7–9] and the public [10–12] on enterprise en-
vironmental protection investment. Part of the research
focuses on the impact of equity concentration [13, 14],
environmental management system [15, 16], private benefits
of managers [17], and other internal factors [18] on en-
terprise environmental protection investment. However,
there is a lack of research on the mediating effect of

combining the internal and external factors of the organi-
zation with the environmental protection investment of
enterprises./rough the study of intermediary effect, we can
strengthen the correlation between the internal and external
factors of the organization and the environmental protection
investment of enterprises and help to clarify the focus of
promoting enterprises’ active environmental protection
investment behavior.

/is paper will first study the impact of green image on
environmental protection investment from the internal
perspective. Green image is closely related to the perception
of enterprise stakeholders. It can not only transmit the
information of enterprise environmental management and
decision-making to the public but also provide convenience
for the public to evaluate the performance of enterprise
environmental responsibility. While striving to create a
green image, enterprises also provide the public with in-
formation on pollution prevention and control of enter-
prises, thus affecting the public’s cognition of environmental
behavior of enterprises [19]. Can green image promote
enterprises’ positive environmental protection investment
behavior to meet the public’s environmental protection
needs? However, the impact of corporate green image on
enterprise environmental protection investment is not
necessarily direct. If the stakeholders cannot capture the
information of enterprise environmental responsibility
performance and put it into action to recognize enterprise
environmental protection behaviors, then the enterprise will
lack the motivation to carry out environmental protection
investment. /erefore, this paper further studies the me-
diating effect of regional economic development level as a
macroeconomic factor between green image and enterprise
environmental protection investment from an external
perspective.

/e contributions of this paper are as follows: firstly,
based on the resource-based view, green image is
regarded as a scarce and valuable and difficult-to-copy
important resource. /is paper studies the impact
mechanism of corporate voluntary environmental
management performance on enterprise environmental
protection investment and enriches the research results
of resource-based view applied to green investment.
Secondly, this paper combines the internal and external
factors, emphasizes that the green image plays an indirect
role in the enterprise environmental protection invest-
ment through the level of regional economic develop-
ment, which helps to enrich and deepen the research on
the motivation of enterprise environmental protection
investment, provides new ideas for promoting enterprises
to fulfill the accountability of environmental protection,
and also provides a better basis for the government to
formulate relevant environmental protection policies.
/irdly, in order to promote enterprises to actively invest
in environmental protection, the government should
improve environmental laws and regulations, and the
government ought to enact various policies conducive to
enhancing environmental innovation capacity and op-
timizing industry structure. Finally, the government
should further issue specific guidance documents based
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on the level of economic development in different regions
so as to better improve the company’s environmental
awareness and take the initiative to carry out environ-
mental governance-related activities.

2. Theoretical Background and Hypotheses

2.1. *e Influence of Green Image on the Scale of Enterprise
Environmental Protection Investment. When this era based
on green economy comes, companies must explore devel-
opment directions, such as strengthening corporate green
brand building, so as to achieve a green image. /e green
image of an enterprise is an intangible asset of an enterprise.
Most scholars believe that the green image of an enterprise is
related to the perception of corporate stakeholders [20]. For
example, Chen [21] and Chang and Fong [22] believe that
green image is a series of consumer perceptions of corporate
environmental commitments and environmental issues.
/erefore, the corporate green image is also called “cor-
porate green reputation” [23]. From the scholars’ definition
of the enterprise’s green image, the green image is closely
related to stakeholders, and stakeholders attention to cor-
porate environmental behavior can effectively promote the
enterprise to carry out ISO14001 certification [24], estab-
lishing a good green image can be a signal for enterprises to
convey environmental commitments to stakeholders [25].
From the perspective of signal transmission, an enterprise
can predict the attitude and demand of stakeholders towards
its products or services by comparing the changes in product
sales before and after the establishment of a green image. In
addition, the green image can promote the matching of
environmental protection demands of corporate stake-
holders with corporate environmental behaviors, increase
consumer loyalty and satisfaction with the brand, and in-
crease the likelihood of consumers buying products [26]. In
short, enterprises can reduce the cost of communication
with consumers, suppliers, and other stakeholders through
the green image, thereby gaining greater market develop-
ment opportunities and stimulating companies to further
invest in environmental protection to achieve the goals of
legitimacy and maintaining a green image.

/e scholars of the resource-based view (BRT) and the
advocates of the natural resource-based view (NRBV) all
believe that the green image is of strategic significance to the
enterprise, and a good green image is an effective way to
implement the enterprise’s differentiation strategy. /e
green image forms the uniqueness of the enterprise’s
products or services from other enterprises and increases the
brand recognition, degree of specialization, and the repu-
tation of leading product quality and technology. /e dif-
ferentiation strategy enables companies to gain consumer
loyalty to the brand and reduces consumers’ sensitivity to
product prices, which makes enterprises not need to have
low-cost competitive advantages to make profits. An en-
terprise’s green image can only be formed in a relatively long
period of time, so it is difficult to imitate [27], which helps
companies gain competitive and sustainable development
advantages. For example, Chen [21] and Robinson et al. [28]
believe that a green image can create new markets for

companies to gain a competitive advantage and protect the
natural environment. Porter and Van der Linde [29] believe
that a good green image of an enterprise is conducive to
gaining the “first-mover advantage,” which not only in-
creases the correlation between the green image of an en-
terprise and its business performance and environmental
performance [30] but also increases the correlation between
the green image and its core green competitiveness [31].
LÓpez-Gamero et al. [32] found that the differentiated
competitive advantage of the hotel industry more signifi-
cantly comes from the marketing of green image shaping;
green image increases the competitiveness of the enterprise
in the international market and has a positive impact on the
financial performance of the enterprise, and thus, envi-
ronmental protection investment cost of the enterprise can
be transformed through operating performance, to further
promote enterprise environmental protection investment.
Fortune et al. [33] use data from 100 South African listed
companies (JSE) from 2010 to 2014 to empirically test the
impact of green image on enterprise environmental pro-
tection investment. Research shows that green image can
stimulate enterprise environmental protection investment,
and green image is the driving force for enterprise envi-
ronmental protection investment. Both BRT theory and
NRBV theory believe that enterprises generate competitive
advantages through resource bundles [34]. As intangible
assets, green image forms a complementary relationship
with tangible assets of enterprises, which helps enterprises to
implement pollution prevention and control behaviors and
achieve the goal of reducing environmental pollution and
improving economic performance.

A corporate green image can be used as a means to
achieve corporate legitimacy, reputation, and profitability.
Establishing a good green image can increase product sales
or product prices, improve the enterprise’s ability to obtain
new resources needed for development, and improve the
overall enterprise value, thereby stimulating enterprise en-
vironmental protection investment. Based on the above
analysis, this article proposes Hypothesis 1.

Hypothesis 1. Green image is positively correlated with the
scale of environmental protection investment.

2.2. *e Influence of Corporate Green Image on Regional
Economic Development Level. /e green image of an en-
terprise can convey environmental commitments and en-
vironmental concerns to stakeholders, including consumers,
shareholders, competitors, and government departments.
/e establishment of a green image by an enterprise can
release a green signal to the government. /e government
uses microlevel green signals to judge the implementation of
market-based regulatory tools in environmental regulations,
such as emission trading [35], environmental tax [36, 37],
subsidy policy [38], green credit, and other environmental
and economic policy measures to determine the degree of
influence and operational efficiency of enterprises’ envi-
ronmental protection behaviors. /e government knows the
environmental intentions of enterprises through their
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commitment to green image construction and gives the
government insights into the differences in environmental
behavior of companies in different regions, which plays an
important role in improving environmental regulations.
Environmental regulation is an important tool to effectively
promote the coordinated development of regional economy
and environment [39]; environmental regulations are an
important tool to effectively promote the coordinated de-
velopment of regional economy and environment. Im-
proving environmental regulations can promote
environmental performance in different regions while
promoting economic transformation and economic growth.
In addition, a good green image is a prerequisite for an
enterprise and its products to enter the international market.
For example, the green environmental logo representing the
enterprise’s green image not only indicates that the product
quality meets the standards but also that the product’s entire
life cycle meets the requirements of environmental pro-
tection. Another example is the ISO14001 environmental
management system certification, which represents the
enterprise’s green image [21]. /e certification is formulated
in accordance with international standards. After the cer-
tification, it can obtain international recognition, obtain a
“green pass” for international trade [40], and integrate into
the international market will promote regional economic
development. Based on the above analysis, this article
proposes Hypothesis 2.

Hypothesis 2. /e green image is positively correlated with
the level of local economic development.

2.3.*e Influence of Regional EconomicDevelopment Level on
Enterprise Environmental Protection Investment. Market
stimulus is particularly important for enterprise environ-
mental protection investment [41]. /e level of regional
economic development reflects the driving force of the
market to a certain extent, among which the level of regional
economic development can effectively reflect the level of
environmental protection awareness of enterprise stake-
holders, and environmental protection awareness is one of
the influencing factors for the market to play a pulling role.
/e green image releases the signal of environmental pro-
tection commitment to stakeholders, and the continuous
growth of the enterprise needs to be promoted under the
awareness of green environmental protection of the stake-
holders. Fortune [33] found that only when stakeholders
have environmental awareness, can they respond more fully
to the enterprise’s green demands. When the environmental
awareness of stakeholders increases, the demand for cor-
porate products or services can be increased through the
green image [42]. With the enhancement of environmental
protection awareness, consumers are more willing to buy
products with low environmental pollution, and manufac-
turers are more willing to purchase environmental-friendly
raw materials or green products from suppliers at high
prices. /e environmental protection awareness of stake-
holders motivates enterprises to change from traditional
models to sustainable development models to create a brand

value [43]. Tang and Li [44], using the K-W test and median
test, it is found that, under different economic development
levels, the scale of enterprise environmental protection in-
vestment is significantly different. Wei et al. [45] show that
the level of local economic development is positively related
to corporate environmental management, and corporate
environmental commitments have a positive regulatory
effect on environmental management. /erefore, the higher
the level of local economic development, the stronger the
environmental awareness of stakeholders, and the more
sensitive they are to green images, thereby increasing
consumers’ loyalty and satisfaction in purchasing environ-
mental-friendly products, increasing the possibility of green
supply chains, and promoting the intention of pollution
prevention and increase enterprise environmental protec-
tion investment. At the same time, in areas with a high level
of regional economic development, the stronger the con-
sumption ability of consumers, the more likely to accept the
price of environmental protection products higher than the
general product price and promote companies to realize
environmental investment returns. Based on the above
analysis, the green image exerts a positive influence on the
scale of enterprise environmental protection investment
through the regional economic development level. /ere-
fore, Hypothesis 3 and Hypothesis 4 are proposed. We
propose the following theoretical model shown in Figure 1.

Hypothesis 3. /e level of local economic development is
positively correlated with the scale of enterprise environ-
mental protection investment.

Hypothesis 4. /e level of local economic development plays
an intermediary role between the green image and the scale
of enterprise environmental protection investment.

3. Methodology and Data

3.1. Research Samples and Data Sources. /is paper selects
A-share manufacturing listed companies in Shanghai and
Shenzhen stock markets that made environmental pro-
tection investments from 2007 to 2015 as the research
sample (because 2007–2015 went through 11th and 12th
Five-Year Plan for National Environmental Protection of
China, forming a complete cycle). /e listed companies
that disclose enterprise environmental protection in-
vestment data are screened as follows: (1) exclude sample
companies with ST and ∗ST; (2) exclude samples with
missing variable indicators. After screening, this article
finally obtained 2544 enterprise environmental invest-
ment data. /e sources of data in this article are as fol-
lows: (1) the data on enterprise environmental protection
investment mainly come from balance sheets and social
responsibility reports and are collected manually; (2)
ISO14001 data come from China National Accreditation
Service for Conformity Assessment (http://www.cnas.
org.cn) collected manually; (3) the level of regional
economic development comes from the “China Statistical
Yearbook”; and (4) other research variables come from
the Wind database. In order to overcome the influence of
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outliers on the research conclusions, Winsorize pro-
cessing is performed on continuous variables at 1% and

99% quantiles, and all data processing software is Stata
13.0.

3.2.Model Setting andVariable Selection. In order to test the
relationship between the green image and the enterprise’s
environmental protection investment scale, as well as the
intermediary effect of the regional economic development
level on the relationship between the green image and the
enterprise’s environmental protection investment scale, the
sequential test method is adopted to test, and the model is
constructed in (1)–(3) [46]. Also, consider the time interval
of one period lagging behind the dependent and indepen-
dent variables in the model, which can better avoid the
endogenous problem in the model:

EIi,t � β0 + β1GIMi,t−1 + 􏽘ControlVar + 􏽘YEAR + ε, (1)

EDLi,t−1 � β0 + β1GIMi,t−1 + 􏽘ControlVar + 􏽘YEAR + ε, (2)

EIi,t � β0 + β1GIMi,t−1 + β2EDLi,t−1 + 􏽘ControlVar + 􏽘YEAR + ε. (3)

Among them, the scale of enterprise environmental
protection investment (EI) ((1) other related expenditures
incurred by enterprises for environmental protection are not
included, such as environmental monitoring fees, envi-
ronmental design fees, environmental assessment, and en-
ergy assessment fees, plant greening fees, and environmental
management fees; (2) indirect expenditure items are not
included, such as donating green fund fees; (3) expenditure
items that have been expensed are not included, such as
pollution discharge and preparation of social responsibility
reports (environmental reports), environmental taxes, and
pollution discharge fees) is based on the content and
structure of enterprise environmental protection investment
[3], which divides environmental protection investment into
environmental protection products and environmental
technology research and development and transformation
investment, specifically: environmental protection facilities
and systems investment and transformation investment;
cleaner production investment; pollution control technology
research and development and transformation investment;
pollution control equipment and system investment and
transformation investment. At present, most scholars’ ex-
planations of EI tend to prevent pollution, and for protecting
the environment, enterprises carry out special economic
activities while taking into account environmental and social
benefits. /is article uses “total investment/capital stock” to
measure the scale of enterprise environmental protection
investment [3].

/e green image (GIM) is measured by the ISO14001
environmental management system certification. ISO14001
environmental management system has the characteristics
of legality, prevention, sustainability, systematicness, vol-
untariness, certifiability, and applicability. /e certification
is formulated in accordance with international standards

and has been internationally recognized, which can better
measure the enterprise’s green image [21]. If the enterprise
has passed the ISO14001 system certification, it is 1; oth-
erwise, it is 0.

/e regional economic development level (EDL) is
measured by the regional GDP per capita. Scholars mainly
use the absolute value of regional GDP, the growth rate of
regional GDP, and regional per capita GDP [47] to measure
the level of regional economic development when studying
regional economic development issues. In comparison, re-
gional GDP per capita reflects not only the economic de-
velopment of the region but also the living and consumption
level of local residents, so this article uses this indicator as a
substitute variable for the level of regional economic de-
velopment [48]; therefore, this article uses this indicator as a
substitute variable for the level of regional economic
development.

Following the conventional practice of the existing lit-
erature [49–53], this study considered the internal charac-
teristics of the enterprise and external environmental
indicators. /e corporate profitability (EPS), corporate debt
level (LEV), operating cash flow (FLOW), cash holdings
(CASH), opportunity cost (OPP), enterprise size (SIZE),
equity checks and balances (BALANCE), agency cost
(COST), and annual dummy variables (YEAR) were used as
control variables. /e variable description is shown in
Table 1.

Secondly, test model (2) and model (3) in turn. If β1 in
the model (2) is positive and significant and β2 in the model
(3) is positive and significant, it means that the quality of
internal control is a significant way to achieve financial
performance through corporate environmental investment.

Finally, make further judgments based on the test results of
model (3). If β1 is not significant and β2 is significant in model

Green image
Enterprise environmental

protection investment 

Regional economic
development level 

H2 H3

H1

H4

Figure 1: /eoretical model.
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(3), it means that the impact of internal control quality on
financial performance is completely achieved through the en-
terprise’s environmental protection investment transmission; if
β1 is significant and β2 is significant, it indicates that the impact
of internal control quality on financial performance is partially
passed implementation of corporate environmental protection
investment transmission.

4. Empirical Results and Analysis

4.1. Descriptive Statistics. Table 2 lists the descriptive
statistical results of the research variables. /e maximum
value of enterprise environmental protection investment
t scale is 0.20989, and the minimum value is 0.00001.
/ere is a large gap between the two, and the scale of
enterprise environmental protection investment is rel-
atively small; the average value of green image is 0.52516,
which reflects to a certain extent that most sample
companies are willing to establish a good corporate green
image; the mean of the regional economic development
level is higher than the minimum value, and the standard
deviation is 2.12003, indicating that there are large
differences in the economic development level of the
regions where listed companies belong to my country. In
terms of other variables, the gap between the maximum

and minimum values of asset-liability ratio, operating
cash flow, cash holdings, degree of equity balance, and
agency costs is large, and the standard deviation is also
large.

4.2. Correlation Analysis. It can be seen from Table 3 that
GIM and EI are correlated at the 1% significance level,
indicating that green image has a good explanatory power
for the scale of enterprise environmental protection in-
vestment; EDL is correlated with GIM and EI at the 1%
significance level, indicating that there is a good explanatory
power between the green image, the level of regional eco-
nomic development, and the scale of enterprise environ-
mental protection investment. /e correlation coefficients
among other variables in the model are all lower than 0.5,
which indicates that the multiple regression model con-
structed in this paper will not produce serious multi-
collinearity problems.

4.3. Multiple Regression Analysis. In the establishment of
the multiple regression model, the independent variable
lags by one period and the robust standard error method
is used in the model estimation to solve the

Table 1: Research variable description.

Type Name Code Connotation
Explained
variable

Scale of enterprise environmental
protection investment EI New investment in environmental protection in that year/

average total assets
Explanatory
variable

Green image GIM 1 if ISO14001 certification, 0 otherwise
Regional economic development level EDL GDP per capita

Control variable

Corporate profitability EPS Earnings per share
Corporate debt level LEV Asset-liability ratio
Operating cash flow FLOW Ratio of net operating cash flow to average total assets

Cash holding CASH Ratio of year-end monetary funds to average total assets
Opportunity cost OPP Tobin’ Q

Enterprise size SIZE Natural logarithm of the total assets of the listed enterprise at
the end of the period

Equity checks and balances BALANCE Shareholding ratio of the second largest shareholder to the
fifth largest shareholder

Agency cost COST Management expense ratio�management expense/operating
income

Annual dummy variable YEAR Take 8 dummy variables in 9 years

Table 2: Research variable descriptive statistics.

Variables N Mean Std. Minimum Maximum
EI 2544 0.01719 0.03419 0.00001 0.20989
GIM 2544 0.52516 0.49946 0 1
EDL 2544 4.38200 2.12003 1.06 9.91
EPS 2544 0.33860 0.49229 −1 2.27
LEV 2544 48.58414 19.64632 7.34 94.13
FLOW 2544 4.85934 7.64966 −18 30
CASH 2544 18.62820 14.56274 1 76
OPP 2544 1.74578 1.37041 0 7.77
SIZE 2544 22.03175 1.18909 19.51 25.86
BALANCE 2544 98.98053 80.70027 1.462915 307.8098
COST 2544 7.49871 4.62989 0.81 27.59
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heteroscedasticity problem. Table 4 shows the regression
results of models (1)–(3). From the regression results of
model (1), the green image is positively correlated with
the scale of enterprise environmental protection invest-
ment at a significant level of 1%, indicating that a good
green image can promote the scale of enterprise envi-
ronmental protection investment, which supports Hy-
pothesis 1 of this article. Except for the corporate
profitability (EPS), opportunity cost (OPP), and agency
cost (COST), other control variables have no significant
relationship with EI. From the regression results of model
(2), the green image is positively correlated with the level
of regional economic development at the 1% significance
level, which supports the Hypothesis 2 of this article.
Except EPS, LEV, FLOW, OPP, BALANCE, and COST,
other control variables have no significant relationship
with EDL. In model (3), the level of regional economic
development is positively correlated with the scale of
enterprises’ environmental protection investment at the
significance level of 1%, which supports Hypothesis 3 of
this paper. It also indicates that the level of local eco-
nomic development has an intermediate effect in the
positive influence of green image on the scale of enter-
prise environmental protection investment and supports
Hypothesis 4 of this article. Except EPS, OPP, and COST,
other control variables have no significant relationship
with EI.

In model (3), the green image is positively correlated
with the scale of enterprise environmental protection
investment at the significance level of 1%, indicating that
the positive influence of green image on the scale of
enterprise environmental protection investment is partly
influenced by the level of local economic development.

/e proportion of the indirect effect of local economic
development level in the total effect is 0.262 × 0.001/
0.005 � 5.24%.

4.4. Robustness Tests. Firstly, use the natural logarithm
(NEI) of the total environmental protection investment
to measure the scale of enterprise environmental pro-
tection investment and use the market index (market)
constructed by Fan et al. and Wang et al. [54, 55] to
measure the level of regional economic development.
However, considering that the data from 2008 to 2014 are
based on 2008, the data calculation and scoring of all
aspects of the changes in the marketization of all prov-
inces since 2008 are reperformed. As a result, there is a
big difference between the data before 2008 and the data
after 2008. /erefore, the ranking of provinces in the
market-oriented index is adopted to measure the level of
regional economic development. Secondly, in the re-
gression model, replace and increase the control variables
that affect the enterprise’s environmental investment. For
the measurement method of the shareholding structure,
replace “shareholding ratio of the second largest share-
holder to the fifth largest shareholder (BALANCE)” with
“shareholding ratio of the largest shareholder to the fifth
largest shareholder (SHARE).” At the same time, we add
the corporate performance indicator (ROE) into it. /e
specific results are shown in Table 5. It can be seen from
Table 5 that the green image is significantly positively
correlated with the scale of enterprise environmental
protection investment, the green image is significantly
positively correlated with the market, and both the green
image and the market are significantly positively

Table 4: Regression results.

Variables Model (1) Model (2) Model (3)
EI EDL EI

GIM 0.005∗∗∗ (3.29) 0.262∗∗∗ (3.62) 0.004∗∗∗ (3.07)
EDL 0.001∗∗∗ (3.04)
EPS 0.005∗∗∗ (2.72) 0.166∗ (1.91) 0.005∗∗∗ (2.60)
LEV 0.000 (0.92) −0.011∗∗∗ (−4.87) 0.000 (1.16)
FLOW −0.000 (−1.42) −0.009∗ (−1.85) −0.000 (−1.32)
CASH 0.000 (1.40) 0.002 (0.86) 0.000 (1.36)
OPP 0.002∗ (1.94) −0.066∗ (−1.94) 0.002∗∗ (2.02)
SIZE −0.001 (−0.72) 0.020 (0.47) −0.001 (−0.75)
BALANCE −0.000 (−0.92) 0.002∗∗ (2.51) −0.000 (−1.06)
COST 0.000∗∗ (2.29) 0.035∗∗∗ (3.99) 0.000∗∗ (2.08)
YEAR Control Control Control
Constant 0.015 (0.95) 1.732∗ (1.87) 0.013 (0.83)
N 2,544 2,544 2,544
R2 0.031 0.377 0.034
Adj_R2 0.0243 0.373 0.0271
F 3.782 110.3 4.202
F (p value) 0.0000 0.0000 0.0000
Notes. ∗, ∗∗, and ∗∗∗ represent the significance level of 1%, 5%, and 10%, respectively; t value is in parentheses, and results are subject to standard error
handling.
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correlated with enterprise environmental protection in-
vestment. It shows that the level of regional economic
development plays an intermediary role between the
green image and the scale of enterprise environmental
protection investment. /e above robustness test results
show that the hypothesis in this article has been statis-
tically verified, so the research conclusions are more
reliable.

5. Conclusions

Based on the resource-based view, stakeholder theory, and
signal transmission theory, this article, based on the sample
data of A-share manufacturing listed companies from 2007
to 2015, found that a green image can significantly promote
the scale of enterprise environmental protection investment.
Further research found that the level of regional economic
development played a part of the intermediary role in the
positive impact of the green image on the scale of enterprise
environmental protection investment.

/is article studies the driving factors of enterprise envi-
ronmental protection investment at the microlevel from the
internal perspective and also studies the intermediary effect of
macroeconomic factors on the relationship between green
image and the scale of enterprise environmental protection
investment from the external perspective. /e results show that
a good green image is one of the driving factors of enterprise
environmental protection investment scale. Firstly, the green
image conveys signals to stakeholders to make their green
demands match the environmental protection behaviors of the
enterprise, thus increasing the loyalty and satisfaction of
stakeholders towards the products or services of the enterprise.
Second, the green image is conducive to the formation of the

uniqueness of products or services different from other en-
terprises and the implementation of differentiation strategy,
promote companies to improve competitiveness from the
differentiation strategy, gain newmarket share, and promote the
sustainable development of companies. In a word, improving
and maintaining a good green image is very important for the
sustainable development of companies. Green image is con-
ducive to the legitimacy of companies and the improvement of
economic performance, and it is the driving force for companies
to make various kinds of environmental investment. /erefore,
enterprises should take the initiative to obtain ISO14001 en-
vironmental management system certification, green product
logo, or actively obtain international and domestic awards
related to environmental protection, so as to establish a good
green image.

On the contrary, the impact of green image on enterprise
environmental protection investment is partly realized
through the transmission of regional economic develop-
ment. Research results show the following: first, the envi-
ronmental awareness of stakeholders is very important to
promote the enterprise take the initiative to perform envi-
ronmental responsibility. Improving the level of regional
economic development is conducive to enhancing the en-
vironmental awareness of stakeholders and affecting their
consumption concepts, thereby increasing the stakeholders’
demand and purchasing power for green goods and services
and demand stimulating enterprise environmental protec-
tion investment. Second, in the market competition envi-
ronment, stakeholders are sensitive to the green image
established by the enterprise. It is necessary to coordinate
environmental regulations andmarket-based environmental
regulatory tools to make up for the shortcomings. Under the
premise of ensuring the regional economic development, it

Table 5: Robustness test.

Variables
Use marketization index to measure regional economic

development level Add control variables to the model

NEI Market NEI EI Market EI
GIM 0.279∗∗∗ (3.25) 0.571∗∗∗ (8.33) 0.245∗∗∗ (2.81) 0.317∗∗∗ (3.55) 0.584∗∗∗ (8.12) 0.285∗∗∗ (3.15)
Market 0.061∗∗ (2.46) 0.054∗∗ (2.11)
EPS −0.161 (−0.98) 0.040 (0.30) −0.163 (−1.00) −0.802∗∗∗ (−3.61) −0.269 (−1.45) −0.788∗∗∗ (−3.54)
LEV −0.001 (−0.41) −0.010∗∗∗ (−4.47) −0.001 (−0.19) −0.001 (−0.45) −0.009∗∗∗ (−3.59) −0.001 (−0.29)
FLOW 0.552 (1.05) 0.161 (0.38) 0.542 (1.03) −0.104 (−0.18) 0.048 (0.10) −0.107 (−0.18)
CASH 0.147 (0.44) 0.831∗∗∗ (3.38) 0.096 (0.29) −0.070 (−0.20) 0.673∗∗∗ (2.63) −0.107 (−0.31)
Tobin −0.009 (−0.21) −0.120∗∗∗ (−4.06) −0.001 (−0.03) 0.022 (0.44) −0.123∗∗∗ (−3.32) 0.028 (0.58)
SIZE 0.870∗∗∗ (23.29) −0.218∗∗∗ (−7.09) 0.884∗∗∗ (23.47) 0.930∗∗∗ (20.37) −0.237∗∗∗ (−6.20) 0.942∗∗∗ (20.56)
AGE −0.064∗∗∗ (−6.53) 0.012 (1.64) −0.065∗∗∗ (−6.62) −0.061∗∗∗ (−5.66) 0.012 (1.46) −0.062∗∗∗ (−5.72)
COST −0.002 (−0.21) 0.006 (0.68) −0.003 (−0.24)
SHARE −0.106 (−1.41) 0.063 (1.06) −0.109 (−1.46)
ROE 0.018∗∗∗ (3.84) 0.011∗∗∗ (2.82) 0.018∗∗∗ (3.72)
YEAR Control Control Control Control Control Control
Constant −2.455∗∗∗ (−3.14) 13.001∗∗∗ (20.04) −3.246∗∗∗ (−3.87) −3.609∗∗∗ (−3.70) 13.056∗∗∗ (15.97) −4.312∗∗∗ (−4.23)
N 2,728 2,728 2,728 2,616 2,616 2,616
R2 0.218 0.190 0.220 2,521 2,521 2,521
Adj_R2 0.213 0.185 0.215 0.221 0.187 0.223
F 53.60 42.92 50.55 0.215 0.181 0.217
F(p-value) 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Notes. ∗, ∗∗, and ∗∗∗ represent the significance level of 1%, 5%, and 10% respectively; t value is in parentheses, and results are subject to standard error
handling.
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is used as a restraint means to force enterprises to fulfill their
environmental fiduciary responsibilities and as an incentive
means to encourage enterprises develop and adopt clean
energy, clean technology, produce green products, and
provide green services.

/ere are also some limitations to this study. First, this
study only explores the mediating roles between the green
image and the scale of enterprise environmental protection
investment, without considering the moderators. Future
research can continue to explore the boundary conditions
for the current model. Second, this study only used China’s
A-share manufacturing listed companies as a sample; thus,
the conclusions of the study may not be fully applicable to all
companies, and caution should be exercised in the pro-
motion of the conclusions. Future studies can further select
samples of other industries to explore. /ird, although the
research data in this article are sufficient to support the
research conclusions, the latest data can still be added to
future research to further enhance the representativeness of
the conclusions.
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In order to improve the competitive advantage of the supply chain, occupy more market shares, and obtain greater benefits, many
companies participate in the competition within or between supply chains. (is article mainly introduces the game analysis of
enterprise value chain operationmode under the background of green economy.(is article mainly introduces the competition of
business value chain operation mode under the background of green economy and determines its best-selling price and sales
volume.(is article first outlines the background of the green economy. Secondly, a competition model between multiple retailers
is constructed, and the optimal strategy under the two modes of Cournot competition and Stackelberg competition is studied.
Finally, the impact of the green economy coefficient on the maximum sales is analyzed. (e experimental results of this article
show that the average growth rate of total income after the transformation of the business value chain operation mode of the
business under the background of the green economy is 9.03%, which also shows that the green economic policy has ultimate
significance and is obviously innovative.

1. Introduction

Nowadays, with the improvement of people’s living stan-
dard and consumption concept, more and more con-
sumers’ pursuit of product demand is becoming diversified
and personalized [1], which makes many enterprises face
more challenges in management and decision-making. In
order to adapt to the new management environment and
enhance the competitiveness in the fierce market, the
management level of production and sales needs to be
continuously improved. Enterprises are the core force of
my country’s social development. (e state has invested a
large amount of funds to support the development of the
green economy of enterprises. (erefore, the transforma-
tion and development of the business value chain operation
mode under the background of green economy directly
affects the implementation effect of my country’s green
economy strategy [2]. Chain operation mode is the research
object, and it has important practical significance to ex-
plore the game analysis of enterprise operation mode.

D’Amato et al. found that in terms of economic and en-
vironmental sustainability, the green economy is an
“umbrella” concept [3], which includes elements in circular
economy and bioeconomy concepts (such as eco-efficiency
and renewable energy) and other elements. Particularly
circular economy and bioeconomy are centered on re-
sources, while green economy recognizes the fundamental
role of all ecological processes in principle. Regarding the
social level, the green economy includes more, for example,
eco-tourism and education. By comparing the different
sustainability strategies advocated by these concepts, it
does not advocate its substitutability, but its clarity and
reciprocal integration. Mcafee discusses the findings based
on the synergy and limitations of the concept, which are
used to provide a basis for studying the business value chain
operating mode and policy implementation in the context
of a green economy. (is study lacks case verification, no
relevant experimental data, and does not constitute con-
vincing [4]. Based on the theory of dynamic capability and
value chain, Han et al. takes Angel orange juice and
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Huiyuan Juice as examples to carry out empirical research.
(rough the comparative analysis of new retail enterprises
and traditional retail enterprises, he further discusses the
influence background of dynamic capabilities of enter-
prises on value chain reconstruction under the new retail
mode. (en, it is further discussed how to apply the dy-
namic capabilities of enterprises to the value chain re-
construction in the complex and changeable market
environment. (e starting point of this research is good,
but the discussion is too vague and should be studied in
light of the actual situation [5]. Loiseau et al. in order to
find the selection mechanism of green economy enterprise
value chain routines, based on the description of the choice
of green economy enterprise value chain routines, pro-
posed and constructed an evolutionary game model. In
addition, they also used the model to analyze green
strategies for achieving evolutionary stability in routine
procedures of economic enterprise value chains. (e re-
search is more prominent in the experimental part, but
lacks a theoretical description [6]. Su et al., taking the
environmental protection green closed-loop supply chain
as the research object, a two-stage closed-loop supply chain
game model is established. Considering the impact of
environmental protection investment on the entire supply
chain, the decisions of supply chain participants are dif-
ferent. When manufacturers choose a closed-loop supply
chain, different choices will have an impact on the benefits
of the entire supply chain. (erefore, this work compares
and analyzes the impact of centralized and decentralized
decisions on the returns and pricing strategies of each
participant. Finally, a decision model of optimized coop-
eration mechanism considering cost–profit sharing con-
tract is further designed [7].

(e overall structure of this article is summarized as
follows:

(i) Introduction. It summarizes the domestic and in-
ternational research status of supply chain enter-
prise competition, analyzes the significance of this
paper, and summarizes the research content, re-
search methods, and technical routes of this paper.

(ii) Method Part. It presents the game theory, fuzzy
mathematics theory, and supply chain theory re-
search content of this article.

(iii) Experimental Part. A competition model is con-
structed between two retailers under the back-
ground of green economy, and the optimal
strategies are studied under four competition
modes.

(iv) Analysis Part. Game analysis of competition be-
tween retailers in a green economy environment
and game analysis of competition between a single
manufacturer and two retailers are carried out.

(v) Summary Part. It summarizes the relationship be-
tween the optimal solutions under different com-
petition modes in the green economic environment.
In addition, it draws the shortcomings of this article
and the expectations for future research.

2. Competitive Methods of Operation Mode of
Enterprise Value Chain

2.1. Method of Business Value Chain Operation Mode under
the Background of Green Economy

2.1.1. System .eory Analysis. (e analysis methods of
system theory include the integrity, relevance, and coordi-
nation of the system. Taking the main participants of the
green economy, governments, enterprises, and consumers as
examples, integrity means that if any one of these three
parties is abnormal, then the overall green economy will be
abnormal [1]. Relevance means that any one of these three
parties will be abnormal, and the other two will be abnormal;
coordination means that the abnormal relationship of the
three parties will cause the tripartite imbalance [8]. (ere-
fore, when discussing issues related to green economy in this
article, we must adhere to the method of system theory and
establish an economic development model based on the
characteristics of tripartite interest balance [9]. (is article
defines the concept and characteristics of green economy
and uses sustainable development theory, ecological eco-
nomics theory, circular economy theory, low-carbon
economy theory, and basic game theory to analyze the status
quo of the development of business value chain operation
models under the background of China's green economy.
Analyzing the problems and their causes, and thus estab-
lishing a three-in-one economic development model of
government, enterprises and consumers, belongs to the
category of system analysis [10].

2.1.2. Combination of Qualitative Analysis and Quantitative
Analysis. Economics is characterized by a high degree of
abstraction. Many scholars use qualitative analysis methods
for research, while natural sciences tend to use quantitative
models to analyze problems [11]. In view of the fact that the
green economic development theory has the characteristics
of both social science and natural science, the method of
qualitative analysis and quantitative analysis is compre-
hensively used in this research [12]. (is article mainly uses
qualitative research methods for the development status,
existing problems, and cause analysis of the enterprise value
chain operation mode under the background of my coun-
try’s green economy. In the process of researching the value
chain operation mode of my country’s green economy
enterprise value chain from the perspective of game theory,
it mainly uses qualitative and quantitative research methods
[13]. Qualitative research is the foundation, and quantitative
research is deepening.(e two correspond to each other and
complement each other [14].

2.1.3. Comparative Analysis. (rough studying the experi-
ence of the development of corporate value chain operation
mode in foreign countries and various regions of my country
under the background of green economy, certain enlight-
enment can be obtained, so as to put forward counter-
measures and suggestions for the development of corporate
value chain operation mode under the background of green

2 Mathematical Problems in Engineering



economy inmy country [15].(rough the comparison of the
practical experience of the development of the value chain
operation mode of green economy enterprises in some
countries and regions, it provides an effective reference for
the development of the theory and practice of the enterprise
value chain operation mode under the background of my
country’s green economy [16]. However, due to the different
backgrounds of green economy development in various
regions, relevant theories must be innovated. (is article
focuses on the in-depth study of how to promote the healthy
development of my country’s green economy through game
analysis of corporate value chain operating models based on
my country’s actual national conditions [17].

2.1.4. .eory and Practice. (eory needs to be tested by
practice, and practice is the only criterion for testing truth.
At the same time, theory also needs to be gradually revised
and perfected in the process of exploration in practice [18].
(e research on the theory and practice of green economy
development in my country’s enterprises is still in its in-
fancy. For example, the core concepts and characteristics of
green economy have not yet reached a unified standard, and
a relatively complete system needs to be tested by practice
[19].(is article adopts the method of combining theoretical
analysis and practical summary, interspersing part of the
data support and practical content in the theoretical dis-
cussion process, in order to achieve the effect of integrating
theory with practice [20].

2.2..eCost ControlMethod of Enterprise Value Chain under
the Background of Green Economy. From the perspective of
enterprise cost control under the background of green
economy, the ultimate goal of enterprises implementing
value chain management is to reduce product costs from a
strategic perspective, improve corporate competitive ad-
vantages, and achieve environmentally friendly and sus-
tainable economic development [20]. Strategic cost
management requires companies to give full play to the role
of value chain in the cost management process, combine
value chain theory, use overall planning analysis methods,
tap the potential of cost reduction from a strategic per-
spective, and create relevant conditions for the adoption of
activity-based costing [21]. According to the location where
the product runs, it can be divided into internal processes
and external processes. From the interaction between the
input rate of the enterprise process and the postoperation
process, look for a process with low input rate and weak
correlation, separate it from the internal business, and try to
merge the external business to achieve the goal of reducing
the company’s operating costs [22, 23].

(1) Let X represent the collection of products or cost
objects, Y represent the set of activity cost drivers
associated with the job, x represent the xth product
(x ∈ X), y represent the yth activity cost driver, and
My represent the activity cost of the activity cost
driver Sum of Y. Nx represents the sum of operations
for the xth product, Oxy represents the number of

products x consuming activity cost drivers y (ab-
solute quantity), and Pxy represents the percentage
of product x consuming activity cost drivers y to the
total y activity cost drivers (relative proportion). And
x-product is called x-activity cost driver coefficient,
referred to as activity cost driver coefficient [24, 25].
(is gives the following formula:

Pxy �
Oxy

􏽐
X
x�1 Oxy

,

􏽘

X

x�1
Pxy � 1.

(1)

In Pxy � Oxy/􏽐
X
x�1 Oxy, 􏽐

X
x�1 Oxy represents the

total amount of y-cost drivers, so the sum of the
operating costs of product x is

Nx � 􏽘
Y

y�1
MyPxy. (2)

(e cost of all products is

N � 􏽘
X

x�1
Nx. (3)

In order to construct a cost driver optimization
model, it is necessary to first determine how to
measure the accuracy of cost information and the
loss of accuracy after the cost driver is merged [26].
(erefore, the accuracy standard of the merger of the
two cost drivers based on the operation is required
[27]. Let Nkm

x denote the cost of product x calculated
after merging the activity cost driver k into the ac-
tivity cost driver m; the cost of the new cost library
after k andm are combined is Mk + Mm, and the cost
driver coefficient is xm

P ; then, the following rela-
tionship holds:

N
km
x � 􏽘

Y

y�1(y≠k,m)

MyPxy + Mk + Mm( 􏼁Pim,

Nx � 􏽘
Y

y�1
MyPxy � 􏽘

Y

y�1(y≠k,m)

MyPxy

+ MkPxk + MmPxm.

(4)

Subtract formula (4) to obtain a formula repre-
senting the difference between the product cost
calculated after merging the activity cost driver k into
m and the product cost before the merger [28], that
is, the accuracy loss formula after the two activity
cost drivers are combined:

N
km
x − N � Mk Pxm − Pxk( 􏼁. (5)

(2) Suppose Cy is the information cost related to the
activity cost driver y. Because the activity cost drivers
k and m are combined, the information cost Ck
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related to k can be saved. In other words, not all
products are exactly the same, and some products are
more important to the enterprise strategic or op-
erational importance [23]. (erefore, a weight ωx is

set for the product x. (e model maximizes the
difference between the information cost savings and
the loss of cost calculation accuracy.(e relationship
is as follows:

Max 􏽘
allpairs(k,m)

αkm Ck − SQRT 􏽘
X

x�1
ωx Nx − N

km
x􏼐 􏼑

2
⎡⎣ ⎤⎦

⎧⎨

⎩

⎫⎬

⎭

� Max 􏽘
allpiars(k,m)

αkm Ck − Mk · SQRT 􏽘
X

x�1
ωx Pxk − Pxm( 􏼁

2⎡⎣ ⎤⎦
⎧⎨

⎩

⎫⎬

⎭,

(6)

where αkm ∈ 0, 1{ }(k, m � 1, 2, . . . , y). If k andm are
combined, then αkm � 1; if k does not combine with
m, then αkm � 0. In practice, based on the consid-
eration of the cost-benefit principle, the number of
activity cost drivers should not be too large [29].
(erefore, let D be the upper limit of the number of
activity cost drivers, and there are constraints:

Y − 􏽘
allpairs(k,m)

αkm ≤D.
(7)

(e combination of a number of completely related
activity cost drivers does not change the accuracy of
product activity costs. According to this theory, it is
possible to combine the many operating cost drivers
of the implementing enterprise according to their
quantitative relevance [30]. In this way, it can greatly
reduce the number of cost libraries, reduce the
workload of identifying, collecting, calculating, and
analyzing the drivers of operating costs, reduce
corporate costs, and achieve a green economy [31].

2.3. Game Analysis Model. A game model of competition
between two retailers: in this model, retailer A and retailer B
will determine their own sales at the same time, and neither
of these two companies knows each other’s sales decisions.
(erefore, it is necessary to use the ranking index of the
profit function to obtain the first-order derivation of the
profit function ranking index of the two retailers one by one
for the sales volume of the company, so as to determine the
optimal sales volume of each retailer.

Game model of competition among multiple retailers: in
this model, all retailers will determine their own sales at the
same time, and each retailer does not know the sales
strategies of other retailers. Each retailer competes for sales
based on the principle of maximizing its own profit.
(erefore, it is necessary to use the ranking index of the
profit function to find the first-order derivation of the sales
volume of the company by the profit function ranking index
of each retailer to determine each retailer.

A game model of competition between a single manu-
facturer and two retailers: a two-level supply chain com-
petition model composed of a single manufacturer and two
competing retailers is constructed. (is model analyzes how

manufacturers and retailers determine their own competi-
tive decision-making issues when retailers conduct different
competitive behaviors. According to different competitive
behaviors, this article assumes that there are three types of
competition between retailers as follows:

Mode 1. Cournot competition among retailers
Mode 2. Collusion competition among retailers
Mode 3. Stackelberg competition among retailers

A game model of competition between two manufacturers
and two retailers: when establishing a competition model be-
tween supply chains, it is assumed that the production and sales
in the supply chain are equal. Since the two supply chains are
playing a Cournot game, they decide their respective retail sales
at the same time.Whenmaking decentralized decision-making,
the manufacturer in the supply chain is the leader and the
retailer is the follower; that is, the Stackelberg game is played in
the chain. Finally, the three situations of decentralized-decen-
tralized decision-making (mode 1), centralized-decentralized
decision-making (mode 2), and centralized-centralized deci-
sion-making (mode 3) are separately established and solved.

3. Construction of Competitive Experiments on
the Operation Mode of Enterprise
Value Chain

3.1. Design of Green Supply Chain Operation System.
Before the implementation of the green supply chain, the
process of green supply chain management is very complex,
which can be divided into the following stages: first, green
supply chain planning and then, green supply chain
management.

3.1.1. .e Start of Green Supply Chain Plan

(1) Choose the Right Partner. Before starting the green
supply chain management plan, enterprises should first
choose the right supply chain management partners.
According to the relevant theories of green supply chain
management, choosing the right supply chain partners is
the basis for the efficient operation of the supply chain.
Because the operation mode of green supply chain
management is different from the general supply chain
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operation mode, there are often obstacles due to the
unqualified suppliers. (erefore, the correct selection of
suppliers is the basis for the smooth operation of green
supply chain.

(2) Coordinate with Partners. After selecting the right
supply chain partners, we need to coordinate the green
supply chain plan with the partners. (e start-up of green
supply chain may be caused by the environmental, health
and safety departments finding out the needs and oppor-
tunities of green supply chain management first, and then
making suggestions to the top management of enterprises.
It may also be caused by the enterprises’ awareness of the
importance of environmental problems and the opportu-
nities that green supply chain management will bring to
enterprises. In order to improve the environmental per-
formance, not only the departments in the core enterprises
need to pay attention to the environmental problems, but
also the cooperation of the external partners in the green
supply chain. (erefore, the core enterprises need to
communicate and negotiate with suppliers, customers, and
even consumers at the stage of starting the green supply
chain, so as to explain the benefits that the implementation
of green supply chain management can bring to the en-
terprises, get partners’ attention to environmental issues,
reach an agreement with partners, and set overall envi-
ronmental goals for the supply chain so that enterprises in
the supply chain can make specific action plans according
to specific goals.

3.1.2. Set Specific Objectives of Green Supply Chain
Management. (e next stage of green supply chain man-
agement is to set management objectives. Due to different
motivations of green supply chain operation and dynamic
factors of external environment, the objectives are also
different. Generally speaking, they mainly include the fol-
lowing aspects:

(1) Optimize environmental performance
(2) Cost reduction
(3) Improve quality
(4) Expand trademark image

Cost reduction and quality improvement are the same
goals set by enterprises under the influence of internal
motivation, which seek to improve the quality of products
and processes. (e focus on trademark image is mainly
related to external motivation, but the environmental factors
of the goals are very clear.

3.1.3. Selection of Working Objects in Green Supply Chain.
Green supply chain management is oriented to the whole
supply chain, and the most important thing is to ensure that
suppliers comply with various environmental regulations.
Due to limited resources or limited supply chain im-
provement process, in fact, each green supply chain man-
agement plan can only focus on a few specific problems or
organizations, and most companies need to choose the

working objects of green supply chain management
according to the situation.

3.2. Building a Flat Organizational Structure of the Enterprise
Value Chain Operation Model. (e flat organizational
structure can meet changing environmental requirements
and further reduce management costs. Streamlining the
organizational structure is a process in which the man-
agement level continues to decrease and the scope of
management continues to expand. (e system architecture
has gradually changed from a single application (dividing
data access directly into a service-based green economic
structure) and gradually transformed into a composite or-
ganizational structure based on small teams. (ese team
members generally only have about 10 people. (is orga-
nizational structure pays more attention to the concept of
responsibility of each member. Although there are not many
people, they can maintain a certain focus within their re-
sponsibilities and be responsible for their work and the
entire team. For example, the responsibility of search engine
optimization team members is to reduce click costs and
increase profitability by optimizing links. All they have to do
is to focus on their work, and completing the work is the
ultimate goal. From the results, this small team brought two
more advantages.

On the one hand, when the business system is assigned to
a small team by function (or specific business), the scale and
complexity of the problem it can handle will be limited.
Similarly, the scale and complexity of the architectural
problem the team has to face is reduced accordingly, which is
achieved precisely through team division to reduce the scale
and complexity of the problem. On the other hand, when the
number of people decreases, bureaucracy is difficult to
develop, and the entire team is more likely to form a positive
and autonomous atmosphere.

(is division allows the technical team to focus on
solving the corresponding business problems, or this is
the embodiment of business-driven technology in the
organizational structure (or business priority). Because
the team size is usually around ten people at this time,
there is generally no particularly complicated work, and
business design decisions will be digested within the
team. Another advantage of this division is that technical
personnel, especially the leaders of the technical team, are
very familiar with the business. Under this organizational
structure, companies divide the organization vertically by
business line, and technical support is usually within the
business line. (e internal members of the team take their
work seriously, perform their duties with due diligence,
and possess certain innovative capabilities. In a team,
there are engineers, product managers, and designers
who directly report work problems to the team’s su-
pervisor. (ere is almost no cooperation within the team,
and members can act independently among various de-
partments to complete their own tasks. In this way, the
team can maintain its own innovation, improve the
agility of response to affairs, save human resources, and
achieve green economic development.
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3.3. Building a Dynamic Cooperative Alliance Operation
Model

3.3.1. Effectively Reduce Marketing Costs. (e cost of dy-
namic alliance is borne by all parties in the alliance. (is
corresponds to the fact that other members of the organi-
zation provide themselves with a certain amount of free
advertising or a certain degree of sales comfort, while the
company uses the marketing resources of other parties for
free, which of course reduces marketing costs.

3.3.2. Expand Customer Base. (rough dynamic alliances,
companies can make consumers belonging to only one party
become their own consumers to a certain extent and at the
same time increase the number of potential consumers
under the powerful offensive of dynamic alliances, thereby
expanding the consumer group of products. Dynamic alli-
ance can only develop further. (e influence of each brand
can use the other to expand consumer groups and create
greater market space.

3.3.3. Expand Brand Influence. Even if it is a well-known
brand or a strong brand, it is impossible for everyone to be
familiar with and like it. Customers with different brand
knowledge, different reputations, and different loyalties will
have different impressions, feelings, and ratings. In dynamic
alliances, use certain brand influence, promotion skills, and
other resource advantages to improve the visibility and
reputation of related brands, enhance the loyalty of certain
brands, and increase the influence of related brands. By
forming a dynamic alliance, alliance members can provide
other alliance members with a certain degree of advertising
comfort on their respective powerful sales terminals and at
the same time exchange experience with successful adver-
tising and promotional activities across the country.

3.3.4. Market Information Exchange, Strengthening Alliance,
and Cooperation. Under the guidance of multi-interest
thinking, with the extension and deepening of the franchise
company’s cooperation period, the alliance members will
gradually break the pure business relationship and realize
the exchange of market information between the companies
in the alliance organization, through the use of operators as
collaboration links. It can even communicate through other
technical information to maximize market potential, im-
prove market efficiency, and gradually develop from the
initial transactional partnership with operators to alliance
partnerships with value-added channels within the alliance
organization. (e efficiency of information utilization by
member companies can be improved, and higher benefits are
achieved. By using the market information network to
communicate with each member company externally,
transaction costs can be reduced and themarket information
network can be improved. More effective information ex-
change and processing can enable all member companies to
fully share the information benefits of the companies in the
dynamic alliance and improve market competitiveness.

4. Competitive Analysis of the Operation
Mode of Enterprise Value Chain

4.1. Status Quo of Enterprise Value Chain under the Back-
ground of Green Economy. For the enterprise value chain,
starting from the basic value-added activities and auxiliary
activities of the value chain, the basic value-added activities
of the value chain include marketing, internal logistics,
production and operation, and external logistics. (e sup-
porting activities include corporate infrastructure. (e
purpose is to formulate the management system of the
organization, implement corporate strategies, and effectively
integrate internal resources and market resources through
the information management system to provide effective
protection for the value creation of the value chain; the
purpose of human resource management is that the strategy
requires building a highland of talents and cultivating
compound talents for enterprises; the purpose of technology
development is to continuously summarize cooperation
experience and solve cooperation problems, form the en-
terprise’s own marketing skills, and improve its core com-
petitiveness; the purpose of enterprise procurement is to
improve combining our own resources and market re-
sources to achieve the purpose of controlling procurement
costs by choosing an optimized procurement plan.

4.1.1. .e Status Quo of Enterprise Value Chain System under
the Background of Green Economy. With the phased
changes in China’s economic development and the deep-
ening of structural adjustments in supply-side reforms, the
shortcomings of small- and medium-sized private enter-
prises have gradually been exposed. (e vast majority of
enterprises in the industry are facing a shortage of com-
prehensive resources, lack of talents, lack of intellectual
property rights, and work efficiency. (e current traditional
value chain management system has begun to face the
challenges of Internet+ and other emerging value chain
systems, such as the low quality of production methods and
production lines, and the low value-added benefits of the
value chain management system. Although the compre-
hensive governance structure of small- and medium-sized
private enterprises is unreasonable, they still have the ad-
vantage of rapid turnaround in terms of mechanism; al-
though the property rights structure of large state-owned
enterprises is not dynamic enough, they may accumulate
and develop after reform or transformation; listed compa-
nies have advantages in financing, but pursuing the profit-
seeking mentality of rapid capital return is very easy to cause
investment errors. (e development status of the enterprise
value chain under the background of the green economy,
etc., is charted, as shown in Figure 1.

For small- and medium-sized enterprises, the advantage
is that they have a flexible management structure, and the
disadvantage is that they lack sufficient corporate funds; for
large enterprises, the advantage is that they have a huge
management structure that can better allocate talents, and
the disadvantage is management personnel complexity and
long decision-making process; for state-owned enterprises,
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the advantage is the strong support of national policies and
control of many people’s livelihood operations, and the
disadvantage is that the management structure is relatively
loose, which is not conducive to vertical management; for
listed companies, the advantage is that the flow of funds is
sufficient. (e value chain of the enterprise is adjusted more
freely. (e disadvantage is the same as that of a large en-
terprise. (e management personnel are complicated, and
the decision-making process is longer.

4.1.2. Elements of Enterprise Value Chain and Competitors.
Collect and count the elements of the enterprise value chain
and competitors. (e elements of the enterprise value chain
include governance structure, employment mechanism,
work efficiency, enterprise scale, enterprise management,
business model, logistics support, corporate culture, human
resource management, market adaptability, corporate in-
frastructure, corporate operating qualifications, capital fi-
nancing capabilities and technology development
capabilities, etc.; competitors can be divided into small- and
medium-sized enterprises and large-scale enterprises
according to the total amount. Draw specific statistics into
charts, as shown in Figure 2.

From the comprehensive analysis table of value-added
elements of the value chain, it can be concluded that
although small- and medium-sized enterprises have
simple advantages in terms of property rights structure
and flexible management structure, they have compara-
tive advantages in terms of corporate mechanism, work
efficiency, and employment system, but in other com-
prehensive governance structures, there are obvious
shortcomings in terms of operation and management,
human resources and capital management, and techno-
logical development. Large-scale enterprises have

relatively sufficient capital flow and a relatively complete
management structure. It is more advantageous to adjust
the business value chain operation mode under the
background of green economy.

4.2. Business RevenueAnalysis under the Background ofGreen
Economy. (is article uses relevant databases to inquire about
the revenue of my country’s enterprises in the past five years
after the adjustment of the value chain operation model under
the advocacy of the green economy strategy (the year 2020 has
not yet ended, not included) (only representative companies
are used as examples, not all included data), including small-
and medium-sized enterprises, large-scale enterprises, and
state-owned enterprises. (e statistical data drawing results of
the specific situation are shown in Table 1. Table 1 shows the
total income of enterprises under the background of the green
economy from 2015 to 2019.

It can be seen from the statistical chart that small- and
medium-sized enterprises have achieved good results in
compliance with the development strategy of the green
economy. (e total revenue has been rising steadily, with an
average growth rate of 10.50%; state-owned enterprises have
been supported by national policies and subsidies, and most
of them are subsidized support. (e total revenue of the
people’s livelihood companies also showed a steady growth
trend, with an average growth rate of 12.22%; the revenue of
large enterprises occasionally declined in 2017, but the
overall growth trend is still growing, with an average growth
rate of 4.36%. It can be seen that the transformation of the
business value chain operation mode of the enterprise in
accordance with the green economic policy advocated by the
country is conducive to the steady development of the
enterprise, saving costs, and increasing revenue. (e average
growth rate of overall revenue is 9.03%.

45.80%

87.60%

66.30%

95.20%

68.70%

84.50%

98.70%
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(%)
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Large-scale industry

State-owned enterprise

Listed company

Bad status quo
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Figure 1: Development status of enterprise value chain under the background of green economy.
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4.3.MixedStrategyGameofEnterpriseValueChainOperation
Mode under the Background of Green Economy

(1) Based on the noncooperative game strategy under
uniform distribution, the distribution of corporate
revenue in the case of different transaction volumes
is shown in Figure 3.
It can be seen from Figure 3 that whether it is a small-
and medium-sized enterprise, a large private en-
terprise, or a state-owned enterprise, the revenue
distribution is relatively even, and the trend is rel-
atively consistent.With the development of the green
economy, the total revenue has increased the most
from 2018 to 2019. Small and medium enterprises
increased by 18.89%; large private enterprises in-
creased by 2.93%; and state-owned enterprises in-
creased by 16.01%.

(2) Based on the noncooperative game strategy under
the normal distribution, the distribution of corporate
revenue in the case of different transaction volumes
is shown in Figure 4.

(3) Stability test of mixed strategy game of enterprise
value chain operation mode under the background
of green economy.

Small- and medium-sized, large-scale enterprises’
competitive advantages weaken the costs and high R&D

costs caused by low-end lock-in effects. (e two decision-
making costs have strong hidden and indirect effects, and
the reverse effect on the potential of the domestic value
chain of latecomers is not significant, especially in the early
and middle stages of the evolutionary game. In view of the
obscure contract orientation, it is assumed that hidden
costs are not an important consideration for corporate
decision-making. However, under long-term cooperation
conditions, it will affect the evolution of the game stabi-
lization strategy between the companies. (e result is
shown in Figure 5.

On the whole, the local stability of the mixed strategy
game is relatively strong. (e first company compares the
expected benefits of overflowing knowledge with the
speculative cost plus the penalty for breach of contract and
believes that it is worthwhile to negotiate with internal
personnel or third-party intelligence agencies to reach an
obscure contract, indicating that the first company will
choose a breach strategy to acquire technology and
products. Knowledge resources are required for
upgrading. (e second company’s initial judgment be-
lieves that taking the risk of default to acquire the spillover
knowledge of the first company cannot offset the sum of
the speculative cost and the penalty for default, and the
second company tends to choose a contract-abiding
strategy.
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Figure 2: Elements of the corporate value chain and competitors.

Table 1: Total revenue of enterprises under the background of green economy (unit: ten million).

Small and medium enterprises 4.12 4.23 4.81 5.92 6.07
Large-scale industry 30.31 31.25 29.87 33.56 35.71
State-owned enterprise 8.26 9.34 10.52 12.37 13.06
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Figure 4: Corporate revenue under normal distribution (unit: ten million).
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Figure 3: Corporate revenue under uniform distribution (unit: ten million).
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5. Conclusions

(e understanding of environmental problems is constantly
deepening, and the theory of solving environmental prob-
lems is constantly innovating. (e understanding of en-
vironmental issues has evolved from the early days of
environmental understanding to the theory of sustainable
development on a global scale in the 1990s. In recent years,
on the basis of the theory of sustainable development, the
concept of environmental security has been gradually
established and improved, and some theoretical systems
have been formed to raise environmental security to a high
level of understanding of national security and human
survival. Regarding the model of solving environmental
problems, the model of “circular economy” has been
proposed and started to be established. It is required to use
natural resources and environmental capacity in an en-
vironmentally friendly way to realize the ecological shift of
economic activities. (e efficiency of the green economy is
an important indicator to measure the quality of current
economic development. (e theoretical and empirical
analysis involved in the efficiency of the green economy
still has broad room for expansion in the context of the
new era.

At the beginning of the research, this paper summarized
the relevant experience of the predecessors and proposed the
analysis method of enterprise value chain operation mode
under the background of green economy, including system
theory analysis method, qualitative analysis and quantitative
analysis combination method, comparative analysis method,
and theory integration method. A cost control method for
enterprise value chain under the background of green
economy is proposed, which reduces the cost of enterprise
products from a strategic point of view and maximizes the
difference between the design activity cost driver coefficient
and the information cost savings and the loss of cost cal-
culation accuracy, which also includes the mixed-strategy

game Nash equilibrium. However, there are some short-
comings in this paper. (e mastery of theoretical knowledge
of supply chain management is relatively preliminary, which
will have an impact on the interpretation of knowledge map.
Because the overall grasp of supply chain management is not
very sufficient, it will make the interpretation of this map
more simple. In the future study, we should invest more time
to improve theoretical cognition. With the increasing im-
portance of supply chain management, the research of
supply chain management is becoming more and more
mature. For researchers, it is more and more important to
sort out the research context and clarify the research hot-
spots efficiently and intuitively.

(is article analyzes the business value chain operation
mode under the background of green economy. Traditional
technology has problems such as low technical content, high
resource consumption, and serious environmental pollu-
tion, which have become the bottleneck of its development.
In order to achieve a balanced development of environment
and interest, it is necessary to study the protection of value
chain business models under the constraints of green en-
vironment. To this end, color textile companies should es-
tablish a distinct differentiation strategy, establish function
settings, corporate culture, flat organization, and coordi-
nated incentive mechanism structure. At the same time, a
strong customer value management system should be relied
on to establish a value chain business model with com-
petitive advantages to realize the sustainable development of
color textile enterprises.
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With the development of China’s economy, people’s demand for public services is increasing. While meeting the public
better through marketization, it is also easy to lead to some risks. -e purpose of this study is to use the fuzzy analytic
hierarchy process (FAHP) to evaluate the risk of public service marketization and make effective measures to avoid it. -is
study selects the Public Gymnasiums in different districts of our city as the research object and selects one as the nationalized
public service place and the other as the market-oriented public service place. In this study, the amount of service, service
equipment, service supervision status, and people’s score under the situation of nationalization and marketization is used as
the evaluation indexes of public service marketization. At the same time, combined with the fuzzy analytic hierarchy process
(FAHP), the risks to the normal operation of the place after marketization are summarized. -e results show that the
turnover of the nationalized public service places is about 40 million yuan in the past five years, and the capital flow rate
gradually decreases from 1.5%; while the market-oriented turnover reaches the maximum of 90 million yuan, the capital
flow rate also rises to 2.21%. However, with the marketization, the scores are high and low.-is shows that the marketization
of public services leads to the improvement of service items and the increase of service charges. -e conclusion is that the
marketization of public services will have certain risks, but with the control and fine adjustment of enterprises, it is gradually
supported by the public.

1. Introduction

New public management reform has appeared in the world.
-e marketization of public service is the main one [1]. It
breaks the monopoly supply mode of the traditional public
service government, introduces the market competition
mechanism, and establishes a diversified supply organization
with separation of production and supply. -e key point of the
composite model is the change in the quality and efficiency of
public service supply. -e marketization of public services has
proved a considerable reform practice in improving the quality
and efficiency of public services, reducing the financial pressure
of the government, improving national satisfaction [2], and
promoting the construction of a service-oriented government
and a clean and efficient government. -e marketization of
public service has brought new brilliance and vitality to the

previously stopped public service.-e reform plan withmarket
intention has become the common choice of the government’s
public service reform.

-e improved analytic hierarchy process method and
fuzzy analytic hierarchy process are combined with quali-
tative evaluation and quantitative evaluation to compre-
hensively evaluate the market-oriented risk of public service
[3] and lay a solid foundation for risk prevention and
control. Moreover, the risk assessment suitable for enter-
prises is not only to meet the needs of market risk man-
agement but also to consider the principle of cost and
benefit, improve the level of risk assessment and risk
management in the public service market, effectively prevent
the mechanization of risk assessment of comprehensive risk,
and try to establish a risk caused by the lack of risk as-
sessment after reform [4].
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In his research on the marketization of public services,
lunt analyzes a neglected factor in the marketization of
public services. He examines overseas trade activities in the
fields of health and criminal justice. -is paper discusses the
differences between these departments, their policies, and
their driving forces. His focus on contrasting experiences is
an opportunity to understand the complex and differenti-
ated operational and structural environments in which this
form of “public entrepreneurship” is expressed. -e accu-
racy of his method is not high [5]. Gang and Hanwen think
the provision of public services should be both universal,
that is, independent of the social or economic status of the
recipients, and contextual, that is, able to compensate for
different local needs and conditions. Coordinating these two
attributes requires various forms of innovation, mainly
digital public service innovation. Based on the four-stage
model of the United Nations e-government survey, this
paper proposes a framework for developing such innovation,
and takes transparency, participation, anticipation, per-
sonalization, CO creation, situational awareness, and situ-
ational intelligence services (including actual cases) as the
initial set of innovation. It also outlines the new technology,
organizational and policy related government capabilities
needed to participate in digital public service innovation [6].
But its approach is not stable [7]. In the study of Rajabi F,
fuzzy analytic hierarchy process (FAHP) and fuzzy additive
ratio evaluation (ARAS-F) were used to identify and rank the
control measures of violence amongmedical staff. In the first
stage, through the review of previous studies, his method
identified and extracted the most common violence stan-
dards and control programs. In the next phase, he uses the
FAHP criteria for priority control measures. Finally, he used
the ARAS-F method to give priority to control measures of
workplace violence. His method is not practical [8]. Gaber et
al.‘s research attempts to overcome the lack of reliable es-
timation of Malaysian users’ willingness to pay for public
transport (especially buses) through a fuzzy analytic hier-
archy process (FAHP) [9]. -is is a breakthrough research.
He tries to evaluate the satisfaction factors of bus users based
on FAHP and uses the application to find the pattern of
WTP characteristics by shortening travel time. Data were
collected from public transport users’ intentions in Kuala
Lumpur, Malaysia. His method is not convincing [10].

-is paper first introduces the concept of public service
and the detailed problems encountered in the process of
marketization. -en, it also describes the risk aversion of
payment methods and risk research methods, including
literature induction, questionnaire survey, and quantitative
and qualitative analysis. -is research mainly uses the fuzzy
analytic hierarchy process, which is mainly composed of a
fuzzy judgment matrix and analytic hierarchy process. -is
study takes the public sports facilities in different districts
of our city as the research object and, respectively, discusses
the development status and the public evaluation under the
situation of nationalization and marketization. Combined
with the experimental results, this paper analyzes the
current situation of public service market-oriented project
supervision, the importance of regulatory measures, the

market-oriented business amount analysis, and scoring
analysis. So as to avoid the risk of public service market-
ization, this paper mainly studies the risk aversion of public
service marketization based on a fuzzy analytic hierarchy
process. First of all, using the method of literature review,
this paper gives a brief overview of public service and fuzzy
analytic hierarchy process, then establishes the model of
this paper combined with the two, and finally analyzes all
aspects of public service according to the model.

2. Marketization of Public Service and Fuzzy
Analytic Hierarchy Process

2.1. Concept of Public Service. In our country, the main areas
of public service are public security service, public sports
service, public health service, public education service,
public security service, public law service, and public policy
service. Because the field of public service is very extensive,
we cannot use a unified concept to define the "public ser-
vice.” At present, the main opinions on “public service” are
as follows [11, 12].

First, in our country, public service is one of the contents
of “serving the people” that the government often empha-
sizes. -e general attribute of responsibility and work is a
common term in all government work to make up for the
defects of the market and promote social justice. Second,
public service refers to the responsibility, and responsibility
of the government led public goods and service departments
to produce and supply pure public goods, public goods,
mixed public goods, and special folk goods. It refers to the
public goods and services produced by the whole society for
common consumption and equal enjoyment. Fourth, public
service refers to the public goods produced by the gov-
ernment and nongovernmental organizations in the process
of handling public business [13].

2.2. Problems in the Process of Public Service Marketization

2.2.1. Lack of Public Responsibility Brought by Marketization.
In the process of market-oriented reform, some local gov-
ernments are more worried about the change of government
functions, the reduction of personnel, and the solutions to
financial and investment problems [14], but they have not
formulated countermeasures and underestimated the po-
tential gap of public responsibility after marketization. We
hope to take preventive measures or reduce the responsi-
bility of the government subjectively. Because enterprises
and nongovernmental organizations have no obligation to
undertake social public responsibility, they sometimes lose
public responsibility for the purpose of pursuing interests.
-erefore, the government cannot bear the public respon-
sibility; on the contrary, it should formulate the relevant laws
and regulations for the management and supervision of
enterprises and nongovernmental organizations and bear
the corresponding responsibilities [15]. Public service can be
marketized, but public responsibility cannot be marketized
[16, 17].
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2.2.2. Marketization Causes the Loss of State-Owned Assets.
-e loss of state-owned assets, reflected in the loss of
government finance and state-owned enterprises, will
eventually damage the interests of the state. Taking the
cooperation between the government and the people as an
example, the government uses several public service projects
such as infrastructure construction, water supply, and power
supply to cooperate with nonstate-owned funds [18], and
each party has a certain share. Due to the lack of funds
from the state-owned government, the proportion of
joint ventures is only offset by the discount of fixed assets,
and the nonstate-owned capital actually contributes to the
capital [19].

-is general marketization method is due to the re-
formers’ lack of necessary knowledge and skills, the lack of
perfect supervision and restriction mechanism, and the lack
of scientific evaluation methods [20], resulting in the direct
loss of state-owned assets (improper behavior of managers)
and indirect losses (under evaluation). -is kind of situation
often occurs in the early stage of marketization, especially
the asset loss of small and medium-sized state-owned en-
terprises with poor efficiency.

2.2.3. Marketization Causes Fairness Problems. Public ser-
vices and the security of public services must be fair and just,
reflecting social equity to the maximum extent. Public service
is not inherent to a few people but must have universal
significance. However, the marketization of public services
follows the same exchange principle. -e services with low
payment capacity or no services at all decline and cannot be
accessed. -e hierarchical situation of public services is
formed. On the premise of insufficient total public services,
the disadvantaged groups can obtain very few public service
goods, which cannot meet their basic living needs [21, 22].

In the market situation, in order to improve profits,
producers will choose the service items with high profit-
ability, but the profitability is low, but they may be denied to
provide the services that need to be provided. Consumers
can choose various types and levels of services [23], but
people who live in difficulties have limited ability to pay, so
they lose the right to choose [24].

2.3. Risk Aversion of Payment Methods in Public Services.
Government functionsmust strictly control the scope of user
payment for applications. -e user’s payment is only ap-
plicable to the relatively high operating cost and crowded
public facilities resources and does not import the user’s
payment to the project with a lower operating cost.

In order to prevent the complete privatization of public
resources, it is necessary to monitor the price of public
goods, control the price within a reasonable range, and adopt
subsidies to socially disadvantaged groups to ensure the
publicity principle of public service supply. -is can effec-
tively avoid the risk of this model [25, 26].

In short, in the case of market economy, the supply of
public sports must follow the application form of market
intention. In this case, the cost is inevitable and is the
necessary condition to maintain the public supply. In the

user charging mode, in order to solve the problem of price
setting mechanism, the two-part price setting method is
relatively advanced. It has the value of practical application
and improvement. At the same time, this market-oriented
application mode needs to pay attention to the possible risks
and strengthen the use of risk management.

2.4. Research Methods of Public Service Marketization Risk

(1) Literature induction: most of the research results
used in the coding part of the theory are obtained
from the library and Internet resources. After
reading a lot of domestic and foreign public service
outsourcing knowledge, they have formed their own
unique series of knowledge systems and selected a
valuable part for research. -e theory and literature
summary used in this paper will be obtained through
comparison [27, 28].

(2) Qualitative analysis: the research idea starts from the
research results at home and abroad, summarizes the
research results of previous scholars, points out the
nature of public service outsourcing directly, and
puts forward the research framework of this paper,
which determines that the decision-making stage,
implementation stage, and introduction stage of
service outsourcing process are divided into two
stages [29]. -e corresponding risk avoidance
strategies are proposed from three aspects.

(3) Quantitative analysis method: in the qualitative
analysis of public service outsourcing, the risk of
public service outsourcing is quantified through a
data model, which makes the analysis results more
convincing [30].

(4) Questionnaire survey method: as a case study,
through the questionnaire survey of government
agencies and the corresponding third-party service
consulting agencies, we get valuable data, conduct
model analysis, and finally grasp the risk situation of
China’s public service outsourcing [31].

2.5. Fuzzy Analytic Hierarchy Process

2.5.1. Analytic Hierarchy Process. Analytic hierarchy process
is a systematic and multifunctional decision analysis method
with a multilevel structure, which is characterized by the
combination of qualitative analysis and quantitative analysis.
Enterprise risk assessment and analysis is a complex prac-
tical problem. After the application of the analytic hierarchy
process, the indicators of multiple complex problems are
found, and they are decomposed into target level, bench-
mark level, index level, and other levels to form a hierar-
chical evaluation model. By selecting a specific quantitative
proportion, all indicators are quantified to the same level,
and the judgment matrix is constructed by a pairwise
comparison of indicators. -rough the individual ranking of
each level and the ranking of the whole level, the relative
importance of the indicators is determined, and the indi-
cators are analyzed and judged by calculating the weight of
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the indicators, and finally, a comprehensive decision is
made. -e model architecture of the analysis hierarchy
process is shown in Figure 1 [32, 33].

2.5.2. Calculation Steps of Analytic Hierarchy Process.
-e calculation sequence of the analysis hierarchy process is
mainly composed of the following contents. -e first is to
determine the problems of evaluation and analysis, the
second is to build a multilevel structure, the third is to form a
judgment matrix based on multiple clear hierarchical
structures, and the fourth is to implement the hierarchical
structure: single sort and whole sort. -e specific steps are as
follows [34].

-e first is to sort out the overall objective of evaluation
problems, determine the problems that need decision-making,
and clarify the relationship with relevant index elements
through comprehensive analysis.

Second, construct a multilevel structure. -e multilevel
structure model of the analytic hierarchy process is mainly
divided into three levels (target, benchmark, and plan). In
terms of the number of indicator elements in each level, the
target layer is usually uniquely determined, with multiple
baseline and planning layers. Indicator elements correspond
to indicators at multiple reference levels and indicators at
multiple program levels [35, 36].

-e third is to form a judgment matrix. After comparing
the two indicator elements, assume that there are n indicator
elements so that the i and ji target (i � 1, 2, . . . , n). -e
importance degree of the index element is aij, and the n-
order judgment matrix (aij)n×n is obtained. -e determi-
nation matrix is the value that compares the importance of
index elements at the same level with the importance of
corresponding index elements after the previous level. -e
decision matrix is as follows:

A �

a11, a12, . . . , a1n

a21, a22, . . . , a2n

· · ·

· · ·

an1, an2, . . . , ann

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (1)

In the process of analyzing hierarchy, the importance of
judgment matrix is judged by the ratio of 1 to 9. -at is, the
relative importance indicator can be replaced by a number.
Specifically, it can be summarized as simple as 1, and the two
indicator elements are equally important.-e numbers 35, 7,
and 9 are important benchmarks. Among the two index
elements compared, the index element (i) of the former is
more important than the index element (j) of the latter, and
the second is the slightly important and relative element
(Important, very important, especially important). If
numbers 2, 4, 6, and 8 are displayed, the relative importance
of the two compared index elements is expressed in the
middle of the adjacent importance. When the importance is
reciprocal of each other, it will reflect the opposite value of

the importance scale. For example, the importance scale
used to compare element index i and element index j is aij,
and the importance scale for comparing element index j

with element index i is 1/aij.
If the index elements of the judgment matrix are de-

termined by the ratio of 1 to 9, the matching index of the
judgment matrix needs to be tested:

CI �
λmax − n( 􏼁

(n − 1)
. (2)

-e match index of the determined matrix depends on
the value of CI. For the calculation results, the larger the CI
value, the greater the matching deviation of the judgment
matrix. On the contrary, the smaller the calculated value of
Ci, the lower the consistency of the decision matrix and the
greater the degree. In addition, the calculated value of CI will
also be affected by the order of the decision matrix. With the
increase of the calculated value of Ci, the influence of de-
viation will gradually increase. -e average random
matching index is imported into the decision matrix [37].
-us, the order of the decision matrix can be prevented from
affecting the integrated index CI. -e random index is
omitted as RI, and its value depends on the order [38].

When judging the matching of the matrix, the order of
the matrix is used as a reference. When the matrix is
completely matched, the order of the matrix is 1 or 2. If the
order of CR is greater than 3, the random matching rate
must be calculated in the matching check:

CR �
CI
RI

. (3)

-e reference standard of the matrix matching test is
random matching ratio CR� 0.1. When Cr is less than 0.1, it
means that the decision matrix has passed the integration
test. Otherwise, the decision matrix does not meet the re-
quirements of integration testing. At this point, the judg-
ment value needs to be adjusted to pass the integration test.

-e fourth is to solve the hierarchical ranking of weights.
-ere are two kinds of hierarchical sorting: first level sorting
and total level sorting. For single rank sorting, the maximum
eigenvalue of the determined matrix must be calculated. -e
maximum eigenvalue has the corresponding eigenvector
calculation [39]. -e calculation method includes root

A

B2B1 B3

C1 C2 C3 C4 C6C5 Index
layer

Criterion
layer

Target
layer

Figure 1: Analytic hierarchy process model architecture.
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detection andmultiplication. After sorting the importance of
index elements at the same level as the parent level, the total
level is sorted based on the sorting results.

2.5.3. Fuzzy Judgment Matrix. -e weight of the fuzzy
judgment matrix is calculated. In the process of fuzzy analysis
hierarchy, it is necessary to use a fuzzy decision matrix to
calculate the weight. -e calculation method of weight:

ωi �
􏽐

n
j�1 aij +(n/2) − 1􏼐 􏼑

n(n − 1)
. (4)

When the vector ω � (ω1,ω2, . . . ,ωn) is the sorted
vector of fuzzy complementary matrix A, then the matrix W

representing the weight of a is (ωij)n×n, and the values of
ωij � ωi − ωj + 0.5, i and j are 1, 2, ..., n.

In the process of fuzzy analysis hierarchy, the con-
struction of a fuzzy decision matrix is completed. After
checking the consistency of the fuzzy decision matrix, the
ranking of single level and total level is calculated according
to the same steps as the analysis hierarchy process.-e single
time method of each level is consistent with the analytic
hierarchy process. In this paper, the characteristic root
method is used.

(1) Calculate the total of each column in the fuzzy
matrix:

aj � 􏽘
n

i�1
aij (i, j � 1, 2, . . . , n). (5)

(2) -e standard fuzzy decision matrix is established.
-e elements of the fuzzy decisionmatrix are divided
by the sum of the corresponding columns to obtain a
new fuzzy decision matrix:

bij �
aij

aj

(i, j � 1, 2, . . . , n). (6)

(3) Get the normalized weight of each indicator element.
Specifically, the average value of each row of the
standard fuzzy judgment matrix is calculated:

bj �
􏽐

n
j�1 bij

n
(i, j � 1, 2, . . . , n). (7)

Different from the general analytic hierarchy process, if
the fuzzy analytic hierarchy process is adopted, the total
ranking weight w is calculated:

wj � 􏽘

n

i�1
wiwij, (8)

where wj represents the j − th index element of the total
weight w of the hierarchy; wi represents the weight of the
i − th criterion level relative to the total target level; wij

represents the weight of the j − th element index corre-
sponding to the i − th criterion level.

3. Fuzzy Analytic Hierarchy Process Model of
Public Service Marketization

3.1. Research Object. Based on the research on the relevant
concepts of the market-oriented mode of urban public sports
service supply in China, this study takes 18 swimming pools
randomly selected from 9 districts (2 swimming pools in each
region) as the investigation objects. -is paper mainly inves-
tigates the current situation of swimming pool operators,
coaches, and other related swimming pool practitioners and
social sports organizations participating in public sports
service.

3.2. Model Construction of Fuzzy Evaluation Method

3.2.1. Establishment of Evaluation Index System. Index
system is the basis of fuzzy evaluation and the concrete
content of things evaluation. Rating elements, such as audio,
can be set at multiple levels as needed. -e elements of the
first level are “price,” “mode,” etc. Layers can adjust the
mode to surround, 3D, and other sides.

3.2.2. Determination of Evaluation Set. -e evaluation set is
different from the evaluation index set. It is mainly based on
a variety of analysis problems and makes comments on the
evaluation results of each interval according to the needs. Its
nature is to provide a framework for the final model pro-
cessing results. According to the needs of evaluation, the
evaluation level is divided into different levels (high, me-
dium, low, very good, good, fair, bad, etc.).

3.2.3. Determination of Weight. In the analysis and evalu-
ation, after the indicator system is determined, the impor-
tance of these individual indicators must be scored when
explaining the items. Because the size of the weight will
ultimately have a greater impact on the evaluation results,
the determination of the weight is objective, and the weight
must be determined as much as possible. -ere are more in
every aspect of the matter. -e actual weight coefficient can
be flexibly determined according to the characteristics of the
evaluated things, but the general principle is that the total
weight is 1 regardless of the actual working conditions.

3.2.4. Comprehensive Evaluation Model. After obtaining the
weight and the evaluation results of a single element, the final
result of the two products must correspond to the evaluation set
established in the second step if the annotation corresponding to
the maximum value is selected according to the principle of
maximum membership, the final result of the evaluation.

4. Public Service Marketization and Risk
Aversion Analysis

4.1. Analysis of the Current Situation of Public Service Mar-
ketization Project Supervision. Since 2013, the Chinese
government has paid more attention to the cooperation
between the government and the people and has issued a
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series of documents to standardize and explain the coop-
eration mode between the government and the people,
making up for the lack of legal provisions on the current
comprehensive cooperation mode between the government
and the people. At the same time, it is also an encouragement
to the nongovernmental sectors, which provides a good
regulatory environment for participating in the cooperation
projects between the government and the people, and im-
proves their trust in the cooperation between the govern-
ment and the people. -e evaluators of this paper are the
government and enterprises. Public service has always been
dominated by the government. However, after the mar-
ketization of public service, the participants have become
more and more, which can better reflect the determination
of the government to marketize public service and also a
kind of trust in enterprises. As shown in Figure 2, the limited
number of documents issued by the government for gov-
ernment civilian cooperation projects.

Figure 2 shows the number of regulatory documents
issued by the government and different governments at
various levels for the government people cooperation
projects in the past five years. -e model is associated. In
addition, the report classified the information published on
the relevant websites of the Ministry of Finance and found
that the regulatory documents were basically guidelines,
with few laws and regulations.

4.2. Analysis of the Importance of Public ServiceMarketization
Supervision Measures. Next, descriptive statistics will be
used to analyze the importance of project related regulatory
measures and the significance of project construction su-
pervision and supervision measures and draw corre-
sponding analysis conclusions. -e descriptive statistics of
project construction supervision measures are shown in
Table 1.

According to the data in Table 1, the highest average
score is the government’s supervision of private sector visits.
It is not difficult to understand that a high-quality private
sector is key to implementing cooperative projects effec-
tively. Because infrastructure projects need a relatively large
amount of funds, the supervision of funds during the
construction period is, of course, the third under the su-
pervision of the government. To ensure the safety of funds is
not only to ensure the smooth completion of the project but
also to prevent corruption and not violate the interests of the
society. -e statistical description of project service super-
vision measures is shown in Table 2.

According to the data in Table 2, the highest average
score is the supervision of service price. Public facilities in
order to use public facilities need to pay a certain fee. If the
price is too high, it will not only lose the public welfare
attribute of the project but also bring a negative impact to
the direct experience of consumers using the project,
which will damage the social usefulness of the project. -e
service quality of the project in use can be directly
measured whether the private sector provides high-quality
services.

4.3. Analysis of Business Amount of Public Service
Marketization. Figure 3 shows the turnover of nationali-
zation and marketization of public services.

Figure 3 reflects the profitability related data indicators
after the marketization of public services. From the point of
view of net asset ratio and total profit rate, there are few
examples of government control of net assets and total
profits. After marketization, capital and profits have in-
creased significantly. -is shows that marketization makes
the real value and market competition more clear.

Figure 4 shows the capital flow ratio of nationalization
and privatization of public services.

As can be seen from Figure 4, the debt data indicators of
market-oriented public service companies include current
ratio, demand ratio, asset liability ratio, and other indicators
to objectively reflect the company’s ability in the past five
years and test whether it has potential possibility. Investigate
whether there are tax risks caused by financial risks and
capital flow difficulties. -e profitability of a business is
inseparable from the effective turnover rate of funds used.
-e closely related debt indicators are the current ratio,
which, respectively, represents the ratio of current assets and
current assets to current liabilities. A high current ratio
means that assets are highly liquid but not too high. If it is
too high, it will occupy more funds, affect the capital
turnover rate, and the profitability will decline.

-e appropriate benchmark for current ratios is 2 and
for current ratios is 1. In order to measure the capacity of an
enterprise, it is necessary to combine the indicators of
current ratio and demand ratio. From the changes of the
current ratio and current ratio of public service companies in
the past five years from 2015 to 2019, both sides have moved
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Figure 2: Broken line chart of the number of normative documents
issued by the government for public private partnership projects.
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in a relatively stable range. After 2017, the current ratio has
increased significantly, close to the reference value of 2, and
the demand ratio has also increased significantly compared
with 2018, reflecting the trend of these two indicators. -e

situation and index trend are basically the same, the liquidity
of assets is strongly guaranteed, and the company is able to
repay its debts. -ere is no tax risk caused by the company’s
capital flow difficulties.

4.4. Public Service Analysis Score. Figure 5 shows the public
service marketization score.

As can be seen from Figure 5, after the marketization of
public services, at first, the public had a high evaluation of
the measure, but as time went on, people were dissatisfied
with the measure, and the score dropped. It is because the
amount of service caused by marketization has increased a
lot compared with the previous period, which has been
resisted by many people. After that, the phenomenon of
improvement shows that the market-oriented public service
is improving step by step and moving towards the direction
of being more accepted and loved by the people.

5. Conclusion

-is paper mainly studies the risk aversion of public service
marketization based on the Fuzzy Analytic Hierarchy
Process (FAHP). It uses the methods of literature review,
fuzzy analytic hierarchy process (FAHP), and mathematical
model and establishes the risk aversion model of public
service marketization. Finally, it analyzes the current

Table 2: Descriptive statistics of importance degree of project service supervision measures.

Number of samples Minimum value Maximum Average value Standard deviation
Service quality 74 1 5 3.99 0.934
Service price 74 2 5 4.13 0.891
Operating costs 74 1 5 3.84 1.121
Scope of services 74 1 5 3.71 1.207
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Figure 3: Turnover of nationalization and marketization of public
services.
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Figure 5: Public service marketization score.

Table 1: Descriptive statistics of the importance degree of project construction supervision measures.

Number of samples Minimum value Maximum Average value Standard deviation
Entry criteria 74 1 5 4.28 0.948
Construction safety 74 1 5 3.69 0.901
Project progress 74 1 5 3.73 1.021
Construction quality 74 2 5 4.26 0.735
Capital security 74 1 5 3.99 1.017
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situation of public service marketization risk in China and
distinguishes the risks according to the degree of influence.
-e research of this paper is mainly through the reform of
public service marketization, adjusting government func-
tions, and improving the level of public service optimization
governance.

-is paper analyzes the marketization of public service
from the perspective of government propaganda and
discusses the realization and separation of the public
service marketization reform plan publicized by the
government. -is paper discusses the relevant theories
and historical process of marketization of public service.
Secondly, by comparing the previous public service supply
mode with the multiagent supply mode of market in-
tention, this paper analyzes the realization of government
propaganda through marketization, mainly including the
optimization of market-oriented reform scheme. We
should allocate resources, relieve government pressure,
break government monopoly, adjust government func-
tions, introduce market mechanisms, improve service
efficiency, strengthen citizen participation, and promote
the realization of democracy.

-e risk of public service marketization is not certain but
a dynamic process accompanied by environmental changes.
From the government’s market-oriented choice to the
implementation and supervision of enterprises, and finally,
to the evaluation of market-oriented quality, there are
various risks in each stage, the types of various risks and the
impact on themarket-oriented quality of public services.-e
analysis and comparison of these risk factors and the sub-
sequent risk aversion are the basis of decision-making. In
this stage, the marketization of public service should start
from reality, improve the system of paying attention to
public satisfaction, cultivate and develop social organiza-
tions, expand the scope of a public service purchase, improve
the supervision and evaluation mechanism of public service
marketization, effectively improve the government’s optimal
governance, avoid risks to the maximum extent, and pro-
mote the marketization of public service into standardiza-
tion and scientific development.

Data Availability

-e data underlying the results presented in the study are
available within the manuscript.
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Control power is a core issue that every listed company pays great attention to. .e company’s shareholding structure directly
affects the allocation of control rights. .erefore, the shareholding structure of listed companies is analyzed, and various factors
related to the allocation of company control rights are discussed. It is very important to build indicators of control allocation of
listed companies and improve the governance model of listed companies. Based on this, this article proposes to use neural
networks and machine learning techniques to build related models and solve related problems. .is article takes the control
allocation index of listed companies on the SSE and SZSE platforms under good securities’ market conditions as the research
object and takes the stock holding allocation of listed companies as a reference for the control allocation index. Combine sliding
removal technology and approximate entropy with sample entropy, select the sliding window and sliding step size as 21 data, keep
the sliding window unchanged, and calculate the approximate entropy and sample entropy of the sequence after removing 21 data
for each sliding value to analyze the correlation between the rate of return, complexity, and effectiveness. .e results of the study
show that the mean and median of the majority shareholder’s equity pledge behavior are 0.249 and 0, respectively, and the mean
and median of the majority shareholder’s equity pledge ratio are 0.147 and 0, respectively, indicating that 24.9% of the companies
in the sample have major shareholder equity. Pledge is limited by sample data, and the proportion of major shareholders’ equity
pledge is moderate, which means that there is a certain gap in the quality of internal control between companies.

1. Introduction

Since the reform and opening up, our country’s market
economy has developed rapidly, but there is still a big gap
between the stock market and developed countries, which is
mainly reflected in the company’s shareholding structure
and company management and governance. .is reflects
that there is a big problem with the control allocation index
of listed companies. Some personnel hold large-scale
management rights in a small number of shares and are
subject to improper management or sanctions during this
period, reducing related profits. Faced with these problems,
this paper studies the research results related to financial
management and, on this basis, conducts the research on the
corporate control allocation index.

Most researchers take investment as their main research
direction. For example, Zhou Min’s research found that the
introduction of nonexecutive directors is conducive to
improving the independence of the board of directors,
curbing managerial conservatism, supervising the com-
pany’s excessive investment behavior, and promoting in-
novative output [1, 2]. Ying believes that, in the form of
centralized power, nonexecutive directors, as the spokes-
person for the interests of major shareholders, have stronger
supervisory motivation and ability and have a significant
“supervisory effect” on enterprise innovation output [3]. Pan
pointed out that nonexecutive directors often work in parent
companies or affiliated companies, and they know the
company better than part-time independent directors, and
they have rich industry experience and a good relationship
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network. .ey cannot only provide professional consulting
and advice to companies but also provide companies with
more external resources to promote the transformation of
innovation output results [4]. Xiaofang and Zhao believe that,
in the form of relatively centralized power, the conflict of
interest between the controlling shareholder and other major
shareholders is more serious, and the “same bed and different
dreams” in the process of promoting the transformation of
innovation output are not conducive to the innovation output
of enterprises [5]. Based on the panel data of 153 companies
listed on the Board of Directors of the Growth Enterprise
Market (GEM) in 2020, Zhang and Erasmus’s research an-
alyzes the status quo of the ownership structure and company
performance and explores the mechanism of the company’s
ownership structure on the company [6].

From the perspective of enterprise life cycle heteroge-
neity, Lusk et al. believe that the feedback between executive
incentives and corporate performance presents different
effects at different stages [7]. In terms of corporate inno-
vation investment, Gupta et al.’s effective innovation ac-
tivities can help companies gain competitive advantages and
benefits, especially for high-tech companies that rely on
emerging technologies to make their fortunes, and stable
innovation investment is the source of life to ensure their
development. For nonhigh-tech enterprises, innovation
investment is not the decisive factor for their development
[8, 9]. Dalla et al. proposed that the level of executive in-
centives can affect the decision-making of corporate inno-
vation activities to a certain extent. .e increase in executive
compensation makes the executives more enthusiastic about
innovation activities and the greater the intensity of cor-
porate innovation investment [10]. Ding et al. believe that
the more concentrated the equity, the more effective it is to
control the behavior of executives and ensure that executives
invest more funds in innovative activities. At the same time,
according to the supervision theory, the concentration of
equity can increase the restraint on executives’ decision-
making and avoid the pursuit of executives. Private interests
harm the efficiency of enterprises and ensure that executives
make reasonable decisions and innovative activities to en-
hance corporate performance [11]. Shouqing et al.’s research
shows that when equity concentration meets certain con-
ditions, the relationship between salary incentives and
corporate performance can be revealed, but no adjustment
of equity concentration has been found [12].

.is article first summarizes the current status of
management control allocation schemes at home and
abroad, compares the characteristics of the implementation
of the management control allocation index at home and
abroad, and draws a conclusion. Secondly, it uses control
allocation theory and enterprise manager theory. Classical
theory provides a more comprehensive and detailed analysis
of the management control assignment index and believes
that the implementation of the management control as-
signment plan is feasible. .ird, the establishment of an
optimal allocation model of equity. .e concept of “agent
state” is proposed, and the ownership structure and agency
cost are connected through the agency state. .e ownership
structure determines the agency state, and the agency state

determines the agency cost. Based on this, an optimal al-
location model of equity from the perspective of controlling
agency costs is established. From the perspective of im-
proving company performance, a general model of optimal
allocation of equity is established, and combined with the
control of agency costs; a decision analysis table for optimal
allocation of equity is formulated. Finally, the model
established in this paper is tested with the case of the do-
mestic management control allocation plan, and the results
show that the model has a certain degree of scientificity and
guidance.

2. Allocation Index Model under the Neural
Network and Machine Learning Method

2.1. Control-Type DivisionMethod Based on the Control Right
Realization Coefficient. Control power is the basis of
property rights for deepening reform, and deepening reform
is a rational choice to consolidate control power [13]. .e
reform is not to give up control, but to ensure control in the
process of reducing state-owned shares and giving priority
to ensuring the dominant position of the state-owned
economy in major issues [14]. Based on Berle’s classification
of control rights and the estimation of the optimal control
rights threshold, the control types after the mixed ownership
reform are divided into three interval types:

(1) Weak type: the controlling shareholder’s direct
shareholding ratio is less than 20%, meaning weak
control; state-owned enterprises have a tendency to
privatize, and the nonstate-owned capital has a
certain degree of control over the decision-making of
state-owned enterprises, which can easily lead to
malicious embezzlement of state-owned assets [15].

(2) Semistrong type: the controlling shareholder’s
shareholding is concentrated in the 20%–50% range,
and the controlling shareholder has weaker control
[16]. .e controlling shareholder of a semistrong
company has strong control, but the controlling
shareholder of a semistrong company has volatility
[17]. Still, large state-owned enterprises in the region
may lose control due to the ambiguity of property
rights transactions [18].

(3) Strong: the controlling shareholder holds more than
50% of the shares, the state-owned enterprises in the
region are highly concentrated, and the participation
of the nonstate-owned capital is insufficient [19].
According to the principle of the division of control
types by controlling shareholders, it is believed that
the mixed reform is centered on the main line of
“guaranteeing control rights,” continuously opti-
mizing the structure of equity checks and balances,
and ultimately achieving the goal of mutual pro-
motion of the private capital [20].

2.2. Control Power-Realization Coefficient Validity Function.
According to the control realization coefficient, the effec-
tiveness of controlling shareholders’ control over the
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enterprise is defined as the validity of the control realization
coefficient [21]..e control right realization coefficient (Z) is
mainly determined by the controlling shareholder’s share-
holding ratio (A1) and the control right threshold (P∗∗)
[22]. .is coefficient can effectively measure the validity of
the control right allocation after the mixed ownership re-
form [23]. At the same time, using the more commonly used
contingency chart in qualitative analysis, the three intervals
of the threshold of control rights are combined with the
three types of controlling shareholder’s shareholding ratio,
and the matching and combination of the control rights
realization coefficient types are analyzed to obtain the
control rights [24]. According to the actual control types of
the controlling shareholders of state-owned enterprises after
the mixed ownership reform, they are reclassified into the
following three types:

(1) Invalid control type: C2, E2, F, G2, H, and I areas.
.is type of state-owned enterprise has control
power realization coefficient Z< 1, the controlling
shareholder cannot effectively control the major
issues of the enterprise, and the control right will
increase the risk of state-owned assets and private
ownership [25]. Among them, the C2 area belongs to
the strong type of controlling shareholder control
[26]. At this time, the company’s equity is highly
concentrated, and the participation of the private
capital is also relatively large [27]. .ere is no benign
balance between the state-owned capital and non-
state-owned capital, and state-owned enterprises fail
to protect their control rights; E2 and F areas belong
to the semistrong type of control types. At this time,
the company’s equity is relatively concentrated, but
the nonstate capital has too much power to speak,
but the control chain fails to play its actual role; In
G2, H, and I areas, the control type of the controlling
shareholder is weak. Although the company’s
shareholding structure is relatively dispersed at this
time, the nonstate-owned capital is still in the most
advantageous position.

(2) Effective control type: In D, E1, and G1 areas, the
controlling shareholder of this type of Chinese state-
owned enterprise has a significant advantage in the
operation of the enterprise. .e control realization
coefficient is Z1, and the enterprise ownership
structure is relatively reasonable, which can effec-
tively prevent problems such as “one share domi-
nance” and controlling shareholder abuse of control.
Under such a well-balanced shareholding structure,
state-owned enterprises cannot only expand the
voice of the private capital and effectively release the
vitality of state-owned enterprises but also guarantee
control rights to prevent the loss of state-owned
assets. Among them, the D and E1 areas belong to
the semistrong control type. .e shareholding
structure of enterprises in this area is relatively
concentrated, and the state-owned capital and
nonstate-owned capital form a good check and
balance effect, creating a more fair competition

environment for enterprises. .e G1 area is a weak
type of control. .e company’s shareholding
structure in this area is relatively decentralized. Ef-
fective reduction of state-owned stocks will be fur-
ther realized without affecting control, the process of
mixed ownership reform will be accelerated, and
state-owned enterprises will be satisfied with the
requirements for equity diversification.

(3) Excess control type: In A, B, and C1 areas, although
such state-owned enterprises have the control rights
realization coefficient Z, the control rights of con-
trolling shareholders obviously overflow, which is
manifested in the obvious phenomenon of “one
share dominance” of the state-owned capital; the
state-owned capital has a high degree of autonomy
and strong government intervention ability. .e
shareholding ratio of the controlling shareholders of
the companies in the A, B, and C1 regions is strong,
and the process of reforming the integration and
win-win situation of the state-owned capital and
private capital has been greatly hindered.

2.3. Grey Absolute Proximity CorrelationModel under Neural
Network and Machine Learning. When carrying out multi-
factor evaluation, weights are usually used to reflect the
importance of index factors, and commonweightingmethods
are analyzed to make up for the shortcomings of single
weightingmethods..erefore, the use of combined weighting
methods for research in this paper is reliable and advanced.

2.3.1. Fuzzy Weight. Based on the influencing factor index
system constructed above, the scoring results are weighted and
averaged to obtain the fuzzy complementary matrix of each
influencing factor R � (rij)n×n, and according to the formula,

fij �
ri − rj

2(n − 1)
+ 0.5. (1)

Calculate the weights of primary and secondary
indicatorsw1

i andw3
i :

w
k
i �

1
n

−
1
2α

+
􏽐

n
j�1 rij

nα
, (i, k � 1, 2, ..., n),

w
2
i � w

2
i × w

2
i1, w

2
i2, . . . , w

2
ij􏼐 􏼑

T
.

(2)

Among them,

ri � 􏽘

n

j�1
rij, (i, j, . . . , n),

α �
(n − 1)

2
.

(3)

2.3.2. Entropy Method to Determine Weights. Based on the
data obtained from questionnaire surveys, the average value
of the top five industry results is selected to construct an
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index evaluation matrix P � (Pij)n×k; among them,
i � 1, 2, . . . , n and j � 1, 2, . . . , k, and carry out dimension-
less processing for each index, and calculate the weight of the
first and second index h1

i and h2
i according to the following

formula:

pij
″ �

Pij
′

􏽐
n
i�1 Pij
′

(i � 1, 2, . . . , n, j � 1, 2, . . . , k),

ej � −
1

ln k
􏽘

n

i�1
pij
″ ln pij
″, (i � 1, 2, . . . , n, j � 1, 2, . . . , k),

hi �
1 − ej􏼐 􏼑

􏽐
k
j�1 1 − ej􏼐 􏼑

, (j � 1, 2, . . . , k).

(4)

Finally, combine the weight wi and hi according to the
following formula to get the first and second index com-
bination weight ti and the ranking of organizational inno-
vation factors:

ti �
wihi

􏽐
n
i�1 wihi

, (i � 1, 2, . . . , n),

f(x) �
1

Nh
􏽘

N

i�1
k

Xi − x

h
􏼒 􏼓.

(5)

It can be seen from the above formula that the primary
indicators that affect organizational innovation are mainly
technology, knowledge, organizational structure, and strategic
characteristics; secondary indicators are mainly organizational
learning, knowledge flow, and information technology. At the
same time, in order to explore the logical relationship of the
main influencing factors, select the first 80% of the secondary
indicators as the main influencing factors and further analyze
the influence mechanism between the factors.

2.3.3. Analysis of the Impact Mechanism of Organizational
Innovation. .e Interpretive Structure Model (ISM) con-
struction of ISM can be used to analyze complex systems and
visually express the logical relationship between factors,
thereby constructing ISM to explore the hierarchical rela-
tionship between factors. By issuing questionnaires to
universities and experts in various industries, the value of
elementC is 1 or 0, indicating whether the elementCi pairCj

has a direct impact, and the threshold is set to 80% to de-
termine the correlation between factors, and the adjacency
matrix C is established based on the correlation; on this
basis, using MATLAB programming to perform multiple
Boolean operations makes

M � (C + I)
k

� (C + I)
k− 1 ≠ (C + I)

k− 2 ≠ · · ·

≠ (C + I)(k≤ n − 1),

ht � tanh wcxt + uc rtΘht−1( 􏼁 + bc( 􏼁,

ht � ztΘht−1 + 1 − zt( 􏼁Θht.

(6)

.e reachable matrixM is obtained, and the hierarchical
division is carried out according to the reachable
set� common set, and finally, the explanatory structure
model of the influence factors is obtained. From the analysis
of the model’s path of influence, the processes that influence
organizational innovation originate from information
technology, market environment, and economic policy, and
by acting on organizational structure and strategy and
cultural and leadership qualities, it manifests itself in the
flow of knowledge, organizational learning, and collabora-
tive openness. .e total number of shares is T � 􏽐

N
i�1 Si, and

the shareholding ratio of the ith shareholder is Pi � Si/T..e
calculation formula of the control degree α of the Cub-
bin–Leech model under the resolution of major issues is

α � Pr M′ > 0( 􏼁 � Φ
P1T

σy

􏼠 􏼡 � Φ
P1T�������

θ􏽐
N
i�2 S

2
i

􏽱⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠

� Φ
P1T���������

θ H − P
2
1􏼐 􏼑

􏽱⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠.

(7)

For the calculation of the shareholding ratio of other
shareholders, refer to the extreme concentration method,
that is, assuming the number of other shareholders as 10,000
to divide the remaining shares equally, you can get

H � H10 + 10000 ×
1 − A10

10000
􏼒 􏼓

2
, (8)

σt �

��������������������

(1/n) 􏽐
n
i�1 FIit − FIit( 􏼁

2
􏽱

FIit

, (9)

u(j | i) � wijAi. (10)

Combining formula (10) can obtain the control degree α
of the controlling shareholder of the listed company.
Conversely, if you directly limit the controlling shareholder’s
degree of control over the company α (α should be large
enough, such as α� 95% or 99%), you can calculate the
minimum shareholding ratio required to control the com-
pany’s decision-making, that is, optimal control weight
threshold P∗∗, and the calculation formula is

P
∗∗

� Zα

����������

θ ×
H

1 + Z
2
αθ

,

􏽳

ln
FIit

FIit − 1
􏼠 􏼡 � α + β ln FIit − 1 + vi + It.

(11)

Among them, Zα is a normal discrete variable with
predefined control rights. .en, define the control right
realization coefficient as

Z �
A1

P99%
,

ln
FIit

FIit −1
􏼠 􏼡 � α+β ln FIit −1+ϕXit −1+ vi + τt.

(12)
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3. Construction of the Allocation Rights’
Control Index of Listed Companies

3.1. Data Sources of Experimental Samples. .e sample data
selected in this article are the equity information of listed
companies on the Shanghai Securities Platform (SSE) and
Shenzhen Constituent Stocks Platform (SZSE) to reflect the
allocation of control rights. .e data span is from January 1,
2014 to December 31, 2020. Transaction information data
between SSE uses big data to optimize business ecology,
adjust organizational structure, and realize securities’
trading. Its self-developed C2M-personalized customization
platform and digital cloud service platform form a virtuous
circle ecosystem to facilitate securities’ transactions for listed
companies. .erefore, in this article, we will take as an
example the composition of control of listed companies on
the SSE and SZSE platforms to illustrate the impact
mechanism of the assignment of control in the age of big
data. .e data source is Google Data Analysis.

3.2. Research Index Selection and Research Steps.
According to the implementation goals and steps of the
adjustment of control rights allocation, the process of ad-
justment of control rights allocation can be divided into three
time periods: the trial period (May 9, 2017∼September 9,
2017), the comprehensive control rights allocation adjust-
ment period (2017) (September 12, 2018∼September 29,
2018), and the critical period for the adjustment of control
right allocation (after October 9, 2018)..erefore, the selected
data is divided into four time periods: preadjustment phase,
pilot phase, full implementation phase, and critical phase.

In order to initially understand the effectiveness and
complexity of the Chinese stock market before and after the
adjustment of the control allocation, first of all, descriptive
statistics are performed on the selected SSE and SZSE return
rate series. .e sample size of the two series is 854. .e
sample size is 327, and the sample size after the adjustment
of the control configuration is 394, as shown in Table 1.

.e Kurtosis values of SSE and SZSE before and after the
adjustment of control rights allocation are both greater than 3,
and the skewness value is greater than 0, indicating the instability
of stock market returns. At the same time, combining the J–B
test value and the return value h is equal to 1; it can be de-
termined that the return rate sequence rejects the assumption of
a normal distribution. .is shows that the distribution of stock
market returns cannot be reasonably explained by the efficient
market hypothesis, and its volatility does not follow periodic or
completely random walks, which can preliminarily reflect the
impact of the adjustment of the allocation of control rights on
the effectiveness of the stock market.

4. Dynamic Analysis of the Effectiveness and
Complexity of Control Rights Allocation
Based on Neural Networks and
Machine Learning

4.1. Relationship between Effectiveness and Complexity.
.is part mainly studies the optimal allocation of the equity
structure from both theoretical and empirical aspects. In
theoretical research, the impact of different equity con-
centration and equity checks and balances on the company’s
supervision mechanism, the exercise of shareholder power,
and the company’s takeover of the market is discussed,
which theoretically proves the necessity of the optimization
of the equity structure and the existence of the optimal
equity structure problem.

In order to explore the dynamic changes of the effec-
tiveness and complexity of the stock market by the adjust-
ment of control rights allocation, this paper analyzes the
dynamic values of the approximate entropy and sample
entropy of the SSE and SZSE annual return series from 2014
to 2020, as shown in Figure 1. It can be seen that the SSE and
SZSE are on the rise, indicating that the complexity of the
stock market is increasing. As a result, the stock market is
getting closer to the random state, the randomness of the
stock price gradually increases, the predictability of the stock
price decreases, and the effectiveness of the stock market is
also has been promoted. At the same time, the approximate
entropy or sample entropy of different sequences has similar
changes, and there are local differences between the ap-
proximate entropy and sample entropy of the same sequence.

As shown in Table 2, the change characteristics of the
entropy value of the SSE and SZSE stock market sequences
can be obtained. .e mean and median of the pledge of
major shareholders’ equity are 0.249 and 0, respectively, and
the mean and median of the percentage of major share-
holders’ equity pledges are 0.147 and 0, respectively, indi-
cating that 24.9% of the companies in the sample have
pledged major shareholders’ equity, which is restricted. In
relation to sample data, the majority shareholder’s equity
pledge ratio is moderate, which means that there is a certain
gap in the quality of internal control between companies. In
2017, Pilot Notices, Guidance, and Control Measures were
issued to adjust the distribution of control of listed com-
panies, formal initiation and implementation of adjustment
of the distribution of control, and “not tradeable with the
same share” “same rights” for stocks that can be traded with
stocks. .e operating mechanism of the stock market
gradually improves the effectiveness of the market, which is
manifested in the fact that the fluctuation of stock prices is
closer to the supply and demand of the market so that the
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formation of stock prices is getting closer and closer to
randomness, and the entropy of the sequence sample reaches
the local maximum in that year.

As shown in Figure 2, from 2014 to 2020, the sample
entropy of the sequence showed a slight increase. .is is
mainly due to the fact that, in June 2014, the China Securities
Regulatory Commission imposed a certain restriction on
illegal manipulation of additional new shares, reducing
artificial speculation or behaviors such as insider manipu-
lation that interfered with the normal operation of the stock
market and have increased the randomness of stock prices or
yields, and the effectiveness of the stock market has also been
slightly improved. After 2015, the China Securities Regu-
latory Commission continued to intensify its crackdown on
illegal acts of manipulating the stockmarket, which provided
support for capital market pricing to more closely reflect
changes in the market supply and demand.

As shown in Table 3, the overall stability of the stock
market from 2014 to 2020 reflects the increasing benefits
brought about by the allocation of control rights of listed
companies. It also verifies that, in 2016, government de-
partments have successively issued the opening and stability
of the stock market, protecting public investment and ac-
tivating. .ere are several opinions and regulations on the
vitality of the stock market and the improvement of the
effectiveness of the stock market. .e sample entropy of the
series in that year has continued to increase, and the ef-
fectiveness of the stock market has improved to a certain
extent.

As shown in Figure 3, in 2018 and 2019, the entropy of
sequence samples showed a downward trend and reached a
local minimum in 2019. .is is mainly due to multiple
capital violations and manipulations in 2018, with the
majority of public investors and their strong “herd effect”

Table 1: Sample size after adjustment of control configuration.

Time Stock index Mean Skewness Kurtosis J–B value

Early stage of share reform SSE 1.19 1.24 0.58 0.97
SZSE 3.53 1.01 1.9 2.68

Late share reform SSE 5.62 5.53 3.93 5.54
SZSE 4.62 2.41 3.41 2.2

Full time period SSE 1.68 1.59 1.87 1.21
SZSE 4.68 3.61 2.28 3.07
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Figure 1: Approximate entropy of return rate series and dynamic value of sample entropy.

Table 2: .e change characteristics of the entropy value of the SSE and SZSE stock market.

Year SSE SZSE Approximate Sample entropy Effectiveness Predictability
2014 1.72 1.31 1.68 1.43 0.26 0.16
2015 1.73 1.46 3.12 2.23 1.83 1.85
2016 3.84 5.51 2.51 2.86 4.24 4.29
2017 1.13 1.35 4.79 2.5 3.67 4.54
2018 2.96 1.19 1.17 3.25 2.37 2.75
2019 3.05 4.23 2.81 6.89 5.95 4.88
2020 1.5 2.94 6.7 3.55 3.36 4.94
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psychology, making stock price fluctuations unable to reflect
the normal supply and demand changes of stocks. Although
the China Securities Regulatory Commission issued a notice
in May 2019 to further strengthen the education of investors
and strengthen market supervision and management to
regulate the normal operation of the capital market, as the

opening up of China’s stock market continues to increase, it
is in contact with the international capital market increas-
ingly closer and is more sensitive to the international market.
As a result, the US subprime mortgage crisis and the US
stock market crash that year spread rapidly to the Chinese
stock market. In addition, the Chinese stock market is still in
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Figure 2: .e sample entropy of the sequence shows a slight increase trend.

Table 3: Sequence sample entropy reaches the local value.

Year SSE SZSE Approximate Sample entropy Effectiveness Predictability
2014 1.83 1.85 3.97 3.89 2.35 2.97
2015 4.24 4.29 4.33 4.22 2.34 4.86
2016 3.67 4.54 4.27 1.19 5.56 2.8
2017 2.37 2.75 3.22 3.19 4.97 3.83
2018 5.95 4.88 4.8 1.32 3.34 3.56
2019 6.36 4.94 3.65 3.48 3.25 5.24
2020 8.13 5.17 5.85 4.11 5.32 6.82
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Figure 3: Stock price fluctuations reflect the normal supply and demand changes of stocks.
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the development stage and has its own shortcomings. Under
the interaction of policy and environmental factors, al-
though the government has introduced favorable measures
for the market, the further improvement of the effectiveness
of the stock market is still restricted.

As shown in Figure 4, from the analysis of the changes in
the sequence approximate entropy and sample entropy from
2014 to 2020, the entropy values in 2017 when the adjust-
ment of the control rights configuration is initiated have
reached the local maximum, indicating that the adjustment
of the control rights configuration has an impact on de-
velopment and improvement. .e operating mechanism of
the stock market plays a great role in promoting. .e
changes in stock prices more randomly reflect the changes in
the market supply and demand, and the effectiveness of the
stock market has been improved. In 2020, the government
will continue to introduce measures to stabilize the market
and stabilize growth. Many good news to enhance market
confidence have strengthened the confidence of investment
participants, and finally, the value of the sequence sample
entropy in 2020 has rebounded slightly.

4.2. Correlation between the Rate of Return and the Effec-
tiveness and Complexity of the Allocation of Control Rights of
Listed Companies. In order to examine the relationship
between the adjustment of the allocation of control rights
and the return rate, complexity, and effectiveness of the
stock market, the sliding removal technique and the ap-
proximate entropy are combined with the sample entropy.
.e sliding window and sliding step size are both 21 data,
and the sliding window is unchanged, and the approximate
entropy and sample entropy of the sequence after removing
21 data in each sliding are calculated to analyze the corre-
lation between the rate of return, complexity, and
effectiveness.

As shown in Figure 5, there is a significant reverse re-
lationship between the SSE and SZSE return rate sequences
and their complexity (approximate entropy and sample
entropy), that is, the complexity of the stock market becomes
smaller as the return rate increases mainly because, with the
initiation and implementation of the adjustment of the al-
location of control rights, the institutional obstacles that are
not conducive to the normal pricing mechanism of the stock
market and the optimization of the function of resource
allocation have been greatly improved, and the problem of
the “nontradable” stocks of listed companies unable to be
listed and circulated has been solved which makes the re-
lationship between stock transactions and stock price
fluctuations more in line with the operating laws of the
market, reflecting that the randomness of stock price fluc-
tuations has also increased and the predictability has been
weakened. .e fluctuations are getting closer and closer to
random walks; thus, investors expect that the rate of return
will also decrease.

As shown in Table 4, the efficiency of the stock market in
developed market economies that are free and open is
relatively high. .e formation of stock prices is basically
determined by the supply and demand relationship in the

market. .e formation process of stock prices shows greater
randomness and regularity. Compliance is almost nonex-
istent; on the contrary, countries with higher market in-
tervention or control have lower stock market effectiveness
and greater regularity in stock price changes, and the for-
mation of stock prices has certain regularity, indicating that
the stock market is affected by various influences of non-
market factors. With the initiation of the adjustment of the
allocation of control rights, policy interventions and controls
have gradually decreased, and the degree of openness of the
stock market has gradually increased. Stock pricing mech-
anisms tend to improve. .e effectiveness of the stock
market should be fully reflected in changes in stock prices.
.e approximate entropy and sample entropy of the se-
quence should theoretically show a relatively larger value, its
dynamic structure characteristics have become more com-
plex, and the stock market system has shown changes in
complexity.

As shown in Table 5, the centralized equity structure
often manifests as the company’s controlling shareholder’s
monopoly on board members, and directors’ supervision of
management is often trapped in their own situation.
.erefore, the board of directors’ supervision mechanism
under this equity structure is more weak. .e decentralized
shareholding structure often shows that the membership of
the board of directors is more complicated. .is type of
shareholding structure also leads to a weaker board of di-
rectors’ supervision mechanism, and the directors lack the
motivation to monitor the management. A moderate
shareholding structure is often manifested; in that, board
members are sent by several major shareholders, forming a
balance of mutual checks and balances. Under this type of
shareholding structure, board members will maintain their
respective positions through more supervision of the
management. .e interests of shareholders represented may
result in a win-win situation for several major shareholders.

As shown in Figure 6, the centralized equity structure is
not conducive to the governance role of the company’s
takeover market because the centralized equity structure
causes stock selling in the circulating stock market and does
not pose a threat to the company’s takeover. .e decen-
tralized shareholding structure makes companies easy to be
acquired. In countries such as the United Kingdom and the
United States, where shareholding is dispersed, active cor-
porate takeover markets have greatly promoted and im-
proved corporate governance. .e appropriate ownership
structure is more difficult for external receivers to suc-
cessfully acquire because large shareholders within the
company can easily unite to prevent acquisitions.
According to the current “one share, one vote” system, the
centralized shareholding structure often leads to a mere
formality in the convening of general meetings. .e con-
trolling shareholders completely manipulate the voting
results, and the majority of small and medium shareholders
generally give up the exercise of shareholder power. .e
decentralized shareholding structure makes most share-
holders have no enthusiasm to exercise shareholder rights,
which will cause serious insider control problems, and most
shareholders will be easily manipulated by management. In
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Table 4: .e randomness of stock price formation.

Item Cost Corporate Performance Sequence Approximate S-entropy
SSE 3.11 2.98 1.4 1.34 1.43 3.31
SZSE 5.19 3.49 3.68 2.76 4.28 2.67
Approximate 4.95 5.97 2.49 1.31 1.44 4.88
Sample 4.81 2.82 2.65 1.8 2.39 1
Effectiveness 6.21 1.68 3.91 5.79 3.55 5.07
Predict 4.09 2.48 6.47 3.98 4.35 6.73

Table 5: Performance of the concentrated ownership structure.

Item .eory Effectiveness Structure optimization Equity concentration Shareholder power Monitoring mechanism
Management 0.1 0.51 1.57 0.51 0.08 1.85
Allocation 1.6 2.76 1.81 2.84 3.38 2.95
Equity 5.56 2.75 5.89 2.73 3.77 5.59
Configuration 2.41 5.46 2.28 3.07 5.89 4.36
Scientific 4.6 3.06 3.21 2.77 4.37 4.92
Guiding 1.2 1.94 2.92 5.84 2.88 2.41
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a moderate shareholding structure, several large share-
holders generally send their representatives to participate
in the general meeting of shareholders and exercise voting
rights. Relatively speaking, under this ownership structure,
the exercise of shareholder rights represents the interests of
more shareholders.

As shown in Figure 7, in the absence of the guidance of
the optimal allocation model of equity, the general law of
equity allocation in the management buyout of listed
companies in our country further verifies whether the
previous empirical conclusions are valid and scientific. .is
represents a preacquisition note by observation. It turns out
that this is during a proper increase in stock concentration
acquisitions. .e result of the actual investigation is that,
after the implementation of the management buyout, there
was a high degree of equity concentration. .ere were no
changes in the equity concentration of two companies, and
only three companies had their equity concentration
decreased.

According to the results of the previous empirical
research, it can be seen that increasing the degree of
equity checks and balances does not necessarily promote
the improvement of company performance; only when
the degree of equity checks and balances is lower than the
increase, this should reduce the degree of equity checks
and balances of these listed companies; otherwise, it may
not be conducive to the improvement of company per-
formance. As shown in Table 6, if the degree of equity
checks and balances of these listed companies is in-
creased, it may cause a decrease in company perfor-
mance. In order to further verify this inference, we once
again investigated the return on total assets. .e code is
referred to as the return on total assets. Note that the
performance of each company has been significantly
reduced. .erefore, we believe that the increase in equity
checks and balances may be one of the main reasons for
this result.

As shown in Figure 8, many control rights allocation
models are based on agency costs. Most of these models
assume that an enterprise’s income is asymmetry in infor-
mation among insiders. .e former can occupy all the in-
come that is not paid to the latter. Under this assumption, it
is concluded that due to the limitation of the managers’ own
funds and the protection of their own interests by external
investors, this has led to more use of liabilities in man-
agement buyouts. Secondly, the managers adopt more dual
securities, which are both equity and debt. In terms of rights,
there are residual claims and fixed claims. In many debt
contracts signed with managers, some investors often attach
some conditions for converting debts into equity, which not
only guarantees the minimum rate of return for investors
but also enables investors to obtain high returns. .rough
the above investigation of the equity allocation of man-
agement buyouts of listed companies in our country, the
effectiveness of the previous empirical conclusions is basi-
cally verified. .erefore, the equity optimization allocation
model designed in this article has certain scientific and
guiding significance for the equity allocation in our coun-
try’s management buyouts.

As shown in Figure 9, the model established in this
article is universal, and it is this universality that makes it
not entirely suitable for all types of companies. In the
empirical study, through the curve relationship between
cost and corporate performance and the general model of
the learning model and the allocation of stock optimization,
this provides useful guidance for the management to op-
timize the allocation of the company’s equity structure after
the acquisition. In fact, it is unrealistic to expect to establish
an optimal model of the equity structure suitable for all
types of enterprises. .e significance of the model estab-
lished in this article is to provide a way to find an optimal
allocation model of equity, that is, the concentration of
equity and the balance of equity. Combine land and use
curve estimation method to establish an optimal allocation
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Table 6: Promote the improvement of company performance.

Item After purchase Increase equity Concentration Actual inspection Implementation Equity set
Sequence 5.17 3.08 5.25 3.7 3.84 5.6
Approximate 1.04 1.49 3.23 3.06 2.19 2.65
S-entropy 3.79 1.9 1.93 2.85 2.28 2.15
Effectiveness 5.88 6.15 5.21 5.91 6.44 3.45
Predict 1.01 5.08 2.62 3.37 5.93 4.63
Complexity 2.12 1.69 6.62 1.15 3.38 3.74
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model of the equity structure. At the end of this part, case
analysis is used to test the designed equity optimization
allocation model, and the results show that the model is
scientific and effective.

5. Conclusions

.is paper uses the theory of complexity entropy to measure
and analyze the approximate entropy and sample entropy of
stock market returns from the perspective of the adjustment
of control rights allocation and system thinking. .e main
conclusions are as follows. (1) According to the definition of
randomness, the hypothesis of market efficiency, and the
theory of approximate entropy and sample entropy, it is
proved that the value and randomness state of the ap-
proximate entropy and sample entropy of the stock market
can reflect the logical relationship between the complexity
and effectiveness of the stock market and prove the ran-
domness and effectiveness of the stock market. (2) By
measuring the dynamic values of the approximate entropy
and sample entropy of the stock market return sequence
during the year and the control allocation adjustment stage
and analyzing the change characteristics of the sequence
complexity, it shows that the randomness of the stock
market after the control allocation adjustment has been
enhanced. Effectiveness has been improved, and it presents
greater complexity. (3) .e complexity of the stock market
sequence from before the adjustment of control rights al-
location to after the adjustment of control rights allocation
shows an overall increasing trend. .e sample entropy is
more accurate than the approximate entropy in the sensi-
tivity of the detection data.

From the perspective of the dynamic changes in the
complexity of the stock market before and after the ad-
justment of control rights allocation and the relationship
between its return rate and its complexity, although the
effectiveness of the stock market after the adjustment of
control rights allocation has improved to a certain extent, the
increase is small. .erefore, the allocation of control of the

company needs to be further improved, and the ability to
allocate resources needs to be optimized..e author believes
that, under the premise of ensuring the normal and stable
operation of the stock market, we should continue to im-
plement market reforms, establish a sound regulatory sys-
tem, improve the speed and efficiency of effective
information dissemination and ultimately achieve further
enhancement of the effectiveness of the stock market, and
form a reasonable and complete listing. .e formation
mechanism of corporate control rights maximizes the effi-
ciency of resource allocation optimization in the capital
market and promotes the healthy development of the stock
market in accordance with its own laws.

Although this article has done a lot of work on research,
there are still some deficiencies in the article due to my level
and time constraints. For example, in the economic inter-
pretation of the management control allocation index, a
deep economic foundation is required, and this article does
not do enough in this respect. Another example is when
investigating the case of management control allocation
plan, only the information of the management control al-
location index of listed companies is public, which leads to a
small number of case samples, and this article only selects
the sample company control allocation index before com-
paring the performance indicators of one year with that of
the control right allocation index, the rationality of which is
questionable. Future research in this field should pay more
attention to corporate governance issues. You can use the
China Corporate Governance Evaluation Index to investi-
gate whether the company after the implementation of the
control allocation plan is developing in a positive way in
corporate governance and whether it is a successful expe-
rience or failed. .e lessons will help the subsequent en-
terprises to formulate management control allocation plans.

Data Availability

.e data that support the findings of this study are available
from the corresponding author upon reasonable request.
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With the continuous popularization and development of highway traffic in mountainous areas, the number of rock slopes is also
increasing. In order to improve the stability of rock slope and reduce the harm caused by slope slip, this paper carries out
numerical simulation of rock slope sliding based on particle swarm optimization algorithm. Firstly, this paper combines the
differential evolution algorithm and simplex method to improve the global and local search ability of particle swarm optimization
(PSO) algorithm and analyzes the performance of the algorithm. ABAQUS software is used to simulate rock slope sliding, the
finite element method is used to analyze the stability of rock slope, and LS-DYNA program is used to simulate rockfall impact rock
slope. During the numerical simulation, the improved algorithm is used to analyze all the data. Experimental data show that the
improved PSO algorithm converges after nearly 100 iterations and the convergence speed and optimization accuracy are high. In
the numerical simulation, the average failure probability of the left and right sides of the main section at the top, middle, and foot
of the slope is 0.0820 and 0.0723, 0.0772 and 0.0492, and 0.0837 and 0.0677, respectively, indicating that the overall instability
probability of the left side of the rock slope is higher than that of the right side. 2e rock slope with the same direction through
joint is mainly affected by the joint at the toe of the slope, the rock slope with reverse through joint is mainly affected by the joint in
the slope, and the sliding occurs from the middle to both ends. In addition, with the increase of the size and height of rockfall, the
total energy of rock slope is also increasing, and the possibility and degree of rock slope sliding are higher. 2is shows that the
improved particle swarm optimization algorithm can effectively analyze some factors affecting slope slip in numerical simulation
of saturated rock slope slip.

1. Introduction

1.1. Background Significance. In mountainous areas, because
of the development of traffic and economy, the construction
of roads and buildings, there are a large number of rock
slopes with potential safety hazards. 2e stability of rock
slope has a direct impact on the safety of traffic and residents
in nearby areas. Once landslide disaster occurs, it will bring
huge economic losses and security threats [1, 2].2erefore, it
is necessary to detect and predict the slip of rock slope in real
time. Numerical simulation of slip of rock slope can ef-
fectively analyze the stability of rock slope, but it requires a
large amount of calculation in data analysis. Particle swarm

optimization algorithm has the advantages of simple op-
eration and fast convergence speed, which can improve the
efficiency of analysis [3, 4].2erefore, this paper proposes an
improved algorithm based on particle swarm optimization
algorithm and applies it to the numerical simulation of slope
sliding, which provides a new idea for solving the engi-
neering problem of rock slope stability.

1.2. Related Work. Particle swarm optimization (PSO) is
widely used in many fields because of its advantages of
simple operation and fast convergence speed. Mohamadi
proposed a multiobjective stochastic programming model to
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establish an earthquake response plan integrating predis-
aster and postdisaster decision-making. Aiming at this
model, he proposed a new multiobjective particle swarm
optimization algorithm and designed binary particle swarm
optimization algorithm and continuous particle swarm
optimization algorithm based on genotype sound pattern to
deal with binary position and other continuous decision
variables. Zhang et al. proposed a chaos multiobjective
particle swarm optimization algorithm based on particle
swarm optimization algorithm and invasive weed algorithm
and evaluated the performance of the method through four
common two-objective problems [5]. 2eir improvement of
particle swarm optimization algorithm provides a reference
for this study, but, after the improvement of the algorithm,
they did not carry out more comparative analysis to prove
the effectiveness of the improvement.

2e problem of rock slope sliding has always been the
focus of engineering. Wang et al. studied the sliding failure
of jointed rock slope caused by mechanical degradation of
rock mass under dry wet cycle [6]. According to the me-
chanical parameters of reservoir limestone under different
drying and wetting cycles, he used the discrete element
method to analyze the slippage failure mode of the North-
South slope of the Yellow River in the 2ree Gorges Res-
ervoir area. Zhuang et al. studied the sliding mechanism of
Earth rock slope by using transparent soil technology and
considered the influence of rock joint roughness coefficient,
soil angle, rock angle, and soil layer thickness on slope
stability [7]. He also used particle image velocimetry and
laser speckle technology to obtain the deformation char-
acteristics of rock and soil slope. Although their research on
rock slope slip is effective, there are still some deficiencies in
the technology of predicting the occurrence time of rock
slope slip.

1.3. Innovative Points in 0is Paper. In order to conduct
more accurate numerical simulation of rock slope slip,
improve the stability of rock slope, and reduce the eco-
nomic and life hazards brought by rock slope sliding, this
paper analyzes the rock slope sliding based on particle
swarm optimization algorithm. 2e innovation points of
this study are as follows: (1) based on the differential
evolution algorithm and simplex method, the standard
particle swarm optimization algorithm is improved,
which improves the global and local search ability of the
particle swarm optimization algorithm in the early and
late iterations [8]. It is found that the proposed algorithm
has faster convergence speed and higher optimization
accuracy. (2) ABAQUS software is used for numerical
simulation of rock slope sliding, and finite element
method is used for analysis. 2e top, middle, and foot of
slope are selected as feature points. It is found that the
failure probability of the left side of the rock slope model is
higher than that of the right side. (3) LS-DYNA program
was used to construct the slope model of rockfall impact
rock, and numerical simulation was carried out. It was
found that the size and height of rockfall were propor-
tional to the possibility of slope slip.

2. Particle Swarm Optimization Algorithm and
Sliding Analysis of Saturated Rock Slope

2.1. Particle Swarm Optimization Algorithm

2.1.1. Mathematical Model and Process. 2e particle swarm
optimization (PSO) algorithm simulates the foraging be-
havior of birds, taking birds as potential optimal solutions,
that is, particles [9]. Because the mass and volume of the
birds are ignored, the number of parameters is small and
easy to operate. Local and global optimal values are found
through population iterative optimization [10]. Assuming
that there are m particles in the solution space, the ex-
pressions of the position and velocity of the I-th particle in
the n-dimensional space are shown in the following
formulae:

Pi � pi1, pi2, . . . , piN( 􏼁, (1)

Vi � vi1, vi2, . . . , viN( 􏼁, (2)

where i � 1, 2, . . . , M. 2e historical optimal position of the
particle is Hbest and the global optimal position is Gbest.
Formulae (1) and (2) are improved by introducing inertia
weight and learning factor. 2e position and speed of
particles are updated as shown in the following formulae:

P
e+1
i � P

e
i + V

e+1
i , (3)

V
e+1
i � ϖVe

i + s1r1 Hbest − P
e
i( 􏼁 + s2r2 Gbest − P

e
i( 􏼁, (4)

where ϖ is the inertia weight, e is the current iteration
number, s1, s2 are the learning factor, and r1, r2 are the
random number between [0, 1].ϖVe

i is the inertial motion of
the previous generation of particles, s1r1(Hbest − Pe

i ) is the
particle’s own position, s2r2(Gbest − Pe

i ) represents the group
information sharing, and the three parts restrain each other
to achieve balance. 2e dynamic value of inertia weight ϖ is
shown in the following formula:

ϖ(e) � ϖmax −
e

max ie
ϖmax − ϖmin( 􏼁. (5)

2e running process of particle swarm optimization
algorithm is as follows:

As shown in Figure 1, the parameters of the particle
swarm are initialized first, and then the fitness value of each
particle is calculated. 2e third step is to calculate the his-
torical optimal value and the global optimal value of the
particle to determine whether the particle speed is less than
or beyond the speed constraint, and, if so, set it to the
maximum or minimum speed. 2e fourth step is to de-
termine whether the termination conditions are met. If not,
the fitness value of particles is recalculated, the position and
velocity of particles are updated, and the following steps are
repeated.

2.1.2. Influence of Algorithm Parameter Setting. 2e param-
eters of PSO algorithm directly affect the performance of
PSO algorithm, so we must consider it again when choosing
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parameters, in order to improve the convergence speed of
the algorithm and find the global optimal solution. Inertia
weight can balance the local and global distribution of
particle swarm optimization search ability [11]. In order to
ensure the global search ability at the beginning of the it-
eration and the local search ability at the later stage of the
iteration, the inertia weight should be gradually reduced
with the increase of iteration times.

2e two learning factors affect the degree of historical
optimization and global optimization of particles, respec-
tively, so the local and global search can be adjusted to
balance their capabilities [12]. Small learning factors tend to
fall into local optimality, while large learning factors tend to
ignore the optimal solution even though they accelerate the
convergence speed.

2e number of particles affects particle swarm search.
Too many particles will improve the information sharing
ability between particles, but it will also increase the search
time. Too few particles will reduce the communication,
leading to the algorithm falling into local optimization. 2e
maximum flight speed of the particle determines the moving
distance of the particle and the search ability of the algorithm
[13]. 2e faster the speed, the stronger the search ability, but
it is easy tomiss the optimal solution.2e slower the reading,
the stronger the development ability, but it is easy to fall into
local optimum. In addition, the range of particles, the ter-
mination condition, and fitness function of the algorithm
will also affect the optimization results, which need to be
determined according to the specific situation of the
problem.

2.1.3. Convergence Analysis and Deficiency. If the current
position, historical optimal position, and global optimal
position of a particle are the same, then the particle cannot
approach the optimal position because its inertia weight

and speed are not zero, so the algorithm cannot converge
[14]. If the inertia weight and velocity are very close to
zero, the particles can approach the optimal position, but
the diversity of the population will be affected [15]. Be-
cause almost all particles will gather in the same optimal
position, the optimization will be stagnant and unable to
find the global optimal value. It is not advisable for
particles to keep the initialization speed and iterate until
the end of the algorithm, because the historical optimal
and global optimal of particles cannot work, which will
reduce the adaptability of the algorithm. 2is also shows
that if the algorithm does not find the global optimal
solution before convergence, premature convergence will
occur.

2e particle iterative optimization of the PSO algorithm
inevitably has the defect of only optimizing a part. 2e local
optimal solution will cause the particle to stop searching and
communicating with other particles. 2is will affect the
diversity of the population and the optimization results,
resulting in the final optimal solution which is not ideal.

2.2. Improved Method of Particle Swarm Optimization
Algorithm

2.2.1. Improvement of Inertia Weight. 2e traditional PSO
algorithm uses the inertia weight decreasing strategy to
realize the dynamic change of inertia weight, but this
method cannot reflect the dynamic search process of
particle swarm optimization, and it is easy to lead to the
local optimization of the algorithm. 2erefore, a sine
adjustment strategy with random disturbance appears.
Adding sine adjusted inertia weight before and after the
search can accelerate the convergence speed of the al-
gorithm [16]. 2e inertia weight is adjusted according to
the following formula:

ϖ � ϖ1 × 1 − sin
πt

emax
􏼠 􏼡􏼢 􏼣 + r × ϖ2 × sin

πt

emax
􏼠 􏼡, (6)

where r is a random number, emax is the maximum
number of iterations, and ϖ1,ϖ2 are the initial inertia
weight and the final inertia weight, respectively. After the
inertia weight is adjusted according to formula (6), the
inertia weight is close to the initial value in the initial
iteration of the algorithm, so the global search ability of
the algorithm is strong, but the local search ability is weak.
In the later stage of iteration, the inertia weight will be
close to the final value, which can improve the local search
ability and search accuracy.

PSO algorithms with different inertia weights have
different balance points in global and local search capabil-
ities [17]. 2e improved PSO algorithm process of inertia
weight increases the threshold and the maximum number of
iterations on the basis of the standard PSO algorithm
process. When updating the velocity and position of par-
ticles, the inertia weight is determined first. When choosing
the value of inertia weight, the decreasing strategy is no
longer used, but the sine adjustment strategy of random
disturbance is adopted.

Randomize the velocity and
position of the initial particles

Evaluate each particle and calculate
the fitness value of function

End condition
satisfied

Calculate the historical optimal
value and population optimal value

Update the speed and position
of particles

Output optimal
solution

No

Yes

Figure 1: Flow chart of particle swarm optimization algorithm.
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2.2.2. Improvement of Learning Factors. In the standard
PSO algorithm, the value range of two learning factors
s1, s2 is generally [0, 2] [18]. When solving complex
optimization problems, particles at the beginning of
iteration are easy to gather together, resulting in the
algorithm falling into local optimal value. 2e dynamic
learning factor can help the algorithm avoid local op-
timization and avoid premature convergence under the
premise of accelerating the convergence speed. At the
beginning of iteration, if s1 is larger and s2 is smaller, the
ability of particles of learning themselves can be
strengthened and a large number of particles can be
avoided. At the later stage of iteration, if s1 is smaller and
s2 is larger, it can enhance the ability of particles of
learning groups and quickly and accurately finding the
global optimal solution [19].

2e value of learning factor is determined on the basis of
formulae (3) and (4). At that time, the values of the two
learning factors were as follows:

s1 � 0.6 × u

emax− e

emax
􏼠 􏼡

,

s2 � 0.4 + 0.1 × r.

(7)

When e> 0.6 × emax, the values of the two learning
factors are as follows:

s1 � 0.4 + 0.1 × u,

s2 � 0.6 × u

e

emax
􏼠 􏼡

,

(8)

where u is a random number. 2is improvement can im-
prove the convergence speed of the algorithm at the be-
ginning of the iteration and the accuracy of the solution in
the late iteration. Based on the standard PSO algorithm, the
improved PSO algorithm process also increases the
threshold and the maximum number of iterations. When
updating the velocity and position of particles, the two
learning factors are determined first. Instead of fixed values,
the dynamic changes of learning factors are realized by
adding random numbers according to the maximum iter-
ations of particles.

2.2.3. Improvement of Differential Evolution Algorithm.
2e differential evolution (DE) algorithm performs ran-
dom search based on population differences [17]. Firstly,
the initial population is generated randomly and evenly,
and m individuals are randomly generated in N-dimen-
sional space. 2en, three individuals xv1, xv2, xv3 are
randomly selected from the feasible solutions for muta-
tion operation. 2e mutation individuals are shown in the
following formula:

bij(k) � xv1j + F xv2j − xv3j􏼐 􏼑. (9)

where F is the scaling factor. In order to increase the di-
versity of feasible solutions, cross operation is carried out, as
shown in the following formula:

cij(k + 1) �
bij(k), if rand(0, 1)≤p or j � rand(1, n),

xij(k), if rand(0, 1)>p or j≠ rand(1, n),

⎧⎨

⎩

(10)

where p is the crossover probability and the value range is [0,
1]. 2en, select and update the target individual, as shown in
the following formula:

xi(k + 1) �
ci(k + 1), if f ci(k + 1)( 􏼁<f ci(k)( 􏼁,

xi(k), if f ci(k + 1)( 􏼁≥f ci(k)( 􏼁.
􏼨

(11)

2e mutation, crossover, and selection operations are
repeated until the convergence accuracy of the algorithm
meets the requirements or the iteration times meet the
termination conditions. 2e DE algorithm is used to im-
prove the PSO algorithm. In the specific operation, the
mutation, crossover, and selection operations in DE algo-
rithm are used to mutate the historical optimal position of
particles, so as to maintain the diversity of particles and
avoid the weakening of global search ability in the late it-
eration stage and the emergence of premature scene. In
order to judge the aggregation degree of particles, the
particle aggregation factor is introduced into the basic PSO
algorithm, as shown in the following formula:

d(e) �
min y pg(e)􏼐 􏼑, y􏼐 􏼑

max y pg(e)􏼐 􏼑, y􏼐 􏼑
, (12)

where y(pg(e)) is the fitness value of the historical optimal
position, e is the current iteration number, and y is the
average of the current fitness of the particle. 2e value range
of aggregation factor is (0, 1], and the value is directly
proportional to the degree of aggregation. In other words,
the smaller the value, the lower the aggregation degree of
particles and the greater the diversity of particle swarm
[20, 21].

Improved PSO algorithm flow based onDE algorithm on
the basis of standard PSO algorithm, after calculating the
historical optimal position and fitness value, the calculation
of aggregation factor, and mutation operation of historical
optimal position are added, and then the position and speed
of particles are updated according to aggregation factor and
mutation operation. In this way, the diversity of particles can
be maintained throughout the iteration process, the global
search ability can be improved, and the optimization results
can be optimized.

2.3. Sliding of Saturated Rock Slope

2.3.1. Monitoring Technology of Saturated Rock Slope Slip.
2e geophysical methods for slope monitoring include ra-
dioactive measurement method, seismic exploration
method, ground penetrating radar, and acoustic emission
technology [22]. 2e radioactive measurement method can
determine the geological form of slope slip by monitoring
radon and its daughters in rock slope. It has the advantages
of simplicity and economy, but the results are easily affected
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by many factors and the accuracy is not high. In order to
excite seismic wave, seismic exploration company uses re-
flection and refraction signal of seismic wave to judge the
nature and shape of rock. Ground penetrating radar (GPR)
is similar to seismic exploration, which uses the reflected
signal of electromagnetic wave to find the position of slope
slip. 2rough the monitoring of two closely connected
acoustic emission probes, acoustic emission technology can
judge the position of slope sliding and the time of slope
sliding according to the intensity of acoustic emission.

2e surface deformation morphology monitoring
methods for slope monitoring include digital close range
photogrammetry, global positioning system, geographic
information system, and remote sensing and telemetry
system [23]. Digital close range photogrammetry compares
the pictures of the same position in different time periods
and then uses computer processing technology to sort out
and analyze the data to determine the relevant value of slip.
2e global positioning system (GPS) can locate and monitor
the rock slope from multiple angles and in all directions and
has the advantages of high accuracy and efficiency. 2e
digital map of GIS can explore, analyze, and process huge
geographic data. It can not only analyze the stability of rock,
but also predict the stability of potential rock slope slip area.
Remote sensing system uses remote sensing sensor device to
survey and monitor large area of landform and geological
disasters.

2e deep deformation morphology detection methods
for slope monitoring mainly include inclinometer tech-
nology, strain tubemonitoring technology, and time domain
reflection technology [24]. 2e inclinometer uses the
movement law of the pendulum under the action of gravity,
measures the relevant angle and horizontal displacement
data, calculates the deformation trend and depth, and has
high measurement accuracy. 2e strain tube monitoring
technology can judge the deep displacement of the slope by
monitoring the resistance change of the resistance strain
gauge embedded in the strain tube in the slope body. Time
domain reflectometry (TDR) is used to collect and analyze
the reflected and projected signals of electromagnetic wave
to monitor the stability of slope.

2.3.2. Stability Analysis of Saturated Rock Slope. 2e
Swedish circular arc method considers that the ratio of the
shear strength of the whole slip surface to the actual shear
stress is the stability safety factor, which has the advantages
of easy implementation and practical application [25]. In a
homogeneous cohesive rock slope, l is a slip arc, and its
center and radius are o, r, respectively. 2e antisliding
moment c · l · R on the slip arc and the reaction force caused
by the self-weight of the sliding rock are NR. When the
internal friction angle between reaction force and rock is 0,
the stability safety factor is shown in the following formula:

Fs �
NR

Ns

�
c · l · R

wk
. (13)

Among them, the rotational moment Ns � wk, w is the
self-weight of the sliding rock, and k is the horizontal

distance from the vertical line of the rock center to the center
of the circle.

2e Bishop method takes into account the effect of
interslice forces, assuming that the vertical shear forces on
both sides of the soil strip are the same, but the direction is
opposite. 2e total normal force and tangential resistance at
the bottom of soil strip are zi, ti, respectively. 2e equilib-
rium condition of vertical force of each soil strip is shown in
the following formula:

wi + qi − qi+1 − zi cos αi − ti sin αi � 0, (14)

where wi is the self-weight and qi is the tangential interstrip
force. 2e tangential resistance at the bottom of the soil strip
is shown in the following formula:

ti �
ci
′gi

Fs

+
Ni − μgi

Fs

adϕ′. (15)

In limit equilibrium, the overall moment equilibrium
condition is shown in the following formula:

􏽘 wiqi + 􏽘 viei − 􏽘 tir � 0, (16)

where v is the horizontal force. 2e stability safety factor
under Bishop method is shown in the following formula:

Fs �
􏽐 1/mαi( 􏼁 ci

′gi + wi − μigi( 􏼁adϕ′􏼂 􏼃

􏽐 wi sin αi + 􏽐 vi ei/r( 􏼁
. (17)

2.3.3. Numerical Analysis Method of Saturated Rock Slope.
2e numerical analysis method mainly depends on the
constitutive relation of materials to analyze the slip of rock
slope, which can solve the slip field and stress field of the
slope and can also simulate the specific process of the slip.
2e commonly used numerical analysis methods include
finite element method, discrete element method, fast La-
grangian method, and boundary element method [26]. In
the finite element method, the wireless element problem is
discretized into a finite element problem, and then it is
solved. 2e function equation is established and analyzed.
2e application of finite element method in slope mainly
includes finite element arc search method and finite element
strength reduction method. 2is method has the advantages
of strong applicability and high authenticity of stress cal-
culation, but the workload of calculation is very large and it
is easy to make mistakes.

2e discrete element method (DEM) discretizes the
research object into rigid units and uses the central differ-
ence method to solve the motion equation. 2e result is the
motion state of the research object. 2is method can solve
the problem of large displacement of rock mass and simulate
the process of rock sliding. 2e principle of the fast La-
grangian method is consistent with that of the discrete el-
ement method, but, compared with the discrete element
method, it can be applied to the nonlinear solution of various
boundary conditions and constitutive models. Although the
solution speed is fast, the accuracy is not high.

2e boundary element method transforms the partial
differential equation into the boundary integral equation
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and then discretizes it into an algebraic equation with only
boundary nodes to solve the unknown variables. 2e al-
gorithm can reduce the dimension of the problem, so it
greatly reduces the calculation workload and improves the
efficiency. But, when dealing with nonlinear problems, the
performance is poor. Sometimes, the results are complex and
not clear enough.

3. Experiments on Numerical Simulation of
Rock Slope Sliding Based on PSO Algorithm

3.1. Improvement of Particle Swarm Optimization Algorithm.
Although the improved PSO algorithm based on DE algo-
rithmmentioned in Chapter 2 can improve the global search
ability, it needs a strong local search ability in the later stage
of iteration. Simplex method has a small amount of com-
putation. It has the advantages of strong local search ability
and fast convergence speed, but poor convergence charac-
teristics. It is difficult to achieve good optimization results
only by using simplex method when solving complex
functions with higher dimensions. 2erefore, on the basis of
optimizing the global search capability based on DE algo-
rithm, this paper also uses the simplex method to optimize
the local search capability of PSO algorithm.

2e flow of the improved algorithm is as follows: firstly,
the parameters of particle swarm are initialized, and then the
fitness value of each particle is calculated. 2e second step is
to calculate the historical optimal value and global optimal
value of particles and update the position and velocity of
particles. 2e third step is to calculate the aggregation factor
of particles. If it is greater than 0.1, the DE algorithm is used
for mutation, crossover, and selection to update the his-
torical optimal position of particles. In the fourth step, after
the fitness values of particles are arranged in ascending
order, the first few particles are selected to form a simplex,
and simplex search is carried out to update the historical
optimal position of particles. 2e fifth step is to judge
whether the termination condition is satisfied. If it is sat-
isfied, the algorithm will be terminated. If not, it will return
to the second step to repeat the search.

3.2. StageAnalysis ofRock Slope Sliding. 2e first is the elastic
deformation stage, the rock slope under the load force of
instantaneous deformation. 2en, in the initial deformation
stage, the structural planes and pores in the rock body are
gradually closed under the action of sliding force, resulting
in elastic aftereffect deformation.2e third stage is isokinetic
deformation stage, in which the material of rock slope shows
viscous damage or creep damage, and the deformation
develops at constant speed. 2e fourth stage is the
accelerated deformation stage. Plastic damage and viscous
damage appear simultaneously in the rock slope, and the
deformation speed will accelerate with time. 2e last stage is
the instability stage, the deformation of the slope presents a
steep increase and failure situation, the cracks in the slope
spread to the maximum, and the duration of the instability
stage is relatively short.

3.3. Numerical Simulation of Rock Slope Slip. 2e slip of rock
slope was simulated numerically by ABAQUS software, the
stability of rock slope was analyzed by finite element
method, and all data were analyzed by the improved PSO
algorithm in this paper. 2e Mohr-Coulomb model of
ABAQUS software can simulate the main characteristics of
rock and can be used to analyze transversely isotropic rock
slope. 2e finite element analysis model of rock slope has a
slope height of 45 m and a slope angle of 40°. 2e physical
property parameters of the material are the common sandy
mudstone with density of 2.44 g/cm3, elastic modulus of
1.21× 104mpa, and porosity of 5.42%. After confirming the
model data and material parameters, the model was
established by ABAQUS software. 2e top, middle, and foot
of the slope are selected as feature points to judge whether
the slope is sliding.

In order to analyze the effect of rockfall impact on rock
slope slip, lS-DYNA program is used to simulate rock slope
with rockfall impact. Assuming that the rock slope under
impact has uniform texture and fixed boundary, the rockfall
in the simulated value is a rigid cube, and then the rockfall
drop model is established.

4. Discussion on Results of Numerical
Simulation Analysis

4.1. Performance of the Improved Algorithm in 0is Paper.
2e convergence performance of improved algorithm (TP-
PSO), standard PSO algorithm, and improved PSO algo-
rithm based on DE algorithm (DE-PSO) is compared and
analyzed.

As shown in Figure 2, the improved PSO algorithm
converges after nearly 100 iterations, and the improved PSO
algorithm based on DE algorithm converges after 150 it-
erations, while the standard PSO algorithm shows a slow
convergence trend. 2erefore, in terms of convergence
speed, the improved PSO algorithm is better than the im-
proved PSO algorithm based on DE and the standard PSO
algorithm.

2e performance of the algorithm is also reflected in the
optimization effect.2erefore, the optimization results of the
test function under different algorithms are compared. 2e
optimal value results obtained by the three algorithms are as
follows:

As shown in Table 1, the optimization results of TP-PSO
algorithm in four functions are 3.5712, 0.0572, 5.0417, and
2.2401. In different test functions, the optimal values ob-
tained by different algorithms are not consistent, and they
are greatly different due to the characteristics of the function
itself.

As shown in Figure 3, the minimum optimization result
of TP-PSO algorithm is 0.0572 and the maximum is 5.0417.
2e minimum optimization result of DE-PSO algorithm is
0.0275 and the maximum is 15.3622. 2e minimum and
maximum results of PSO algorithm are 2.8083 and 19.7796,
respectively. 2is shows that the accuracy of TP-PSO al-
gorithm is higher than that of DE-PSO algorithm and PSO
algorithm.
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4.2. Numerical Simulation Results of Rock Slope Slip. In this
paper, the stability of rock slope is analyzed by numerical
simulation of finite element method. 2ree main sections of
the top, middle, and foot of the slope are selected to calculate
the instability probability of the left and right sides of each
main section. 2e results are as follows:

As shown in Table 2, the maximum failure probability of
the left and right sides of the main section at the top of the
slope is 0.1789 and 0.1816, and the minimum probability of
instability is 0.0021 and 0.0059. However, in most cases, the
instability probability of the left side is slightly higher than
that of the right side, and it is impossible to judge which side

has the higher instability probability only by the maximum
and minimum value.

As shown in Figure 4, in the main section at the top of
the slope, the average instability probability on the left is
0.0820, and the average instability probability on the right is
0.0723.2is shows that, in general, the instability probability
of the left side is slightly higher than that of the right side.
2erefore, for the top of slope, more attention should be paid
to the generation of left side slope slip.

2en, the stability of the main section in the middle of
the slope is analyzed, and the instability probability of the left
and right sides of the main section is calculated.

As shown in Table 3, the maximum instability proba-
bility of the left and right sides of the main section in the
slope is 0.1557 and 0.1353, and the minimum instability
probability is 0.0111 and 0.0029. 2e variation trend of
instability probability of the left and right sides of the main
section in the slope is as follows:

As shown in Figure 5, in the main section of the middle
slope, the average instability probability on the left side is
0.0772, and that on the right side is 0.0492. 2is shows that,
in general, the instability probability of the left side is higher
than that of the right side. 2erefore, it is necessary to pay
more attention to the left side slope slip for the middle slope.

2en, the stability of the main section at the toe of the
slope is analyzed, and the instability probability of the left
and right sides of the main section of the toe is calculated.

As shown in Table 4, the maximum failure probability of
the left and right sides of the main section at the toe of the
slope is 0.1755 and 0.1784, and the minimum probability of
instability is 0.0115 and 0.0063. 2e variation trend of the
instability probability of the left and right sides of the main
section of the slope toe is as follows:

As shown in Figure 6, in the main section of slope toe,
the average instability probability on the left side is 0.0837,
and that on the right side is 0.0677. 2is shows that, in
general, the instability probability of the left side is higher
than that of the right side. 2erefore, for the toe of slope, it is
necessary to pay more attention to the left side slope slip.

To sum up, in the three main sections of the top, middle,
and toe of the slope, the trend of the instability probability of
the top and foot of the slope is similar, and the instability
probability of the left side is higher than that of the right side.
Although the left side of the slope is higher than the right
side, it is relatively stable.

Table 1: Optimal values of different algorithms.

Algorithm Function 1 Function 2 Function 3 Function 4
TP-PSO 3.7512 0.0572 5.0417 2.2401
DE-PSO 2.0458 15.3622 9.1219 0.0275
PSO 2.8083 3.6157 19.7796 19.4803
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Figure 2: Convergence curve of the algorithm.
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Figure 3: Comparison of optimal values of different algorithms.

Table 2: Instability probability of main section at the top of slope.

Xi (m) μA (x) left P left μA (x) right P right
0 1 0.1789 1 0.1816
1 0.9272 0.1473 0.8924 0.1489
2 0.8815 0.1279 0.7718 0.1147
3 0.8251 0.1056 0.6675 0.0873
4 0.7762 0.0857 0.5781 0.0671
5 0.7264 0.0653 0.5004 0.0481
6 0.6835 0.0510 0.4332 0.0328
7 0.6399 0.0347 0.3753 0.0226
8 0.5907 0.0213 0.3267 0.0142
9 0.5346 0.0021 0.2750 0.0059
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4.3. Influencing Factors of Rock Slope Slip

4.3.1. Influence of Rock through Joint. 2e influence of joint
on rock slope slip is analyzed from the same direction
through joint and reverse through joint. 2e same joint
parameters are used in the experiment, 5 joints are set in the
same direction and 5 joints in the reverse direction, re-
spectively. Starting from the foot of the rock, 5 reference
points were selected on average to observe and calculate the

displacement of the upper and lower sides and the left and
right sides of the reference points.

As shown in Table 5, in the same direction through joint,
reference point no. 1 has the largest displacement at the
upper and lower sides, which are −5.992 cm and −4.481 cm,
respectively; in the reverse through joint, the largest dis-
placement at the upper and lower sides is reference point 3,
which is −5.782 cm and −7.626 cm, respectively.

As shown in Figure 7, the relative displacement of no. 1
reference point is the largest, which is 1.511 cm, and the
relative displacement of no. 5 reference point is the smallest,
which is 0.122 cm. 2is shows that the rock slope with the
same direction through joint is mainly affected by the joint at
the toe of the slope and the sliding occurs from bottom to
top.

As shown in Figure 8, the relative displacement of no. 3
reference point is the largest, which is 1.656 cm, while the
relative displacement of no. 1 reference point is the smallest,
which is 0.401 cm. 2is shows that the rock slope with re-
verse through joints is mainly affected by the joints in the
slope and the sliding occurs from the middle to both ends.

4.3.2. Impact of Rockfall. 2e influence of rockfall on rock
sliding can be analyzed from the impact position, height, and
size of rockfall. 2is study analyzes the height and size of
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Table 3: Instability probability of main section in middle slope.

Xi (m) μA (x) left P left μA (x) right P right
0 1 0.1557 1 0.1353
1 0.9538 0.1489 0.8516 0.1082
2 0.8979 0.1158 0.6963 0.0793
3 0.8452 0.0963 0.5692 0.0574
4 0.7956 0.0785 0.4653 0.0408
5 0.7484 0.0621 0.3804 0.0284
6 0.7051 0.0478 0.3112 0.0191
7 0.6637 0.0347 0.2549 0.0127
8 0.6226 0.0215 0.2081 0.0074
9 0.5860 0.0111 0.1688 0.0029
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in middle slope.

Table 4: Instability probability of main section of slope toe.

Xi (m) μA (x) left P left μA (x) right P right
0 1 0.1755 1 0.1784
1 0.9391 0.1519 0.8672 0.1427
2 0.8815 0.1279 0.7512 0.1108
3 0.8272 0.1058 0.6507 0.0847
4 0.7762 0.0857 0.5626 0.0408
5 0.7284 0.0675 0.4884 0.0463
6 0.6835 0.0511 0.4231 0.0325
7 0.6414 0.0364 0.3666 0.0215
8 0.6019 0.0232 0.3176 0.0129
9 0.5648 0.0115 0.2752 0.0063
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Figure 6: Variation trend of instability probability of main section
at slope toe.
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rockfall and unifies the material and impact position of
rockfall. 2e total energy of rock slope is analyzed by
selecting cubic rockfall with side length of 0.25m, 0.5m,
0.75m, and 1m, respectively, from the height of 3m, 6m,
9m, 12m, and 15m.

As shown in Figure 9, the total energy of a rockfall with a side
length of 0.25m impacting the rock slope at 3m is the mini-
mum, which is 30019 J. When the rockfall with a side length of
1m impacts the rock slope at 15m, the maximum energy is
310252J. 2e difference between the minimum and the maxi-
mum is about 10 times. With the increase of the size and height
of rockfall, the total energy of rock slope is also increasing, and
the possibility and degree of rock slope sliding are higher.

5. Conclusions

Particle swarm optimization (PSO) algorithm is bound to
fall into local optimization due to its continuous iterative
optimization. In this paper, based on DE algorithm and
simplex method, the particle swarm optimization algorithm
is improved, which improves the global search ability in the
initial iteration stage and the local search ability in the late
iteration stage. 2rough comparative analysis, it is found
that the algorithm in this paper has faster convergence speed
and higher optimization accuracy.

2e traditional algorithm is always difficult to improve
the analysis efficiency because of the large amount of cal-
culation in the analysis of data of rock slope. 2e improved
algorithm can effectively solve this problem. 2e stability of
rock slope is analyzed by finite element method, and all
simulation data are analyzed by improved PSO algorithm. In
the sliding model of rock slope constructed in this paper, the
instability probability of the left side is higher than that of the
right side, and the sliding is more likely to occur. 2e rock
slope with the same direction through joint is mainly af-
fected by the joint at the toe of the slope, and the rock slope
with reverse through joint is mainly affected by the joint in
the slope, and the sliding occurs from the middle to both
ends. In addition, the size and height of rockfall will directly
affect the possibility of rock slope sliding.

Due to the limited time and knowledge, there are some
deficiencies in this study. 2e first is the defect of the nu-
merical simulation method itself. 2ere is a big difference
between the numerical simulation in the laboratory and the
actual situation, so it is difficult to achieve complete

Table 5: Displacement of reference point.

Reference point
Displacement in the same direction Reverse displacement

Upside Downside Relative Left side Right side Relative
1 −5.992 −4.481 1.511 −4.523 −4.122 0.401
2 −5.331 −4.476 0.855 −5.210 −4.258 0.952
3 −4.235 −3.993 0.242 −6.982 −5.326 1.656
4 −3.426 −3.019 0.407 −4.731 −3.877 0.854
5 −2.223 −2.101 0.122 −3.906 −3.019 0.887
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same direction.
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reduction. Secondly, when analyzing the factors affecting
slope slip, the condition of unbroken joints and irregular
rockfall is not taken into account. 2ese shortcomings in the
future research work need to be improved as far as possible,
in order to improve the reliability of the data.
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Currently, the world is facing two significant challenges: low-carbon development and overcapacity. Government departments
must reexamine their development strategy of energy industry. Implementing environmental regulatory policies and techno-
logical innovation can help alleviate coal industry’s overcapacity, while sustainable development requires joint actions of
governments, enterprises, and the market. Based on the evolutionary game theory, this study constructs a tripartite evolutionary
game model of local government, power industry, and coal enterprise. Under the premise of bounded rationality, the evolution
path of each player in the game under the market incentive environmental regulation is analyzed, and the influence of the change
of parameters of each player on the result is numerically simulated. )e study found that strengthening environmental regulation
by local governments is an inevitable choice to promote the transformation and upgrading of coal industry and power industry. In
addition, reducing law enforcement costs and technological innovation costs are the fundamental point of the coordinated
development of the three parties. Technological innovation in the power industry will reduce the probability of coal companies’
choosing clean production strategies, while seeking low-cost clean production technology and financial support is the key to coal
companies’ optimization of production capacity.

1. Introduction

Environmental protection has always been the focus of all
countries’ attention, and many countries are pursuing more
stringent environmental regulations to achieve green and
low-carbon development. )e Kyoto Protocol and the Paris
Agreement signed by many countries aim to control
greenhouse gas emissions; however, economic growth is
inevitably accompanied by substantial increase in power
generation [1]. Due to its low prices and large reserves, coal
is widely used in energy-intensive industries such as power
generation and heating. However, a large amount of carbon
dioxide is emitted during coal mining and use. About 40% of
global greenhouse gas emissions come from coal con-
sumption [2]. Many countries and regions have called for a
suspension of coal mining [3] and sought new ways of clean
production, such as increasing the proportion of renewable

energy and clean energy in power generation [4, 5]. How-
ever, with relatively high cost of promoting and utilizing
renewable energy and the low feasibility in the short term
[6], the emission reduction targets for complete decar-
bonization of the power sectors in many countries remain
unachievable. On the other hand, although countries like
China, the United States, and other major energy consumers
have restricted coal mining to meet their increasing demand
for electricity, coal-fired power remains dominant in most
developing countries [7, 8]. Notably, as an essential resource
for the industrial economic development, the scale of coal
trading is still enormous; meanwhile, the scale of the coal
industry’s backward production capacity is gradually
expanding as well. Since coal overcapacity causes a waste of
investment and destroys the ecological environment and
seriously endangers human society’s sustainable develop-
ment [9], how to use coal resources reasonably while
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protecting the environment is a significant problem that
needs to be solved urgently.

Overcapacity is a common problem [10]. Take China,
which ranks first in energy consumption, as an example. )e
2016 Central Economic Work Conference listed “de-ca-
pacity” as the first of the five major structural reform tasks,
and various coal de-capacity policies have been introduced
since then. However, in 2019, China’s coal overcapacity scale
has reached 210GW-260GW [11], which meant that the coal
overcapacity remained relatively serious. )e Chinese
government must strengthen its environmental regulations
and supervision of high-polluting industries such as coal and
electricity before reaching the “threshold” that the ecological
environment can withstand [12] so that to realize its promise
of extremely challenging emission reduction to peak carbon
dioxide emissions in 2030. Although environmental regu-
lations are conducive to improving the utilization rate of
energy companies and adjusting overcapacity [13], existing
environmental regulations may become rigid under different
socioeconomic conditions [14], let alone that it takes a long
time before the backward production capacity is eliminated
from market. )erefore, specific implementation of envi-
ronmental regulations by local governments is the key to
optimizing the production capacity structure and improving
the ecological environment. )e rules and regulations
promulgated by the government can help speeding up the
elimination of “zombie companies” in the coal industry and
accelerate the pace of de-capacity [15]. Since coal industry
and power industry belong to an industrial symbiosis sys-
tem, under the influence of environmental regulations and
other policies, the power sector is in a critical period of
transformation and upgrading, which will lead to a sharp
decline of the demand for coal in the future [16]. If the coal
industry does not carry out green innovation in time, it will
inevitably run adrift of the market needs. On the other hand,
many studies have proved that for countries such as China,
India, and Russia, where coal occupies a fundamental po-
sition in energy, as well as regions where coal occupies a
significant proportion of the energy mix (such as the Eu-
ropean Union), the key to energy transition is to promote
clean and efficient coal use [17–19]. In summary, resolving
coal overcapacity is a process of dynamic equilibrium that
requires the cooperation of government, coal companies,
and power industry, which will help optimize the industrial
structure while ensuring the quality of capacity reduction
and better achieving green and low-carbon development.

When studying the evolution of overcapacity under
environmental regulations, time, changes in supervision
efforts, and the learning capabilities of interest bodies need
to be taken into consideration [20]. )erefore, given the
assumptions of bounded rationality and decision-making
dynamics in the evolutionary game theory, many scholars
have explored the impact of environmental regulations on
enterprise innovation and overcapacity by constructing
evolutionary game models. As the primary consumers of
coal companies, power industry is closely related to coal
industry and both are affected by environmental regulations.

Furthermore, the coal purchase plan and power generation
technology innovation in the power industry also affect coal
companies’ production capacity. However, the existing re-
lated researches, which mainly focus on the game between
the central government, local governments, and coal en-
terprises [21–23], lack the investigation of external factors
such as the market supply and demand environment [24]. In
this respect, this paper uses evolutionary game theory to
contemplate the intensity of carbon emission reduction and
coal market demand after technological upgrading in the
coal and power industries, and studies the behavioral
strategy relationship and dynamic evolution mechanism
among the three-party game players of the local government,
power industry, and coal enterprises under different con-
straint scenarios so as to provide a theoretical reference for
the government to regulate and control related policy sys-
tems and help coal companies to break through the dilemma
of overcapacity with the goal of low-carbon development.

Compared with existing researches, this study mainly
makes contributions on the following aspects:

(1) )is study not only contemplates the game between
regulatory agencies and enterprises but also takes the
primary consumers of coal, namely, the power in-
dustry, as one of the main players in the game and
constructs a three-party evolutionary game model
(different from [20, 21]) to analyze how the tripartite
game’s leading players coordinate to promote the
transformation and upgrading of high-polluting coal
industries and power industries under the premise of
bounded rationality.

(2) Existing researches do not incorporate environ-
mental taxes and market factors into the game
model. )is paper takes the market-incentive envi-
ronmental regulations adopted by China, a major
coal consumer, as an example. )rough numerical
simulation of initial strategy selection, environ-
mental taxes, and government subsidies and pen-
alties, as well as costs and performance of innovation,
we analyze the influence of different environmental
regulations and other factors on the evolution path of
coal enterprises and the power industry.

(3) According to the results of the evolutionary game
analysis, the key factors affecting the stability of the
evolutionary game are found. It is concluded that
local governments may strengthen environmental
regulations and solve overcapacity by promoting
technological innovation of enterprises (different
from [25–27]), specifically, by increasing environ-
mental taxes and increasing subsidies and penalties
simultaneously, and the effect of strengthening
penalties is particularly significant. When the
amount of coal saved by technological innovation
reaches a certain threshold, the power industry will
actively carry out technological innovation. Al-
though the power industry is a close strategic partner
of coal companies, the power industry’s
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technological innovation strategies will have a neg-
ative incentive for coal companies’ cleaner produc-
tion. )erefore, reducing the cost of technological
innovation is the key to promoting the coordinated
development of coal and power industries.

)e rest of this paper is organized as follows: Section 2
reviews relevant literature; Section 3 constructs a tripartite
evolutionary game model of local government, power in-
dustry, and coal enterprises; Section 4 analyzes the evolu-
tionary stability of individual game player and the game
system; Section 5 carries out numerical simulations to verify
and analyze the research conclusions; Section 6 summarizes
the research results of this study and puts forward corre-
sponding policy recommendations.

2. Literature Review

)is paper aims to study the impact of environmental
regulations on the overcapacity of the coal industry and
conduct a quantitative analysis through evolutionary game
theory. )e literature related to this study mainly relates to
the impact of environmental regulations on enterprise in-
novation and overcapacity, the causes and solutions of
overcapacity, which are reviewed on the following aspects.

)e first aspect considers the impact of environmental
regulations on corporate innovation and overcapacity. In-
novation involves complex interaction between an enter-
prise and its environment. Shao et al. [28] believed that the
impact of environmental regulatory policies on enterprise
innovation can be roughly divided into four aspects: tech-
nological innovation, product innovation, institutional in-
novation, and ecological innovation. According to the
“Porter Hypothesis,” reasonable environmental regulations
will stimulate enterprises to carry out technological inno-
vation and achieve a win-win situation of improving en-
terprise competitiveness and reducing emissions [29].
Without mandatory requirement of environmental policy,
due to the externality of innovation, the marginal cost of
technological innovation of enterprises in the short term is
much higher than the marginal benefit, which would impede
enterprises from carrying out technological innovation due
to lack of sufficient motivation [30]. Based on the “Porter
Hypothesis,” scholars have concluded that there is a
U-shaped relationship between the intensity of environ-
mental regulation and overcapacity, and a significant
inverted U-shaped relationship with enterprise technolog-
ical innovation [31], that is, before reaching a certain
threshold, higher environmental regulations will improve
the technological innovation capabilities of enterprises and
alleviate overcapacity. For example, improving environ-
mental regulation can increase the utilization rate of in-
dustrial capacity [32], accelerate the exit of “zombie
companies” in the coal industry, and promote the gover-
nance of energy companies’ capacity issues [15]. By an
empirical analysis of 12 resource-based industries in China,
Li et al. [33] pointed out that environmental regulations have
a significant role in promoting technological innovation in
the lagging period of resource-based industries. Ren et al.

[34] divided China’s environmental regulations into three
types: command-controlled, market-incentive, and volun-
tary-consciousness. Command-controlled regulations refer
to the government’s enactment of environmental laws and
policies to enforce emission reduction; market-incentive
regulations refer to the use of economic means such as the
collection of sewage charges, emission taxes, etc., to limit
corporate pollution emissions; voluntary-consciousness
regulations refer to citizens actively supervising corporate
emissions and protecting the environment. And different
types of environmental regulations have different impacts on
enterprise innovation. Chen et al. [35] pointed out that
mandatory emission reduction is the main reason for the
overcapacity in the southeast coastal area of China. Pan et al.
[36] found that technological innovation can improve en-
ergy efficiency. In the long run, compared with command-
controlled environmental regulations, market-incentive
environmental regulations have more incentives and long-
term effects on technological innovation and significantly
improve energy efficiency. In addition, carbon tax has a
positive effect on energy saving and emission reduction and
can restrain energy consumption [37].

We can see that most of the literature focuses on the
comparison of the policy effects of different types of envi-
ronmental regulations, and this paper studies the impact of
specific types of environmental regulations on the overca-
pacity of specific industries, which is mainly manifested
through enterprise technological innovation.

)e second aspect considers the causes and solutions of
overcapacity. Generally speaking, the factors that cause
overcapacity are related to both supply and demand:
overheated investment on the supply side, uncertainty in
demand, reduced exports, information asymmetry, etc. In
addition, the government’s regulatory failure will also
promote overcapacity [32, 38]. Coal overcapacity has many
impacts on economic development and the environment,
such as a sharp decline in coal prices, which may cause loss
or even bankruptcy of a great number of companies [39],
and unreasonable allocation of economic resources, which
thereby hinders investment on renewable energy. Scholars
have found that although China’s current de-capacity policy
has achieved some results to a certain degree, there are still
drawbacks. Shi et al. [40] pointed out that China’s blind coal
reduction policy cannot solve the fundamental problem. It is
necessary to consider regional heterogeneity, and it would be
more reasonable to use market tools to regulate and control
capacity. Following a SWOT analysis on the safety and
environmental laws and regulations of China and the United
States, Dzonzi-Undi and Li [41] pointed out that a series of
policies related to coal production safety and environmental
protection formulated by China have insignificant effects on
promoting safe production, environmental protection in-
vestment, and technology research and development, and
only reduced the number of deaths. Regarding specific
measures to resolve overcapacity, Zhang et al. [42] pointed
out that eliminating backward units and regulating power
generation prices can help improve energy efficiency. )e
implementing of environmental regulation policies are
conducted by the central government and local
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governments, where the central government is the target
maker, and the local governments have actual control over
the specific implementation of the target [43]. However, due
to the pursuit of different interests, the effect of local gov-
ernments in improving overcapacity policies is better than
that of the central government [44], and the influence of
local governments on carbon emission reduction is more
significant than that of enterprises [45]. )e government can
use policy means to coordinate multi-interest bodies [46],
which shows that local governments play an important role
in capacity control and environmental protection.

)e above literature on resolving overcapacity mostly
focuses on the research of strategies between regulatory
agencies. )is paper focuses on the interaction between
regulatory agencies and enterprises, as well as between
enterprises and enterprises. We take the environmental
regulation policies implemented in China as an example,
assuming that local governments must implement the
central government’s relevant regulations on environmental
regulation and mainly adopt market-incentive environ-
mental regulations and adjust their regulatory intensity
according to actual conditions.

To sum up, the key to resolving overcapacity lies in the
close and reasonable arrangements of the government,
enterprises, and consumers. Researches nowadays focus on
the policy effects of government departments’ imple-
mentation of environmental regulations on corporate
overcapacity and do not place market factors in the same
research framework. On the contrary, this study incorpo-
rates environmental taxes, government subsidies, and
penalties, as well as innovation performance into the model.
)rough the three-party evolutionary game analysis of local
government, power industry, and coal enterprises, we
provide a reference for resolving the problem of coal
overcapacity and the establishment of a market-oriented
overcapacity early warning mechanism. )e research dif-
ferences between this study and other papers are shown in
Table 1.

3. Problem Analysis and Model Construction

3.1. Problem Analysis and Model Assumptions.
Overcapacity leads to a decline in coal prices, which in-
creases global coal demand again. Faced with huge envi-
ronmental pressure, if not strictly controlled, such a
situation will fall into a vicious circle, according to which, as
the executor of environmental regulations and policies, local
governments must adjust the intensity of regulations. )e
implementation of environmental regulations has brought a
considerable impact on coal-fired power plants, and the
power industry is closely related to coal companies whose
overcapacity is mostly affected by the amount of coal used in
the power industry. Both players are susceptible to envi-
ronmental protection policies. Based on the logical rela-
tionship diagram shown in Figure 1, this study explains the
game between local governments, coal companies, and
power industry players under market-incentive environ-
mental regulations.

Figure 1 shows that the implementation of environ-
mental regulations by local governments will impact the coal
companies and power industries. )e transformation and
upgrading of thermal power plants to increase clean energy
use will reduce the demand for coal and the operating in-
come of coal companies. As coal enterprises are affected by
environmental regulations, to make up for the loss of income
and meet future sustainable development, the probability of
choosing cleaner production will increase, and coal pro-
duction capacity will be in a more reasonable range. Con-
versely, if power plants maintain the original coal demand,
the probability of coal companies choosing cleaner pro-
duction will also decrease, which will exacerbate coal
overcapacity.

Based on the above analysis, before constructing an
evolutionary game model among local governments, power
industry, and coal companies, the following assumptions are
made:

(1) )ere are 3 players in the evolutionary game model,
assuming the local government as player 1, the power
industry as player 2, and coal companies as player 3,
and all three are bounded rational decision-makers.

(2) )e “Environmental Protection Tax Law of PRC”
came into effect on January 1, 2018, levying envi-
ronmental protection taxes on air pollutants, water
pollutants, solid pollutants, and noise.)e damage to
the ecological environment by the power industry
and coal companies is prominently manifested in air
pollution and water pollution [54]. )e tax rate of air
pollutants is 1.2 RMB to 12 RMB per pollution
equivalent while the tax rate of water pollutants is 1.4
RMB to 14 RMB per pollution equivalent. Local
governments can levy environmental taxes 1–10
times the minimum standard. )erefore, it is as-
sumed that each region’s environmental tax standard
is 1.2–14 RMB per pollution equivalent, which is set
as B. When local governments strengthen environ-
mental regulations, the cost paid is C1. Local gov-
ernments mainly impose environmental taxes on
coal-fired power companies by levying B/per pol-
lution equivalent standards, take financial or ad-
ministrative penalties P for polluting companies that
do not innovate in technology or maintain current
production capacity, and subsidize S for companies
that upgrade their technology to seek cleaner pro-
duction, so as to force coal companies and the power
industry to conduct clean production, alleviate the
problem of overcapacity, and protect the local en-
vironment. According to the actual situation, it is
assumed that C1 <P − S. Technological innovation
by either the power industry or coal companies can
bring additional environmental benefits R to the
local area. If both parties choose technological in-
novation, the local government’s environmental
benefits will be 2R. )ere is a principal-agent rela-
tionship between the central government and local
governments. When energy governance intensifies
conflict of interest, local governments will choose to
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continue relatively loose environmental regulatory
arrangements to seek a balance between environ-
mental regulations and the economic benefits of local
industries. It is assumed here that local governments
only impose environmental taxes on power industry
and coal companies. When the local environmental
pollution is severe, or coal overcapacity protrudes,
the local government will be held accountable by the
higher-level competent authority, and the corre-
sponding administrative penalty F, and F>C1. In
summary, the strategy set of local governments is
(strengthening regulations, maintaining current
regulations), B ∈ [1.2, 14].

(3) Nowadays, the proportion of coal power remains
high in China’s power industry, accounting for about
70%. Hydropower development has slowed down
while clean energy power generation such as wind
power and photovoltaics has developed rapidly;
however, the proportion of its total installed capacity
is still small [55] and coal-fired thermal power units
still rely mainly on load reduction. Besides, starting
from January 1, 2020, China has abolished the coal-
electricity linkage mechanism, allowing the market

to set part of coal-fired power generation prices,
which affects the profits of the power industry. With
the improvement of environmental regulations, the
amount of coal used in the power industry decreases,
and the demand for clean energy is gradually in-
creasing. )e power industry chooses technological
innovation to transform, upgrade, and adjust the
structure of energy use. In this respect, the amount of
coal saved is Q, the cost paid for technological in-
novation is C2, the increase in income after tech-
nological innovation is I2, and the initial emissions of
power industry are G2. If the power industry carries
out technological innovations, the emission reduc-
tions t2G2 can be brought about, and the environ-
mental taxes and fees that can be saved are Bt2G2.
However, if the cost of technological innovation is
too high, the cost of environmental compliance is
accordingly too low, or the cost gap between the use
of coal and new energy is too small, then the power
industry is likely to maintain the current coal con-
sumption. )erefore, the power industry strategy set
is (technical innovation, remaining unchanged),
t2 ∈ (0, 1).

Table 1: Papers that are most related to our research.

Literature Government department Power industry Coal industry Environmental regulation Technological innovation
[29] √ √
[47] √ √
[48] √ √ √
[49] √ √ √ √
[50] √ √ √ √
[51] √ √ √
[22] √ √
[52] √ √ √ √
[53] √ √ √
)is paper √ √ √ √ √
Source: authors’ compilation.

Local government

Environmental
regulation

Environmental
regulation

Power industry Coal enterprise

No

Yes
Coal demandUpgrade

Remain constant

Decline

Decline

Decline

Cleaner
production

Overcapacity

Increase

Coal production
capacity

Figure 1: Logical relationship diagram of the three-party evolutionary game.
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(4) Affected by environmental regulations, low-carbon
environmental protection requirements have be-
come increasingly stringent. )e cost of environ-
mental compliance for coal companies has increased
so much that if coal companies maintain their
existing capacity, hedging risks will be challenging.
Considering that the transformation and upgrading
of the power industry will exacerbate the overca-
pacity issue, coal enterprises seek ways to clean and
efficient use of coal with a cost of C3 and the increase
in revenue from cleaner production of I3. Assuming
that the current emissions of coal enterprises are G3,
and the emission reduction that cleaner production
can bring is t3G3, the environmental tax savings
would be Bt3G3. However, when coal companies’
cost of pollutant discharge is lower than the cost of
cleaner production, or the power industry maintains
the current demand for coal, companies will choose
to maintain unchanged. As China’s coal industry is
in a buyer’s market, if the coal company fails to
adjust the production capacity after the technological
innovation of the power company, it will cause
overcapacity, and the price in this case is U0; if the
coal enterprise conducts clean production, the coal
price is U1, U0 <U1. )erefore, the possible strategic

combination of coal companies is cleaner produc-
tion, remaining unchanged.

Assuming that under bounded rationality, the proba-
bilities that local governments choose to strengthen envi-
ronmental regulation and maintain the current intensity are
x and 1 − x, respectively; the probabilities that the power
industry chooses technological innovation and remains
unchanged are y and 1 − y, respectively; the probabilities
that coal companies choose cleaner production and remain
unchanged are z and 1 − z, respectively, x, y, z ∈ [0, 1].

3.2. Payoff Matrix of the Tripartite Evolutionary Game.
According to the above assumptions, the payoffmatrix of the
three parties, namely, local government, power industry, and
coal enterprise is so obtained (Table 2).

4. Evolutionary Game Model Solving and
Stability Analysis

4.1. Stability Analysis of Local Government. Assuming that
the expected profit when the local government chooses the
strategy of “strengthening regulation” is Ux, the expected
profit when the local government chooses the strategy of
“maintaining the current regulation” is U1− x, and the av-
erage expected profit is U1, we can obtain

Ux � yz 2R − B t2G2 + t3G3( 􏼁 − 2S − C1􏼂 􏼃 + y(1 − z) R − Bt2G2 − S + P − C1􏼂 􏼃

+ (1 − y)z R − Bt3G3 + P − S − C1􏼂 􏼃 +(1 − y)(1 − z) 2P − C1􏼂 􏼃,

U1− x � yz 2R − B t2G2 + t3G3( 􏼁􏼂 􏼃 + y(1 − z) R − Bt2G2􏼂 􏼃

+ (1 − y)z R − Bt3G3􏼂 􏼃 +(1 − y)(1 − z)(− F),

U1 � xUx +(1 − x)U1− x.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

)e replication dynamic equation of the local govern-
ment strategy selection is

F(x) �
dx

dt
� (1 − x)x − C1 + 2P + F(y − 1)(z − 1)􏼂

− (P + S)(y + z)􏼃.

(2)

Taking the derivative of F(x),

dF(x)

dx
� (1 − 2x) − C1 + 2P + F(y − 1)(z − 1)􏼂

− (P + S)(y + z)􏼃.

(3)

Let F(x) � 0, we can getx � 0, x � 1, y � − ([C1 − F −

2P + (F + P + S) z])/(F + P + S − Fz) � y∗, according to
the stability theorem of differential equations, if the prob-
ability that the local government chooses to strengthen
environmental regulation is in a stable state, it must meet the
conditions that F(x) � 0 and d(F(x))/dx< 0. When y � y∗,
we can get F(x) ≡ 0, any value of x is an evolutionary stable
strategy of the local government, and the local government

strategy does not change with time. When y≠y∗, there will
be two situations that result:

(1) When C1 − F − 2P + (F + P + S)z< 0, we can get
y∗ > 0. For any y in the interval [0, 1], when y>y∗,
we can get dF(x)/dx|x�1 > 0 and dF(x)/dx|x�0 < 0.
)us, x � 0 is the steady state. When y<y∗, we can
get dF(x)/dx|x�1 < 0 and dF(x)/dx|x�0 > 0. )us,
x � 1 is the steady state.

(2) When C1 − F − 2P + (F + P + S)z> 0, we can get
y∗ < 0. Because y ∈ [0, 1], then y>y∗ is held, we can
get dF(x)/dx|x�1 > 0 and dF(x)/dx|x�0 < 0. )us,
x � 0 is the steady state. Figure 2 shows the evolution
of local government strategies.

Proposition 1. ,e probability that the local government
chooses the strategy of “strengthening environmental regu-
lation” is positively related to the penalty amount imposed by
the superior authority on the local government, the punish-
ment income from strengthening environmental regulation,
and the cost of strengthening environmental regulation, and is
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negatively related to the cost of strengthening environmental
regulations and the number of subsidies to enterprises.

Proof. Figure 2 shows that the probability of local gov-
ernments adopting the strategies of “strengthening envi-
ronmental regulations” and “maintaining current
regulation” is the volume of space A1 and A2, respectively,
calculated as

VA1
� 􏽚

1

0
􏽚
1

0
− C1 − F − 2P +(F + P + S)z􏼂 􏼃dxdz

�
− 2C1 + F + 3P − S − (F + 2(P + S))y􏼂 􏼃

2
,

VA2
� 1 − VA1

.

(4)

□

According to the expression of VA1
when the local

government adopts the strategy of “strengthening envi-
ronmental regulation,” the first-order partial derivative of

each element can be obtained: dVA1
/dF> 0, dVA1

/dP> 0,
dVA1

/dC1 < 0, dVA1
/dS< 0. In summary, the increase in

penalties imposed by higher-level authorities on local
governments, the increase in revenue from fines coming
with strengthening environmental regulations, or the re-
duction in the cost of strengthening environmental regu-
lations and the reduction of subsidies can all increase the
probability of local governments’ strengthening of envi-
ronmental regulations.

Proposition 2. ,e probability that the local government
chooses the strategy of “strengthening environmental regu-
lation” is negatively related to the probability that the power
industry chooses “technical innovation” and the probability
that coal companies choose “cleaner production.”

Proof. When z< − ([C1 − F − 2P + (F + P + S)y])/(F+ P+

S − Fy) and y<y∗, we can get dF(x)/dx|x�1 < 0, thus, x � 1
is the steady state; otherwise, x � 0 is the steady state.
)erefore, with the gradual increase in y and z, the evo-
lutionary stabilization strategy of local governments will be

Table 2: Payoff matrix.

Local government Power industry
Coal enterprises

Cleaner production (z) Remain unchanged (1 − z)

Strengthen regulations (x)

Technical innovation (y)
2R − B(t2G2 + t3G3) − 2S − C1

I2 + S + QU1 + Bt2G2 − C2
I3 + S − QU1 + Bt3G3 − C3

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

R − Bt2G2 − S + P − C1
I2 + S + QU0 + Bt2G2 − C2

− QU0 − P

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

Remain unchanged (1 − y)

R − Bt3G3 + P − S − C1
− P

I3 + S + Bt3G3 − C3

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

2P − C1
− P

− P

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

Maintain current regulations (1 − x)

Technical innovation (y)
2R − B(t2G2 + t3G3)

I2 + QU1 + Bt2G2 − C2
I3 − QU1 + Bt3G3 − C3

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

R − Bt2G2
I2 + QU0 + Bt2G2 − C2

− QU0

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

Remain unchanged (1 − y)

R − Bt3G3
0

I3 + Bt3G3 − C3

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

− F

0
0

⎡⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎦

y = y∗ y < y∗ y > y∗

z z z

y

x

0 00 A1

A2

y

x

y

x

Figure 2: Phase diagram of strategy evolution of the local government.
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reduced from x � 1 (strengthening environmental regula-
tions) to x � 0 (maintaining current regulations).

)e probability that the local government chooses the
strategy of “strengthening environmental regulation” will
decrease with the increase of the probability that the power
industry chooses the strategy of “technological innovation”
and the probability that coal companies choose “cleaner
production.” It shows that the active technological inno-
vation of pollutant companies may slow down the process of

local governments’ strengthening of environmental
regulations. □

4.2. Stability Analysis of the Power Industry. Assuming that
the expected profit when the power industry chooses the
“technical innovation” strategy is Uy, the expected profit
when the power industry chooses the “remain unchanged”
strategy is U1− y, and the average expected profit is U2, we can
obtain

Uy � xz I2 + S + QU1 + Bt2G2 − C2( 􏼁 + x(1 − z) I2 + S + QU0 + Bt2G2 − C2( 􏼁

+ (1 − x)z I2 + QU1 + Bt2G2 − C2( 􏼁 +(1 − x)(1 − z) I2 + QU0 + Bt2G2 − C2( 􏼁,

U1− y � xz(− P) + x(1 − z)(− P),

U2 � yUy +(1 − y)U1− y.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(5)

)e replication dynamic equation of the power industry
strategy selection is

F(y) �
dy

dt
� (1 − y)y − C2 + I2 + BG2t2 +(P + S)x􏼂

+ Q U0(1 − z) + U1z( 􏼁􏼃.

(6)

Taking the derivative of F(y),

dF(y)

dy
� (1 − 2y) − C2 + I2 + BG2t2 +(P + S)x􏼂

+ Q U0(1 − z) + U1z( 􏼁􏼃.

(7)

Let F(y) � 0, we can get y � 0, y � 1, z � [− C2 + I2 +

BG2t2 + QU0+ (P + S)x]/Q(U0 − U1) � z∗, according to the
stability theorem of differential equations, if the probability
of choosing technological innovation in the power industry
is stable, it must meet the conditions that F(y) � 0 and
d(F(y))/dy< 0. When z � z∗, we can get F(y) ≡ 0, any
value of y is an evolutionary stable strategy of the power
industry, and the strategy of the power industry does not
change over time. When z≠ z∗, there are two situations that
result:

(1) When − C2 + I2 + BG2t2 + QU0 + (P + S)x< 0, we
can get z∗ > 0. For any z in the interval [0, 1], when
z> z∗, we can get dF(y)/dy|y�1 < 0 and
dF(y)/dy|y�0 > 0. )us, y � 1 is the steady state.
When z< z∗, we can get dF(y)/dy|y�1 > 0 and
dF(y)/dy|y�0 < 0. )us, y � 0 is the steady state.

(2) When − C2 + I2 + BG2t2 + QU0 + (P + S)x> 0, we
can get z∗ < 0. Because z ∈ [0, 1], then z> z∗ is held,
we can get dF(y)/dy|y�1 < 0 and dF(y)/dy|y�0 > 0.
)us, y � 1 is the steady state. )e strategy evolution
diagram of power industry is shown in Figure 3.

Proposition 3. ,e probability that the power industry
chooses the “technological innovation” strategy is positively

related to the increase in revenue brought by technological
innovation in the power industry, government subsidies and
penalties, the environmental taxes that can be saved, and the
increase in the cost of saving coal, and is negatively related to
technology research and development costs.

Proof. Figure 3 shows that the probability that the power
industry adopts “remaining unchanged” and “technological
innovation” strategies are the volumes of B1 and B2, re-
spectively, calculated as

VB1
� 􏽚

1

0
􏽚
1

0

− C2 + I2 + BG2t2 + QU0 +(P + S)x􏼂 􏼃

Q U0 − U1( 􏼁
dxdy

�
− 2C2 + 2I2 + P + S + 2BG2t2 + 2QU0􏼂 􏼃

2Q U0 − U1( 􏼁
,

VB2
� 1 − VB1

�
− 2C2 + 2I2 + P + S + 2BG2t2 + 2QU1􏼂 􏼃

2Q U1 − U0( 􏼁
.

(8)

□

According to the expression of VB2
, when the power

industry adopts the strategy of “technical innovation,” the
first-order partial derivative of each element can be obtained:
dVB2

/dC2 < 0, dVB2
/dI2 > 0, dVB2

/dP> 0, dVB2
/dS> 0,

dVB2
/dBG2t2 > 0, dVB2

/dQU1 > 0. In summary, it can be seen
that the increase in benefits after technological improvement
in the power industry, the increase in government subsidies
and penalties, the increase in environmental taxes and fees
that can be saved, and the increase in the cost of saving coal,
or the reduction of technology research and development
costs in the power industry can all promote the power
industry’s acceleration of technological innovation.

Proposition 4. ,e probability that the power industry
chooses the “technological innovation” strategy is positively
related to the probability that the local government chooses
“strengthen environmental regulation” and the probability
that coal companies choose “cleaner production.”
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Proof. )e proving process is the same as Proposition 2.
)e probability of the power industry choosing the

strategy of “technological innovation” increases with the
increase of the local government choosing the strategy of
“strengthening environmental regulation” and the proba-
bility of coal enterprises choosing the strategy of “cleaner
production,” suggesting that the local government’s
strengthening of environmental regulations can promote the
technical innovation of the power industry, and the power
industry technology innovation needs the government’s
strict regulation. )e impact of coal companies’ strategic

choices on the power industry is further reflected in coal
price fluctuation, and the promotion of cleaner production
by coal companies can help the power industry in tech-
nological innovation. □

4.3. Stability Analysis of Coal Enterprise. Assuming that the
expected profit when the coal company chooses the “cleaner
production” strategy is Uz, the expected profit when the coal
company chooses the “remain unchanged” strategy is U1− z,
and the average expected profit is U3, we can obtain

Uz � xy I3 + S − QU1 + Bt3G3 − C3( 􏼁 + x(1 − y) I3 + S + Bt3G3 − C3( 􏼁

+ (1 − x)y I3 − QU1 + Bt3G3 − C3( 􏼁 +(1 − x)(1 − y) I3 + Bt3G3 − C3( 􏼁,

U1− z � xy − QU0 − P( 􏼁 + x(1 − y)(− P) +(1 − x)y − QU0( 􏼁,

U3 � zUz +(1 − z)U1− z.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(9)

)e replication dynamic equation of coal enterprise
strategy selection is

F(z) �
dz

dt
� (1 − z)z I3 − C3 + BG3t3 +(P + S)x􏼂

+ Q U0 − U1( 􏼁y􏼃.

(10)

Taking the derivative of F(z),

dF(z)

dz
� (1 − 2z) I3 − C3 + BG3t3􏼂

+(P + S)x + Q U0 − U1( 􏼁y􏼃.

(11)

Let F(z) � 0, we can get z � 0, z � 1,
x � [C3 − I3 − BG3t3 + Q(U1 − U0)y]/(P + S) � x∗.
According to the stability theorem of differential equa-
tions, if the probability of selecting cleaner production in
the coal enterprise is stable, it must meet the conditions
that F(z) � 0 and d(F(z))/dz< 0. When x � x∗, F(z) ≡ 0,
any value of z is the evolutionary stable strategy of coal
enterprises, and the strategy of coal enterprises does not
change with time. When x≠x∗, there are two situations
that result:

(1) When C3 − I3 − BG3t3 + Q(U1 − U0)y> 0, we can
get x∗ > 0. For any x in the interval [0, 1], when
x> x∗, we can get dF(z)/dz|z�1 < 0 and
dF(z)/dz|z�0 > 0. )us, z � 1 is the steady state.
When x< x∗, we can get dF(z)/dz|z�1 > 0 and
dF(z)/dz|z�0 < 0. )us, z � 0 is the steady state.

(2) When C3 − I3 − BG3t3 + Q(U1 − U0)y< 0, we can
get x∗ < 0. Because x ∈ [0, 1], then x>x∗ is held, we
can get dF(z)/dz|z�1 < 0 and dF(z)/dz|z�0 > 0. )us,
z � 1 is the steady state. )e strategy evolution di-
agram of the coal enterprise is shown in Figure 4.

Proposition 5. ,e probability that coal companies choose
“cleaner production” is positively related to the increase in
revenue brought about by cleaner production, government
subsidies and penalties, and the environmental taxes and fees
that can be saved, and is negatively related to the decrease in
coal sales revenue and the cost of clean production inputs.

Proof. Figure 4 shows that the probability of coal enterprises
adopting “remain unchanged” and “cleaner production”
strategies are the volumes of D1 and D2 respectively, cal-
culated as

0 y

z = z∗ z < z∗ z > z∗

z

x

0B1

B2

y

z

x

0 y

z

x

Figure 3: Phase diagram of strategy evolution of the power industry.
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VD1
� 􏽚

1

0
􏽚
1

0

C3 − I3 − BG3t3 + Q U1 − U0( 􏼁y􏼂 􏼃

(P + S)
dydz

�
2C3 − 2I3 − 2BG3t3 + Q U1 − U0( 􏼁􏼂 􏼃

2(P + S)
,

VD2
� 1 − VD2

�
− 2C3 + 2I3 + 2(P + S) + 2BG3t3 − Q U1 − U0( 􏼁􏼂 􏼃

2(P + S)
.

(12)

According to the expression of VD2
, when the coal en-

terprise adopts “cleaner production” strategy, the first-order
partial derivative of each factor can be obtained:
dVD2

/dC3 < 0, dVD2
/dI3 > 0, dVD2

/dP> 0, dVD2
/dS> 0,

dVD2
/dBG3t3 > 0, dVD2

/d(Q(U1 − U0))< 0. In summary, it
can be seen that increasing the benefits of clean production
of coal enterprises, increasing government subsidies and
penalties, increasing the environmental taxes and fees that
can be saved, and reducing the difference in coal sales
revenue of coal enterprises or reducing the cost of clean
production can all promote coal enterprises’ speeding up of
clean production. □

Proposition 6. ,e probability that coal companies choose
“cleaner production” strategy is positively correlated with the
probability that the local government chooses “strengthening
environmental regulation.” However, it is negatively

correlated with the probability that the power industry
chooses the strategy of “technical innovation.”

Proof. )e proving process is the same as Proposition 2.
)e probability that coal companies choose a “cleaner

production” strategy increases with the increase in the
probability of local governments choosing “strengthening
regulation” strategy, indicating that subject to the measures
taken by the local government to improve environmental
regulation, coal companies must seek transformation and
upgrading actively. )e probability that coal companies
choose the “cleaner production” strategy decreases with the
increase of the probability when the power industry chooses
“technological innovation” strategy. )is conclusion con-
tradicts our analysis in the previous problem description
because as the demand for coal in the power industry has
drastically reduced after technological upgrades, the income
of coal companies from coal sales has also plummeted, which
is far from covering the cost of clean production; thus,
companies have insufficient motivation for independent
innovation and will eventually choose to maintain the status
quo. □

4.4. StabilityAnalysis of Tripartite EvolutionaryGame System.
It can be seen from the above that formulas (2), (6), and (10)
constitute a three-dimensional continuous dynamic system:

F(x) � (1 − x)x − C1 + 2P + F(y − 1)(z − 1) − (P + S)(y + z)􏼂 􏼃,

F(y) � (1 − y)y − C2 + I2 + BG2t2 +(P + S)x + Q U0(1 − z) + U1z( 􏼁􏼂 􏼃,

F(z) � (1 − z)z I3 − C3 + BG3t3 +(P + S)x + Q U0 − U1( 􏼁y􏼂 􏼃.

⎧⎪⎪⎨

⎪⎪⎩
(13)

Let F(x) � 0, F(y) � 0, F(z) � 0, we can get 9 system
equilibrium points: E1(0, 0, 0), E2(0, 1, 0), E3(0, 0, 1),
E4(1, 0, 0), E5(1, 0, 1), E6(1, 1, 0), E7(0, 1, 1), E8(1, 1, 1), and
E8(1, 1, 1), where E9(x∗, y∗, z∗) is the solution of formula
(9).

− C1 + 2P + F(y − 1)(z − 1) − (P + S)(y + z)􏼂 􏼃 � 0

I2 − C2 + BG2t2 +(P + S)x + Q U0(1 − z) + U1z( 􏼁􏼂 􏼃 � 0

I3 − C3 + BG3t3 +(P + S)x + Q U0 − U1( 􏼁y􏼂 􏼃 � 0.

⎧⎪⎪⎨

⎪⎪⎩

(14)

According to Selten’s research, only when X is a strict
Nash equilibrium, the strategy combination X is gradually
stable in a multi-agent evolutionary game dynamic repli-
cation system [56]. )e strict Nash equilibrium is a pure
strategy Nash equilibrium. )erefore, the asymptotically
stable state must be evolutionary stable strategies (ESS), and
it must be a pure strategy Nash equilibrium. E9(x∗, y∗, z∗) is
a nonstrict Nash equilibrium and does not meet the evo-
lutionary stability criterion of the multi-agent model [22].
)erefore, we only need to discuss the asymptotic stability of
the eight pure strategy equilibrium points of E1− 8 for the

0 y

x = x∗ x < x∗ x > x∗

z

x

D1

0 y

z

x

D2

0 y

z

x

Figure 4: Phase diagram of strategy evolution of coal enterprises.
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abovementioned dynamic replication system. To simplify
the calculation, let A � P + S, D � I2 − C2 + BG2t2,
E � Q(U0 − U1), and H � I3 − C3 + BG3t3, we can see that
A> 0 and E< 0.

By using the replication dynamic equation, the Jacobian
matrix of the tripartite game can be obtained as

J �

(2x − 1) C1 − 2P − F(y − 1)(z − 1) + A(y + z)( 􏼁 x(x − 1)(A − F(z − 1)) x(x − 1)(A − F(y − 1))

y(1 − y)A − D − Ax + Ez − QU0( 􏼁(2y − 1) y(y − 1)E

z(1 − z)A z(1 − z)E (− H − Ax − Ey)(2z − 1)

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦.

(15)

According to the first theorem of Lyapunov [57], all the
eigenvalues of the Jacobian matrix corresponding to the
asymptotically ESS must be less than 0. Taking the equi-
librium point E1(0, 0, 0) as an example to discuss its as-
ymptotic stability, the characteristic value of the Jacobian
matrix at E1(0, 0, 0) of the dynamic replication system is:
λ1 � − C1 + F + 2P, λ2 � D + QU0, λ3 � H. Since F>C1,
thus, λ1 > 0, E1 is an unstable point. Similarly, the gradual
stability of the remaining 7 equilibrium points can be
judged, and the results are shown in Table 3.

Scenario 1. When D + A + QU0 < 0 and H + A< 0, that is,
when the cost of innovation in the power industry is higher
than the sum of the increase in revenue brought about by
innovation and the savings in coal purchase costs and
pollution discharge cost, and government subsidies and
punishments, as well as when the clean production cost is
higher than the sum of the benefits brought about by clean
production, the government subsidies and punishments,
and the saved pollution discharge cost, as shown in Table 3,
there is only one stable point E4(1, 0, 0) in the dynamic
replication system, which corresponds to the strategic set of
(strengthening environmental regulation, remaining un-
changed, remaining unchanged). In this case, the failure to
promote the technological innovation of coal power en-
terprises by local government’s strengthened environmental
regulation is a situation that should be avoided in policy-
making.

Scenario 2. When D + A + QU1 < 0 and H + A> 0, that is,
when the cost of innovation in the power industry is higher
than the sum of the increase in revenue brought about by
innovation and the savings in coal purchase costs and
pollution discharge cost, and government subsidies and
punishments, as well as when the clean production cost is
lower than the sum of the benefits brought about by clean
production, the government subsidies and punishments,
and the saved pollution cost, as shown in Table 3, there is
only one stable point E5(1, 0, 1) in the dynamic replication
system, which corresponds to the strategic set of
(strengthening environmental regulations, remaining un-
changed, cleaner production). In this case, because power
industry cannot afford the high cost of technological in-
novation, even though local governments choose to
strengthen environmental regulations and coal companies

choose cleaner production, they still fail to change the power
industry's strategic choices.

Scenario 3. When D + A + QU0 > 0 and H + A + E< 0, that
is, when the cost of innovation in the power industry is lower
than the sum of the increase in revenue brought about by
innovation and the savings in coal purchase costs and
pollution discharge cost, and government subsidies and
punishments, as well as when the clean production cost is
higher than the sum of the benefits brought about by cleaner
production, government subsidies, and punishments, the
saved pollution discharge cost, and reduced coal sales rev-
enue. It can be seen from Table 3 that there is only one stable
point E6(1, 1, 0) in the dynamic replication system, which
corresponds to the strategic set of (strengthening environ-
mental regulations, technical innovation, remaining un-
changed). In this case, even if local governments strengthen
environmental regulations and reduce coal consumption in
the downstream power industry, it is still the optimal
strategy for coal companies to maintain the status quo to
bring in more benefits.

Scenario 4. When D + QU1 > 0 and H + E> 0, that is, when
the cost of innovation in the power industry is lower than the
sum of the increase in revenue brought about by innovation
and the savings in coal purchase costs and pollution dis-
charge cost, as well as when the clean production cost is
lower than the sum of the benefits brought about by cleaner
production, saved pollution discharge costs, and reduced
coal sales revenue, as shown in Table 3, there is only one
stable point E7(0, 1, 1) in the dynamic replication system,
which corresponds to the strategic set of (maintaining
current regulations, technical innovation, cleaner produc-
tion). In this case, even if the local government still
maintains the current environmental regulations, when the
benefits of innovation can cover the cost of innovation, coal
companies and the power industry will spontaneously
choose to carry out technological innovation.

Based on the research hypothesis, the equilibrium points
of Scenarios 1–4 are E4(1, 0, 0), E5(1, 0, 1), E6(1, 1, 0), and
E7(0, 1, 1). For equilibrium point E4(1, 0, 0), local govern-
ments have adopted measures to strengthen environmental
regulation, but they have still failed to change the current
production status of coal-fired power companies and have
no research value. For the equilibrium point E7(0, 1, 1), the
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government chooses to remain unchanged, but the cost of
enterprise technological innovation is much higher than the
income in the short run. According to the Prisoner’s Di-
lemma, “remaining unchanged” is the absolute dominant
strategy of the power industry and coal companies. No coal
company and power industry will unilaterally choose
technological innovation; so in reality, this equilibrium point
does not exist and should be discarded. In summary,
E5(1, 0, 1) and E6(1, 1, 0) are the possible equilibrium points
of the three-dimensional dynamic system. Under certain
conditions, the strengthening of environmental regulations
by local governments can enable the power industry to
choose technological innovation or enable coal companies
for clean production, which will help resolve overcapacity
and improve environmental quality.

5. Simulation Analysis

By referring to relevant statistical indicators in the “China
Environmental Statistical Yearbook” and “China Environ-
ment Yearbook” (https://www.yearbookchina.com), we as-
sign values to the model, and use MATLAB software to
perform simulation analysis to verify the validity of evo-
lutionary stability analysis.

)e difference between the cost of technological in-
novation and the benefits brought about by innovation has
a significant impact on the stability of the equilibrium
point. )e system is in a dynamic process in which each
entity continuously adjusts the game strategy. )rough
effective adjustment of relevant parameters, the three-party
game players can be observed considering how to reach the
optimal strategy. According to the model hypothesis and
the interaction relationship between the two more ideal
evolutionary steady-state constraints of Scenarios 2 and 3,
we assign values to the system parameters. To simplify the
calculation, assume that the amount of steam coal that can
be saved by power plant A after technological innovation is
1, the coal price U0 � 2.6, and U1 � 3. For Scenario 2, the
remaining parameter assignments are: C1 � 3, P � 10,
S � 3, F � 5, C2 � 45, I2 � 15, B � 14, G2 � G3 � 1,
t2 � t3 � 0.3, I3 � 15, andC3 � 30; For Scenario 3, the
remaining parameter assignments are: C1 � 3, P � 10,

S � 3, F � 5, C2 � 30, I2 � 15, B � 14, G2 � G3 � 1,
t2 � t3 � 0.3, I3 � 15, and C3 � 45. For the sake of gener-
ality, assume that the probability of initial game strategy
choice of local government, power industry, and coal
company are respectively x � 0.5, y � 0.4, and z � 0.4; in
the short term, the innovation income of coal companies
and the power industry is a fixed value. On this basis, this
study mainly analyzes the impact of initial strategy selec-
tion, environmental taxes, local government subsidies and
punishments, and changes in the cost of the technological
innovation of the power industry and coal companies on
the evolution process and results of the three-dimensional
dynamic system.

5.1. ,e Impact of Initial Strategy Choice on the Stability of
Game Strategy. Local governments, power industry, and
coal companies are in the same dynamic system. Changes in
one player’s game strategy will have a corresponding impact
on the other two players’ strategic choices. To analyze the
impact of strategy selection on the evolutionary game
process and results, on the basis of the initial values, keeping
the remaining parameters unchanged, four groups of values
are set: x � 0.5, y � z � 0.4; x � 0.8, y � z � 0.4; x � 0.5,

y � 0.8, z � 0.4; and x � 0.5, y � z � 0.8. )e simulation
result is shown in Figure 5.

It can be seen from Figure 5 that under the conditions of
Scenario 2, as the probability of the power industry choosing
technological innovation strategies increases, the evolution
rate of coal companies gradually slows down, which further
verifies Proposition 6.When the advantage of thermal power
generation weakens and technological innovation in the
power industry shifts to other energy resources, the oper-
ating income of coal companies will drop sharply. Even if the
government grants certain subsidies, they cannot cover the
costs of clean production. How to save costs and seek low-
cost innovation is one of the challenges faced by coal
companies. Whether in Scenarios 2 or 3, lower y and z will
push the local government to stabilize and strengthen en-
vironmental regulations, which further verifies Proposition
2. With the increase of x, the stability of the evolution rate of
coal enterprises under Scenario 2 and the power industry
under Scenario 3 has increased significantly, which means

Table 3: Local stability analysis results.

Equilibrium point
Eigenvalues

Asymptotically stable
λ1 λ2 λ3

E1(0, 0, 0) − C1 + F + 2P D + QU0 H Unstable point
E2(0, 1, 0) − C1 + P − S − D − QU0 H + E Unstable point
E3(0, 0, 1) − C1 + P − S D + QU1 − H Unstable point
E4(1, 0, 0) C1 − F − 2P D + A + QU0 H + A Condition 1
E5(1, 0, 1) C1 − P + S D + A + QU1 − H − A Condition 2
E6(1, 1, 0) C1 − P + S − D − A − QU0 H + A + E Condition 3
E7(0, 1, 1) − C1 − 2S − D − QU1 − H − E Condition 4
E8(1, 1, 1) C1 + 2S − D − A − QU1 − H − A − E Unstable point
Condition 1: D + A + QU0 < 0, H + A< 0
Condition 2: D + A + QU1 < 0, H + A> 0
Condition 3: D + A + QU0 > 0, H + A + E< 0
Condition 4: D + QU1 > 0, H + E> 0
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that local governments’ strengthening of environmental
regulations has a significant policy effect and reveals the
indispensable role of local governments in promoting in-
dustrial upgrading.

5.2.,e Impact of Environmental Tax on the Stability of Game
Strategy. Coal and power companies are regarded as high
polluting industries and are sensitive to environmental taxes.
Environmental taxes of different levels have different im-
pacts on the power industry and coal companies’ strategic
choices. )erefore, to analyze environmental taxes’ impact
on the evolutionary game process and results, based on the
initial values, we keep the remaining parameters unchanged,
set three groups of values:B � 14; B � 7; and B � 1.2. )e
simulation result is shown in Figure 6.

It can be seen from Figure 6 that under Scenario 2,
only when the environmental tax standard (B) reaches the
maximum value, the coal companies’ strategic choice
tends to be a stable state of cleaner production. And as B
drops to the minimum value within the constraints, the
coal companies’ strategic choices have changed from
cleaner production to remaining unchanged. Similarly,
under Scenario 3, the larger the B, the shorter the evo-
lution time required for the power industry to reach a
stable state of technological innovation. )e above
analysis further verifies Propositions 3 and 5. Under the
lower environmental tax, the power industry has insuf-
ficient motivation to break through the original tech-
nology; a higher environmental tax can promote clean
production for coal enterprises. We can conclude that the
adoption of the highest environmental tax by local gov-
ernments is essential to reduce the production capacity of
coal companies and optimize the energy use structure of

the power industry. Levying a carbon tax can reduce
carbon emissions. However, due to the diverse and heavy
tax burdens of the coal industry, the normal operations of
coal enterprises may be affected considering reality. Be-
sides, environmental taxes will also hinder investment in
renewable energy [58]. )erefore, local governments
should make reasonable adjustments to environmental
taxes based on actual local conditions and seek a balance
between corporate innovation and environmental
protection.

5.3. ,e Impact of Government Subsidy and Punishment In-
tensity on the Stability of Game Strategy. Most local gov-
ernments strengthen environmental regulations and
encourage coal power companies to carry out technological
innovation by issuing administrative orders and formulating
supporting subsidies and punishments. To analyze the in-
fluence of government subsidies and punishments on the
evolutionary game process and results, based on the initial
values, we keep the remaining parameters unchanged and
set four groups of simulation values: P � 10, S � 3; P � 10,
S � 0, P � 0, S � 3; and P � 0, S � 0. )e simulation result is
shown in Figure 7.

It can be seen from Figure 7 that under Scenario 2 when
the government subsidies and penalties become more and
more powerful, the probability of coal companies choosing
cleaner production increases significantly; under Scenario 3,
increasing subsidies and penalties can speed up the evolution
rate of technological innovation in the power industry. No
matter under Scenarios 2 or 3, the local government only
issues subsidies or only adopts punitive measures, and the
impact on the power industry and coal companies’ strategic
choices is not as practical as the simultaneous use of
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Figure 5: Evolution path under different initial strategies. (a) Scenario 2. (b) Scenario 3.
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subsidies and punishments; the effect of adopting the sub-
sidy policy only is not as good as the policy of adopting
penalties only; penalizing enterprises that violate the regu-
lations alone can significantly increase the rate of evolution
of local governments. When local governments do not take
any subsidies and impose penalties (P � 0, S � 0), coal and
power companies choose to keep the existing technology

unchanged. Even if the local government eventually tends to
strengthen the stable state of environmental regulation, due
to the decline in revenue, the evolution and stability of the
local government will be extended. )e above analysis also
further verifies Propositions 1, 3, and 5. It can be seen that
the local governments adopt a two-pronged approach to
increase environmental taxes, subsidies, and punishments,
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Figure 6: Evolution path under different environmental tax standards. (a) Scenario 2. (b) Scenario 3.
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Figure 7: Evolutionary paths under different levels of subsidies and penalties. (a) Scenario 2. (b) Scenario 3.
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and strictly supervise the coal and power industries, which
will promote the transformation and upgrading of the coal
power industry.

5.4. ,e Impact of Technological Innovation Cost on the
Stability of Game Strategy. )e cost of technological inno-
vation in the coal-fired power industry is high. Except for
large state-owned enterprises, most small and medium-sized
enterprises cannot afford considerable costs in the short
term; therefore, they lack technological innovation moti-
vation. To analyze the impact of technological innovation
costs on the evolutionary game process and results, based on
the initial values, we keep the remaining parameters un-
changed and set two groups of values:C2 � 45, C2 � 40, C2 �

35; C3 � 45, C3 � 38, C3 � 31. )e simulation result is
shown in Figure 8.

It can be seen from Figure 8 that under Scenario 2, with
the gradual decrease of C2, the power industry’s strategic
choices no longer tend to be stable, but display a trend
toward technological innovation strategies. Under Scenario
3, with the decrease of C3, the strategic choices of coal
companies fluctuate sharply and are no longer stable in a
passive state that remains unchanged. Moreover, when coal
enterprises’ innovation cost reduces to a certain level, local
governments and coal enterprises’ strategic choices are
distributed symmetrically.)e above analysis further verifies
Propositions 3 and 5. It can be seen that the cost of inno-
vation is a crucial factor affecting the transformation and
upgrading of enterprises. Most companies use financing
channels like loan to plan for technological upgrades.
However, given that financial institutions nowadays do not
know much about the operating characteristics of coal and
electricity companies, existing financial products lack ap-
plicability and high financing costs. Besides, the lack of

collateral for small andmedium-sized coal enterprises makes
it difficult to meet the financing needs for technological
innovation, which further restrains enterprise innovation
motivation.

5.5. ,e Impact of Coal Saving on the Stability of Game
Strategy. With the strategic transformation of the power
industry, the demand for thermal power will continue to
decline.)e strategic choices of coal companies are bound to
change to cater to the market. )e coal saving Q brought
about by technological innovation in the power industry is
used to describe coal companies’ sensitivity to the power
industry strategy. Based on the initial values, we keep the
remaining parameters unchanged and set three groups of
values: Q � 1; Q � 2.5; Q � 4.5. )e simulation result is
shown in Figure 9.

It can be seen from Figure 9 that under Scenario 2, with
the increase of Q, the evolution rate of coal enterprises’
choice of cleaner production slows down. In the short term,
the decline in coal enterprises’ operating income is an es-
sential factor affecting cleaner production. Technology up-
grades have saved coal consumption for the power industry.
As the demand for coal has fallen sharply, the power
industry’s choice of maintaining the same strategy has
slowed down and even reversed. While under Scenario 3, the
impact of coal sales volume on coal enterprises’ evolution is
not significant for the reason that coal enterprises are more
likely unable to bear the innovation costs of cleaner pro-
duction actively. )e above analysis further verifies Prop-
ositions 3 and 5, which shows that coal companies are
susceptible to technological upgrades in the power industry.
)e reduction in coal market demand will further aggravate
coal overcapacity. Coal companies follow market demand as
an inevitable choice for sustainable development.
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Figure 8: Evolutionary paths under different technological innovation costs. (a) Scenario 2. (b) Scenario 3.
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6. Conclusions

Based on the evolutionary game theory, this paper analyzes
the evolutionary game process between local government,
power industry, and coal enterprises through modeling. We
analyze both the stability of a single player and the overall
system, and conduct numerical simulations by adjusting
factors such as the initial strategy choice of the game player,
environmental taxes, government subsidies and punish-
ments, technological innovation costs, and coal demand to
explore the specific evolution path of a coal company’s
overcapacity under market-incentive environmental regu-
lations. )e numerical simulation analysis in this study
further verifies the inferences of the stability analysis,
summarizes the results of several simulations, and draws
specific conclusions as follows:

(1) )e actions of local governments, concurrently in-
creasing subsidies and punishments or increasing
environmental taxes, can enable coal and power
companies to reach an evolutionarily stable state
faster, and the simultaneous implementation of both
will help to further shorten the evolution time. In-
creasing government subsidies to energy companies
can alleviate overcapacity to a certain extent (different
from [59, 60]), but it is not as effective as taking
punishment measures. If coal-fired power companies
actively choose technological innovation, local gov-
ernments will not change the current regulatory
policies. Under this condition, the benefits of com-
panies after innovation are far greater than the costs.
In reality, this situation is difficult to exist in the early
stages of technological innovation. It also shows that
increasing environmental regulation is an inevitable
choice for local governments to help enterprises
transform and upgrade and resolve overcapacity.

(2) )e cost of enterprise technological innovation is a
key factor affecting the stability of evolution. When
the cost of innovation is lower, enterprises tend to
choose technological innovation. )erefore, in
technological innovation and capacity reduction of
coal power enterprises, financial support should be
increased. )e government provides many subsidies
to thermal power plants every year. Although sub-
sidies may lead to inefficient use of resources [61],
appropriate subsidies are necessary to transform the
coal and power industries.

(3) From the perspective of initial strategic choices, the
strategic choices of local governments have a pro-
found impact on the evolution and stability of coal-
fired power companies. Reducing the cost of
implementing environmental regulations and in-
creasing the penalties for overcapacity can shorten
the evolution time for local governments to
strengthen environmental regulations, which will
help realize the coordinated development of the
three parties ultimately. Technological innovation in
the power industry will reduce the operating income
of coal companies and delay the evolutionary sta-
bility time for them to choose cleaner production.
)e increase in revenue and the reduction in both
parties’ costs are an essential prerequisite for coal
companies and power industry’s collaborative
innovation.

(4) )e amount of coal saved after technological inno-
vation is the focus of attracting power industry
adjustment strategies. A certain level of coal saving
will promote the power industry to carry out tech-
nological innovation actively. It also shows that with
the continuous upgrading of power generation
technology in the power industry, renewable energy
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Figure 9: Evolution paths at different coal saving rates. (a) Scenario 2. (b) Scenario 3.
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and clean energy will continue to swallow the coal
market. )e importance of clean coal production has
become more prominent.

According to the above research conclusions, the fol-
lowing policy implications can be drawn:

(1) When local governments implement specific envi-
ronmental regulations and policies, there are often
certain deviations related to their interests, which
may result in the phenomenon that the coal industry
can hardly reach the goal of reducing the production
capacity. )e central government must strengthen
the supervision on local governments, and local
governments must use their information advantages
to rationally and timely regulate local environmental
regulations. Overcapacity reduction is a task that
every department should pay attention to. Taking a
series of measures to reduce the cost of government
environmental regulations can effectively promote
local governments to strengthen their attention to
overcapacity reduction tasks. On the other hand, the
follow-up work to reduce overcapacity also requires
the government to take supporting measures to
speed up the process of transformation and
upgrading of coal power enterprises by adhering to
the principle of combining market forces with
government support.

(2) Economic development cannot be completely sep-
arated from the support of the coal industry; in other
words, coal companies must assess the situation and
improve their competitiveness through active clean
production to meet the needs of the power industry
and other consumers, accelerate the withdrawal of
outdated production capacity, and improve de-ca-
pacity mechanism by arranging properly the reset-
tlement of assets, debts, and employees. )e business
of coal and power companies involves vast invest-
ment, and their technological innovation costs and
difficulties are also high. Coal mining companies
should actively enhance their research to promote
clean production technologies such as unharmed
coal and intelligent mining to reduce subsequent
operating costs and cater to green and era require-
ments of low-carbon development. In addition,
given that many small and medium-sized coal
companies do not have the economic strength to
increase investment in clean production, planning
mergers and acquisitions with other high-quality
coal companies may be a good choice for their future
development.

(3) )e existing differentiated industrial lending policies
in the coal industry have given great support to high-
quality companies, forcing “zombie companies” to
withdraw from the market voluntarily. However, this
has also made it more difficult for some small and
medium-sized coal companies with good credit to
obtain financing, thus making it difficult for them to
put clean production into action. )erefore, it is

necessary to optimize the existing big data platforms
such as the China (Taiyuan) Coal Trading Center and
improve the credit ratings for coal companies. Fi-
nancial institutions should meet the financial needs
of high-quality coal companies and innovate in-
clusive financial products so as to achieve the goal of
“structural reduction of production capacity and
optimization of production capacity.”

)is study has certain limitations: Firstly, local gov-
ernments, power industry, and coal companies are in a
complex system that many factors affect their strategic
choices, and this study is not comprehensive enough to
consider the influencing factors in the tripartite game
process. Secondly, due to the limitations of data acquisition
and the ideality of parameter assignment, we only carried
out numerical simulations at the industry level. In the next
step, we will conduct more profound research in combi-
nation with actual cases.
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With the transformation and upgrading of my country’s industrial structure, the level of manufacturing automation has gradually
improved. According to research, the design of mechanical products is mostly completed by improvement or innovation on the
basis of existing design knowledge. Knowledge reuse is a technique to ensure the maximization of design resource utilization by
reusing design knowledge.*is article applies knowledge reuse technology to the development and design of mechanical products.
By integrating the technical logic of the functional analysis system with the development of quality functions, the transformation
of customer demand information and product function design is realized, and the task of the product design plan analysis phase is
completed.*is paper uses the finite element analysis software ANSYS to explore a new nonlinear finite elementmodelingmethod
and conducts simulation experiments. At the same time, this paper improves the genetic algorithm, which effectively improves the
optimization efficiency and completes the parameter optimization under multiobjective and multistructure conditions. From the
experimental results, it takes 328.64 seconds for the basic genetic algorithm to search for the optimal solution of the complex
problem.*e improved time is shortened to 86.31 seconds, and the efficiency is increased by 73.74%.*is shows that the improved
genetic algorithm has better robustness and can find the optimal solution in a shorter calculation time. For complex problems such
as the optimization of the overall structure of special machinery, the improved genetic algorithm obviously helps to improve the
optimization efficiency and improves the effectiveness and pertinence of product design schemes.

1. Introduction

*e advancement of science has gradually made intelligent
manufacturing the mainstream of the development of
manufacturing industries in various countries, and com-
puters have also provided a lot of technical support for this.
For example, intelligent detection based on computer neural
network can help special machinery to better realize fault
diagnosis and structural optimization; data induction based
on analogy reasoning can help people establish a compre-
hensive machinery manufacturing knowledge system; in-
telligent optimization based on genetic algorithm is also
special indispensable technology in mechanical design. In
the current research, people still need to continuously im-
prove computer intelligence technology to better improve
the rationality of mechanical structure optimization.

Abroad, research on computational intelligence and
structural optimization has accumulated a lot of excellent
results. Moreira tried to use genetic calculation and simu-
lated annealing to solve the problem of structural optimi-
zation. He and his team studied the performance of two
random search methods and applied them to the optimi-
zation of pin-connected steel structures. From the research
results, genetic algorithm and simulated annealing can in-
deed play a very good role in structural optimization. If they
can be embedded in a single parameter algorithm, better
performance can be achieved through a hybrid scheme [1].
Reynolds proposed a new reverse adaptive method for au-
tomatically generating solutions to initial design and re-
design problems. He carried out inverse adaptive analysis of
the initial finite element problem and refined the low-stress
area of the finite element mesh according to element
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subdivision. After that, he deleted all low-stress subdivision
elements and repeated the process continuously. *is
method can effectively improve some of the shortcomings in
the existing optimization scheme, but there is still a lot of
room for improvement in the efficiency of optimization [2].
Motta and his team developed an efficient calculation tool
for robust structural optimization. Due to the combination
of multiobjective optimization, normal boundary intersec-
tion, and normalized normal constraints, this integrated tool
can effectively obtain the best solution for robust design
optimization. Of course, the tool needs more experiments to
ensure the stability of its calculations [3].

Although domestic research on computer technology in
structural optimization design started relatively late, it has
developed very rapidly. Qu et al. proposed a reasoning
method of fuzzy design knowledge, which can refer to the
relevant detailed information of product design in a certain
order in the reasoning process of product parameters. *e
prerequisite for this purpose is to establish a hierarchical
model to express the product design, processing, and
technology on the basis of meeting the product design ac-
curacy requirements [4]. Bijuan et al. conducted research on
the parameter analysis and optimization of the damping
structure of the tubular transition layer of agricultural
machinery. He introduced the concept of transition layer on
the basis of the traditional constrained damping structure,
combined with computer technology, and proposed a new
type of tubular damping structure. From the experimental
results, the optimized agricultural machinery can better deal
with the severe vibration and impact that may occur during
the work process, but the stability of the tubular structure
needs to be appropriately improved [5].

*rough reading materials and market research, this
article understands the problems encountered in the current
mechanical product design process and analyzes it. It is
concluded that the application research of knowledge reuse
technology has brought progress to the design and devel-
opment of mechanical products and the development of
manufacturing enterprises, which means using the idea of
functional analysis system technology and quality function
deployment technology to successfully complete the trans-
formation between customer demand information and
structural design parameters and focus on the process of
using multilevel classification technology to generate design
plans and discuss the basic elements of multilevel decom-
position. Classification method, indexing process, and
matching reasoning form the complete idea of applying
knowledge reuse technology to generate design scheme.

Introduction systematically introduces the research
overview of the overall structure optimization design of
special machinery and expounds the current main problems
in the overall structure optimization design of special ma-
chinery and the main work and research content of this
article. Section 2 explains intelligent optimization design
technology and method of mechanical structure and in-
troduces structural intelligent optimization, genetic algo-
rithm, data mining technology, ANSYS-based optimization
technology, and penalty function constraints. Section 3
includes data preprocessing part, detailed description of the

corresponding method of simulation experiment in this
paper, and the establishment of experimental model. Section
4 mainly introduces the establishment of a special machine
model based on ANSYS and intelligence and conducts re-
lated experiments to optimize the implementation strategy.
Section 5, Summary and Prospects, summarizes the work
done in this article, states the innovation and effectiveness of
the method proposed in this article, and proposes the next
research direction.

2. Technology and Method of Intelligent
Optimal Design of Mechanical Structure

2.1. Structural Intelligent Optimization. *e intelligent opti-
mization design of the structure is essentially an optimization
process; that is, a solution is determined in the solution space of
the mechanical design to make the objective function obtain
the minimum value under the condition of satisfying the state
variable constraints [6]. *e more complex the mechanical
design is, the more constraints and variables it contains. Not
only that, but some constraints are even discrete and difficult to
describe quantitatively. In the process of structural optimiza-
tion, the final evaluation standard for the quality of the design
plan will be reflected in the way of evaluation function [7]. If
there is only a single optimization goal, then the optimization
process will be relatively simple. But in actual work, there may
be two or more optimization goals that have contradictory
relationships with each other. At this time, it is necessary to
integrate multiple methods such as multiobjective fuzzy op-
timization, evaluation function method, and goal planning
method to optimize the overall structure [8].

Traditional optimization algorithms include mathe-
matical programming method, optimal criterion method,
and so on.*ese classic optimization methods are limited by
various conditions, so they can be used in a limited range,
and it is difficult to meet the optimization of special ma-
chinery structures in complex environments [9]. For this
reason, it is necessary to introduce computer technology into
intelligent optimization methods, imitate the evolution and
development process of nature, and combine logic, math-
ematics, and science to realize project design and optimi-
zation. In the process of searching for the optimal solution,
the most representative one is genetic algorithm (GA). In
addition, simulated annealing (SA), fuzzy systems, and ar-
tificial neural networks (ANN) are common search opti-
mization techniques at this stage [10, 11].

2.2.GeneticAlgorithm. *e essence of genetic algorithm is to
simulate the laws of biological heredity and evolution in the
natural environment and obtain a highly adaptive algorithm
that can search for global probability [12]. *e genetic al-
gorithm strictly follows the natural law of survival of the
fittest in the calculation process. In each genetic process,
only the group with effective information can iterate to the
next round. After multiple iterations of calculation, the
operations of selection, crossover, and mutation are con-
tinuously performed on individuals, until the optimal so-
lution that satisfies the conditions is obtained [13].
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2.2.1. Basic Genetic Algorithm. *e most basic genetic al-
gorithm operation process must first clarify the objective
function, variable, variable search range, and search preci-
sion of the problem, then determine the length of each
design variable code, and then code the variable [14]. In the
process of population initialization, an initial population
containing a certain number of individuals can be randomly
generated according to the selected coding method; namely,

popi(t), t � 1, 2, 3, . . . , n. (1)

Here, t represents the initial population number, which
is used to evaluate and select the fitness value of individuals
to complete genetic processes such as crossover and mu-
tation. It can reflect the pros and cons of all individuals in the
form of a function, and its expression satisfies

fi � fitness(popi(t)), (2)

where fi means to select highly adaptable individuals from
the group to form a new group. In the genetic process, the
process of selection can also be seen as a process of repli-
cation, that is, selecting excellent individuals with strong
adaptability from the population and forming them into a
new population [15]. It is necessary to comprehensively
consider the fitness value when selecting operators. Nor-
mally, the calculated selection probability of each individual
satisfies the formula

Pi
fi

􏽐
n
i�1 fi

. (3)

Combining formula (3), when selecting outstanding
individuals from the current group popi(t) to inherit to the
next generation, the new group constituted satisfies

newpop(t + 1) � popq(t), q � 1, 2, 3, . . . , n􏼈 􏼉, (4)

where newpop(t + 1) represents the probability obtained by
the crossover method. *e crossover process refers to
randomly selecting two parents of individuals, and then
according to the determined crossover method and prob-
ability, part of the individual genes of the parents are crossed
to form two brand new offspring individuals [16]. Generally
speaking, there are one-point intersection, two-point in-
tersection, and multipoint intersection.

*e process of mutation is to reverse the value of a
certain gene in the chromosome. Generally speaking, it is to
call 0 and 1 in the binary string. If the mutated parent
individual is [01100110], when the fourth point is mutated,
then the mutated offspring individual is [01110110]. *e
main role of mutation operator in the genetic process is to
enhance the diversity of individuals in the entire population.
*emore significant the differences between individuals, the
lower the probability of local optimization [17].

2.2.2. Improved Genetic Algorithm. *e basic genetic algo-
rithm can solve most simple optimization problems, but
there are still some shortcomings in the face of complex
multiobjective optimization. In order to meet the require-
ment of designing and optimizing the overall structure of

special machinery in this paper, genetic algorithm needs to
be improved appropriately. Generally speaking, the im-
provement methods of genetic algorithms are mainly di-
vided into improved coding methods, adding advanced
operators, and combining other search algorithms.

Binary encoding is one of the commonly used encoding
methods in genetic algorithms. Suppose ceil represents
rounding to positive infinity, perk represents coding accu-
racy, and [low, up] represents the search range of variables
under restricted conditions; then the length calculation
formula satisfies

l � ceil log2
up − low
perk

+ 1􏼠 􏼡 + 1􏼢 􏼣. (5)

*e actual precision perk′ of the string satisfies the
formula

perk′ �
up − low
2l

− 1
. (6)

On the whole, binary coding is simple to operate and has
better global search capabilities, but due to the mapping
error of continuous function discretization, it cannot di-
rectly reflect the structural characteristics of the problem
[18]. In order to improve the search efficiency of genetic
algorithm, this paper improves it to a segmented coding
method.*e characteristic of segmented coding is to use two
different coding schemes to divide the algorithm into pre-
liminary search and final search. In the early stage of cal-
culation, the genetic algorithm can perform a rough search
of the whole world and first confirm the possible range of the
optimal solution. In the later stage, gray coding is used to
perform a more detailed search to achieve precise search in a
small area.

2.2.3. Advantages of Genetic Algorithm. Compared with
traditional methods, the superiority of genetic algorithms is
mainly manifested in first, and under the action of genetic
operators, genetic algorithms have strong search capabilities
and can find the global optimal solution of the problem with a
large probability. *e inherent parallelism can effectively
handle large-scale optimization problems. Genetic algorithm
has a good global search ability, can quickly search out all
solutions in the solution space without falling into the trap of
rapid decline of local optimal solutions; and using its inherent
parallelism, it can easily perform distributed computing to
speed up the solution. However, the local search ability of
genetic algorithm is poor, which makes the pure genetic al-
gorithm more time-consuming and the search efficiency is
lower in the later stage of evolution. In practical applications,
genetic algorithms are prone to premature convergence.Which
selection method should be adopted to keep good individuals
and maintain the diversity of the group has always been a
difficult problem in genetic algorithms.

2.3. Data Mining Technology. *e basis of data mining is
realized on the basis of metadata definition, modeling, and
multidimensional data modeling. Its essence is to mine
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useful data from a large amount of data according to its
related laws [19]. Simply put, it is to find the characteristics
of the data through statistics and machine learning on the
basis of data samples and use icons to describe them and
establish their knowledge description model. With the help
of models, people can dig out the value and relevance behind
the information.

Data mining technology can be very helpful to the
optimization design of the structure. In actual work, data can
be classified, summarized, and clustered according to op-
timization objects and constraints and finally confirmed its
association rules [20]. In the machinery manufacturing
industry, data mining technology is often used for fault
diagnosis of parts and components, and resource optimi-
zation is achieved by analyzing the production process.

2.4. Optimization Technology Based on ANSYS. ANSYS is a
finite element analysis software, which is often used in
computer engineering aids to solve various linear and
nonlinear problems [21]. ANSYS not only has an excellent
modeling level but also can effectively achieve problem
solving, nonlinear analysis, and system optimization. Using
ANSYS to optimize design can help users determine the
optimal design plan, use ANSYS’s topology optimization
module to optimize the shape of the model, or confirm the
best distribution of materials [22].

*e optimization analysis technology based on ANSYS is
usually divided into three categories; the most common is
the optimization technology based on parametric design
language. *is optimization method can not only effectively
form finite element modeling but also further realize
parametric analysis and solution, so it can play a very good
effect in the secondary development and optimization design
of mechanical structure.

2.5.PenaltyFunctionConstraint. Optimization problems are
usually accompanied by certain constraints. *e penalty
function method is a constraint processing method that is
often used in the solution of constraint optimization
problems using intelligent algorithms [23]. As an indirect
processing method, the penalty function will form a new
function with the constraint term together with the objective
function after imposing a certain penalty on the constraint
function. Commonly used penalty functions include ex-
ternal point penalty function, differentiable penalty func-
tion, and multiplier method, which can also be directly
divided into internal penalty function method and external
penalty function method [24].

*e operating idea of the external point penalty function
method is to define the constraints outside the feasible region
through the penalty effect, and, in the search process, it
gradually moves from the outside of the feasible region to the
boundary until the optimal solution that meets the require-
ments is found. *e basic idea of the differentiable penalty
functionmethod is to approximate a nondifferentiable precise
penalty function through a differentiable function. *e basic
idea of the multiplier method is to introduce some unde-
termined coefficients into the constraint function to form a

new unconstrained augmentation objective function with the
original objective function and finally make unconstrained
augmentation by continuously modifying the multiplier
vector of the constraint function. *e optimal solution of the
wide objective function is equal to the optimal solution of the
original problem [25]. Because the parameter model studied
in this paper is relatively complicated, when optimizing the
parameter structure, this paper uses the advantages of
computers in data storage and analysis, combined with the
use of historical adaptive DE, and improves the intelligence of
optimization [26].

3. Optimization Experiment of Mechanical
Structure Based on Computer Technology

3.1. Experimental Background. Although special machinery
is not manufactured and used as frequently as daily ne-
cessities, it is an essential part of the national development
strategy. As a high-level weapon machine, the structural
optimization and design process of artillery will inevitably
involve a lot of optimization goals and constraints. *is
includes, but is not limited to, the overall structure of the
artillery, the links of the various components of the artillery
system, and finite element dynamics analysis. In order to
optimize the overall structure of the artillery, it is necessary
to combine genetic algorithms, data mining, ANSYS opti-
mization, and penalty functions in computer technology.

3.2. Experimental Model Establishment. *e establishment
of a mathematical model of structural optimization is a very
important part of using mathematical methods to solve
structural optimization problems in practical engineering. In
the field of special machinery manufacturing, the mathe-
matical model of structural optimization design needs to
meet the constraints of a series of equilibrium conditions to
maximize the rigidity of the structure, the least flexibility, the
least total weight, or the least material cost. From the
perspective of abstract mathematical form, the mathematical
model of structural optimization mainly includes design
variables, constraint conditions, and objective functions.
Towing artillery is a complicated mechanical structure. In
the modeling process, it is necessary to establish a corre-
sponding finite element model based on its structural
characteristics. *is article divides it into four parts: recoil
part, landing part, rotating part, and fixed part.

3.3.ExperimentProcess. *eoverall idea of the experiment is
as follows. First, we determine the parameter variables and
their design space and establish a parameterized finite ele-
ment model on this basis. *en, the parameterized model is
used for finite element analysis to obtain the objective
function value and the constraint value, thereby establishing
the implicit correspondence between the objective function
and the constraint function and the current design variables.
Finally, the intelligent optimization algorithm is used to
optimize the overall structure of the artillery, and the op-
timization results are given.
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In order to further examine the search efficiency of the
improved genetic algorithm and its influence on structural
optimization, this paper records the operating parameters of
the basic genetic algorithm and compares them with the
improved algorithm. When dealing with constrained opti-
mization problems, this paper also compares the constraint
capabilities of several common penalty functions, which
reflects the excellent constraint processing capabilities of the
multiplier method.

4. Application of Computer Technology in
Optimal Design of Overall Structure of
Special Machinery

4.1. Establishment of Special Machinery Model Based on
ANSYS

4.1.1. Application of Special Machinery Parameterized Model
in Structural Optimization. Parameterization is to use a set
of design parameters to agree on the relationship of the
structure size when the structure shape is basically fixed and
then change the structure shape through size drive. Unlike
traditional design methods, parametric design can store the
entire involved process and design a family of models that
are similar in shape and function instead of a single model. It
is precisely because of the parametric modeling technology
that the transmission of data changes between different
levels has the uniqueness and immediacy. On the whole,
parametric technology has a very wide application back-
ground and important significance in the design of special
machinery products and systems.

When building the overall structure model of the ar-
tillery, it is not only necessary to determine the multi-
objective function and constrain the design but also to select
variables based on requirements. Table 1 shows the variable
ranges of various variables in the structural model. It can be
seen from Table 1 that when designing variable spaces, the
results of historical data analysis give priority variables as
much space as possible. For nonpriority variables, you can
refer to the priority basic model and give it a data fluctuation
range of about 30%. Among them, the data of M8 and M9
will directly affect the situation of the gun tail colliding with
the ground when the firing angle range is large. It is im-
possible to judge whether the structure itself interferes.
*erefore, the interference check function must be added
when the new group is optimized; that is, the maximum
between recoil displacement and M8 and M9 is a constraint
that the new group must meet.

After selecting the optimized variables based on his-
torical data, this paper analyzes the sensitivity of each pa-
rameter to the stability of the overall structure, the weight of
the whole gun, the stress of the frame, and the muzzle
disturbance. Figure 1 is a statistical graph of parameter
sensitivity of the overall structure of the model.

It can be seen from Figure 1 that the parameters that
have a greater impact on the stability of the model structure
are M2, M3, M4, M7, and M14. *e parameters that have a
greater impact on muzzle disturbance are M3, M4, and M14.
When M3 increases by 10%, the muzzle disturbance of the

artillery increases from 2780 to 3227, and the rate of dis-
turbance increases as high as 16.08%. *e parameters that
have a greater impact on the total mass of the artillery are
M3, M10, and M12. It can be seen that in the optimization,
the upper and lower limits of the above parameters should be
given sufficient width, and the interference of the structure
should be considered, and the interference check of the final
feasible design plan should be done.

4.1.2. Intelligently Optimized Implementation Strategy. In
the process of structural optimization, the specific optimi-
zation steps are as follows. (1) Extract valuable data from past
models to form a source database and perform equivalent
processing on all parameter data in it to eliminate structural
differences caused by performance differences. (2) Determine
the variable range of all parameters and ensure that each
parameter will not interfere or conflict with each other. At the
same time, confirm the structural design variables and various
constraints. (3) Form an optimized mathematical model and
determine the objective function and penalty function as the
basic model of genetic algorithm. (4) Parameterize the finite
element model, encode the chromosome, analyze the finite
element of different design parameters, and confirm the
correspondence between the various data in the structure. (5)
Complete genetic calculation through selection, crossover,
and mutation operations and find the optimal solution
through genetic algorithm to achieve system optimization.
Figure 2 shows the changes of various parameters of the
model after intelligent optimization.

It can be seen from Figure 2 that the optimized overall
structure has a certain change from the beginning. For
example, the height of the live wire is reduced from 900mm
to 600mm, the length of the frame is changed from 3600 to
3000, and the wall thickness of the frame is changed from 5
to 3. After further understanding the dynamic performance
curve of the optimized model, it can be determined that the
dynamic performance of the model meets the requirements
of use, that is, meets the requirements of accuracy and
stability. *rough subsequent optimization and adjustment
of parts, the final optimization plan can be realized.

4.2. Realization of Mechanical Structure Optimization Based
on Genetic Algorithm

4.2.1. Improved Genetic Algorithm and ANSYS Collaborative
Research. In actual work, it is difficult to establish an ac-
curate mathematical model for large complex structures.
*erefore, special finite element analysis tools are required
for analysis and calculation. Improved genetic algorithm and

Table 1: Variable range of various variables in structural model.

Design variable M1 M2 M3 M4 M5 M6 M7
Design upper limit 125 350 5200 650 1400 600 1000
Design lower limit 0 150 2000 200 1100 400 500
Design variable M8 M9 M10 M11 M12 M13 M14
Design upper limit 1200 1200 460 550 8 8 680
Design lower limit 600 −400 200 350 2 2 420
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ANSYS for collaborative calculation can not only effectively
ensure the correct rate of calculation but also reduce some
difficulties that may be encountered in the programming
process and more efficiently achieve structural optimization
design. Figure 3 is a comparison diagram of optimization
results between the basic genetic algorithm and the im-
proved genetic algorithm. Among them, A1–A5 represent
the number of population sizes in five test functions, and
B1–B5 represent the number of optimal solutions obtained
by five test functions in 100 optimization calculations.

It can be seen from Figure 3 that when solving simple
optimization problems such as Project 1 and Project 3, the
basic genetic algorithm can also search for the optimal
solution with a greater probability. But when faced with a
highly discrete multiobjective optimization problem, it is
difficult to determine the optimal solution in the global
search of the basic genetic algorithm. And for the improved
genetic algorithm, even in the face of complex optimization

tasks, the probability of obtaining the optimal solution can
be maintained above 90%. After further understanding the
optimization, it can be found that for simple items 1 and 3,
there is no obvious difference in the calculation time before
and after the genetic algorithm improvement. However, as
the calculation difficulty increases, the efficiency improve-
ment of the improved genetic algorithm will become more
obvious. In Project 5, the basic genetic algorithm took
328.64 seconds, while the improved time was only
86.31 seconds, which increased the efficiency by 73.74%.
Overall, the improved genetic algorithm has better ro-
bustness and can find the optimal solution in a shorter
calculation time. For complex problems such as the opti-
mization of the overall structure of special machinery, the
improved genetic algorithm can obviously greatly help
improve the optimization efficiency.

4.2.2. Modeling Stability Analysis Based on Penalty Function.
In the process of using genetic algorithm to optimize the
overall structure of special machinery, more variables and
constraints will appear. For this reason, it is necessary to
introduce a penalty function as a constraint function to
ensure that the genetic algorithm can better achieve system
optimization. Figure 4 is a comparison of three different
forms of penalty function constraints. Among them,
M1–M4 represent the number of times that the constraint
conditions are met when the four types of test functions are
calculated 100 times. N1–N4 represent the number of times
the optimal solution is obtained when the four types of test
functions are calculated 100 times.

It can be seen from Figure 4 that in a total of 400 opti-
mization calculations, the three penalty functions meet the
constraint conditions relatively well, and themultiplier method
still has a slight advantage in comparison. However, when
comparing the number of times to obtain the optimal solution,
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Figure 1: Parameter sensitivity statistical graph of the overall structure of the model.
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it can be found that the multiplier method has significantly
better performance than the exterior point penalty function
and the differentiable penalty function. On the whole, using the
multiplier method to constrain the overall structure of special
machinery can achieve better results.

4.3. Finite Element Analysis Based on Ansys. APDL para-
metric modeling is used to establish a finite element analysis
model from bottom to top. Its mechanical behavior is based
on the principle of no pressure, and only the pulling force is
considered. *e anchor rod and the raft are connected by a
common node to ensure their deformation coordination
under load. *e specific results are shown in Table 2.

From Figure 5, we can see that the fitness change is very
small after the 150th generation of evolution, and there is
basically no change in fitness after the 250th generation. *e
change in the weight of the whole gun changes greatly before
the 120th generation. After the change is small, there is
basically no change after the 250th generation. It can be seen

from the above trends that the evolution 300 has made the
optimization mature, and the optimization results have
basically reached the optimal value. *e optimization effect
of increasing the evolution algebra is not great.

5. Conclusions

*is paper analyzes the special machinery model based on
ANSYS. In this paper, a mathematical model is established
around the overall structure of the artillery. In the deter-
mination of multiple objective functions and constraint
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Table 2: Overall structure weight change data sheet.

Number of evolutions 0 50 100 150 200 250 300
A 2.90 3.41 3.84 4.41 4.25 4.59 4.71
B 2.92 3.56 4.20 4.01 4.33 4.52 4.53
C 2.85 3.31 4.13 4.45 4.27 4.59 4.51
D 3.40 3.73 3.93 4.19 4.46 4.77 4.75
E 3.29 3.53 3.96 4.08 4.43 4.59 4.71
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design, genetic algorithms are introduced to improve var-
ious problems in the optimization process. When con-
firming the optimized variables and variable ranges, a data
fluctuation range of about 30% was given to nonfinite
variables. After understanding the parameter sensitivity of
the overall structure of the artillery, the parameters that have
a greater impact on performance were optimized. Because
the artillery parameter model is more complicated, when
optimizing the parameter structure, this article uses the
advantages of the computer in data storage and analysis,
combined with the past historical data to improve the in-
telligence of the optimization. In this paper, the overall
optimization design of the artillery model is carried out
according to the scientific and intelligent optimization steps,
and the random election method is used to ensure the di-
versity of the population in the genetic process. From the
experimental results, the adjustment of various parameters
in the model makes the model more in line with dynamic
performance in terms of accuracy and stability.

In this paper, the optimal design of mechanical structure
is realized based on genetic algorithm. As a finite element
analysis software, the combination of ANSYS and genetic
algorithm can effectively promote the overall structure
optimization of special machinery. In the experiment, this
paper found that the basic genetic algorithm can solve most
simple objective optimization tasks, but there are still many
shortcomings in the face of multiobjective tasks with high
discrete variables. Because this paper has improved the
genetic algorithm, from the experimental data, the improved
genetic algorithm can greatly improve the optimization
calculation efficiency on the basis of ensuring the optimi-
zation accuracy and has higher robustness. *is paper
compares the constraint performance of the three types of
penalty functions: external point penalty function, differ-
entiable penalty function, and multiplier method. From the
final result, the multiplier method has better performance in
two types of tests: satisfying the constraints and obtaining
the optimal solution.

With the advent of the era of automation, how com-
panies can keep up with the rapid development of themarket
and correctly grasp the direction of product development
and design is the key to winning this opportunity. *rough
the study of knowledge reuse, this paper has realized the
purpose of shortening the development cycle and satisfying
the needs of customers to the greatest extent. It proposes a
method to realize the scientific analysis of market demand
information through the integration of quality function
deployment technology and functional system analysis
technology. *e transformation of demand information and
functional parameter design and a method for calculating
transformation weights are proposed, which provide im-
portant weight coefficients for the product instance
matching stage. *is paper uses multilevel example de-
composition to achieve the decomposition of the target
design scheme and uses the subspace algorithm to classify
the existing design examples. And it is proposed to complete
the calculation process of matching the target design scheme
with the existing design examples.
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Aerobics is one of the main contents of physical education, which has a positive role in promoting the health of young people..is
paper mainly studies the parallel processing method of inertial aerobics multisensor data fusion. In this paper, an aerobics exercise
system is designed, which uses digital filter to remove the noise generated in the process of exercise. In this paper, Kalman filter is
used to filter the pulse error of accelerometer, and the data structure of unidirectional link is used to achieve the effect of sliding
window, which can reduce the memory cost to the greatest extent. In this paper, the region of moving object is determined by
horizontal and vertical projection of binary symmetric difference image. At the same time, the optimal feature combination is
selected from the reduced features by feature subset selection, and the classification algorithm is used as the evaluation function in
the optimization process. Finally, the collected data are tested, analyzed, and sorted out. .e experimental data show that, after
calibrating the sensor data, the static x-axis and y-axis data are about 0 g, and the z-axis data are about 1 g, which is closer to the real
value. .e results show that the attitude data collected by the inertial sensor can be stably transmitted to the software of the
computer wirelessly for attitude reconstruction, and the recognition of each attitude and parameter has reached a high accuracy.

1. Introduction

Calisthenics is one of the main contents of physical edu-
cation in high schools, which has a positive role in pro-
moting the health of teenagers. It is of great significance to
carry out good calisthenics in high schools for the popu-
larization and development of calisthenics. In three-
dimensional space, the motion of an object may cause a
change in its attitude. In some control area s, it is very
important to determine the attitude information of the
object at a certain moment.

As a key technology, attitude detection technology plays
an important role in some traditional fields. Inertial motion
information includes acceleration and angular velocity in-
formation, which are ubiquitous in daily life. Our actions
and behaviors will generate specific inertial information.
.erefore, by effectively processing acceleration informa-
tion, we can extract correspondingmotion information from
it. .is infers the intention of the performer of the action.

Inertial sensors are increasingly used in data fusion and
parallel processing. Vitale C et al. proposed the criticality of
MEMS testing and calibration, and related researches have
gradually increased. MEMS testing methods mainly include
zero-point drift method and Allan variance method. .e
zero-point drift method is based on the basic working
principle of MEMS devices and collects the output of the
device at the static zero position. To determine the zero drift
value, this method is relatively simple and intuitive, but it is
easy to be affected by the initial alignment error [1]. Aceto
et al. proposed that the evolving nature of mobile network
traffic makes machine learning solutions based on manual
and expert-created functions unable to keep up with their
development speed. .ese limitations paved the way for the
use of deep learning as a feasible strategy for designing traffic
classifiers based on automatically extracted features,
reflecting complex patterns extracted from multiple aspects
of traffic properties, implicitly in a “multimodal” manner
carrying information [2]. Martinelli A et al. analyzed the
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visual inertial sensor fusion problem of two kinds of agents
in cooperation and proved that the sensor fusion problem is
equivalent to a simple polynomial equation system, which
consists of multiple linear equations and three quadratic
polynomial equations composition. .e analytical solution
of this polynomial equation system can be easily obtained by
using algebraic methods. .ey provided an analytical so-
lution to the vision-inertial sensor fusion problem for the
two agents. .e factors considered in their research content
are not comprehensive [3]. Wang et al. proposed a robust
and tightly coupled global positioning system integration
scheme based on wavelet, which aims to improve the overall
positioning accuracy during signal interruption. .ey pro-
posed a tightly coupled GPS/BDS/INS integration scheme
based on robust wavelet and introduced GPS/BDS double-
difference (DD) carrier phase and pseudorange measure-
ments to construct a 27-state tightly coupled GPS/BDS/INS
integral equation. .eir research lacks innovation [4].

Based on the study of the traditional hybrid and mul-
tilevel data fusion processing structure, this paper first
proposes a new form of serial hybrid data fusion processing
structure, which has both distributed and centralized fusion
processing structure. Aiming at the multitarget tracking of
nonlinear and non-Gaussian systems, this paper proposes an
improved marginalized particle probability hypothesis
density filtering method, which solves the problem of target
missing in multitarget tracking. Aiming at multitarget
tracking with low sensor detection probability, a smoother
solution of probability hypothesis density is proposed, which
reduces the target tracking miss rate and false follow rate
under low sensor detection probability [5].

2. Data Fusion and Parallel Processing

2.1.Aerobics. .e healthy development of the body will then
lead to the improvement of the psychological and mental
state. For example, in the students’ intense schoolwork,
aerobics can let people lay down the burden of tension and
enjoy the pleasant beauty of the body through its unique
sense of movement. Sports not only promote the develop-
ment of human right brain to improve learning and memory
ability but also stimulate the development of people’s ability
to recognize three-dimensional space and physical coordi-
nation. Aerobics can fully satisfy the coordinated develop-
ment of the left and right brain and fully develop the
potential of the brain [6].

2.2. Inertial Sensors. In the Cartesian coordinate system, if
(x(t), y(t)) is used to represent the position of the target at
time t, its trajectory can be approximated by a polynomial:

x(t) � a0 + a1t + a2t
2

+ ... + ant
n
, (1)

y(t) � b0 + b1t + b2t
2

+ ... + bnt
n
. (2)

In the formula, n is the order of the motion model, and
its size reflects the characteristics of the target motion. Since,
in the Kalman filter formula, the noise of the system is
required to be white noise, a shaping filter needs to be added

to the input of the target dynamic system, its input is white
noise, and the output characteristics should be the same as
F(t) [7]. In general, the differential equation of the shaping
filter can be expressed as

􏽘
m

i�0
ai(t)

d
i

dt
i
F(t) � 􏽘

l

j�0
bj(t)

d
j

dt
j

u(t). (3)

In the formula, u(t) is the unit white noise.
Each sensor node sends the angular velocity, acceleration,

and magnetic field strength data to the base station, which
collects and transmits the data to the host computer. .e
information interaction between nodes and base stations is
based on wireless communication. Multiple nodes send data to
the base station at the same time, which is prone to signal
collision and data loss. In order to ensure the integrity of data in
wireless transmission and improve the efficiency of data
transmission, the system defines the star topology structure
with base station as the center and realizes the network protocol
based on time division multiplexing. Because the components
of each sensor node and base station are difficult to be strictly
consistent, and there is clock deviation between different nodes,
clock synchronization is required [8, 9].

Kalman filter mainly includes two stages: prediction and
update; in the prediction stage, the Kalman filter obtains the
estimation of the current state variables (including uncer-
tainty) and enters the update stage of the filter when the next
measurement value is available. Combining the estimated
value of the previous time and the measured value of the
current time, the weighted average method is used to update
the previous estimated value. Higher certainty means greater
weight. Because of its recursion, only the current mea-
surement value, the state estimation value of the previous
moment, and the corresponding uncertainty matrix are
used, and the real-time performance of the algorithm can be
guaranteed [10]. For the gyroscope, the state equation of the
Kalman filter is composed of the gyroscope’s measurement
error Δθ and the offset error Δδ:

Δθk+1

Δδk+1
􏼢 􏼣 �

1 T

0 1
􏼢 􏼣

Δθk

Δδk

􏼢 􏼣 +
T

1
􏼢 􏼣μ. (4)

Among them, μ is the measurement error of the
gyroscope.

.e error covariance equation can be expressed by the
following formula:

􏽢Pk � Ak−1Pk−1A
T
k−1 + Q. (5)

After the standing phase is detected, the accelerometer’s
measurement of gravity can be used to complete the cor-
rection of the system state. .e correction process can be
written as

xk � 􏽢xk + Kk ak − Hg( 􏼁, (6)

Pk � I7×7 − KkHk( 􏼁􏽢Pk. (7)

Among them, Kk is the Kalman filter gain, which can be
obtained by the following formula:
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Kk � 􏽢PkH
T
k Hk

􏽢PkH
T

+ R􏼐 􏼑
− 1

. (8)

Kalman filter continuously updates the sensor error
model and makes corrections, so the quadratic integration
error caused by sensor deviation is minimized [11].

2.3. Data Fusion. .e advantages of multisource data fusion
are shown in Figure 1. Specifically, it includes enhancing the
survivability of the system, improving the credibility,
expanding the space coverage, extending the time coverage,
reducing the ambiguity of information, improving the detec-
tion performance, improving the spatial resolution, increasing
the number of measurement spaces, and the characteristics of
low cost, light weight, and less space occupation [12].

.e function model of level 6 of data fusion system is
shown in Figure 2. Data fusion system can be divided into
three fusion units and one management unit from the
functional process. Inertial sensors usually collect different
physical information. .e data from the corresponding data
processing and calculation to control the movement of the
upper virtual character model are packaged and processed
according to the agreement with the upper computer; then
the sensor data are obtained through the micro control unit,
and then the preprocessed data are sent to the upper
computer by the wireless module in real time to drive the
control upper virtual figure model [13, 14].

By simultaneously interpreting the static and dynamic
properties of different sensors, different sensor data can be
obtained with different frequency-domain characteristics.
.e measured sensor signal is transformed from time do-
main to frequency domain, and its specific noise charac-
teristics are obtained. According to whether the sensor signal
contains high-frequency noise or low-frequency noise, the
specific filter in the complementary filter is selected to
remove the corresponding noise. Finally, the effective signal
of the whole frequency band is obtained by adding multiple
filtering signals, and the whole process of denoising and
fusion is completed [15]. Assuming that there are two
sensors in the attitude detection system and their output
values contain low-frequency noise and high-frequency
noise, respectively, the attitudes in frequency domain are
C1(s) and C2(s), respectively [16]. If the real attitude is C(s),
there exists the following relationship:

C1(s) � C(s) + μL(s),

C2(s) � C(s) + μH(s).
􏼨 (9)

.e state equation of moving target in rectangular co-
ordinate system is as follows:

x(k + 1) � F(k)x(k) + Γ(k)v(k). (10)

In the formula, x(k) ∈ Rn×1 is the target state vector at
time k. Kalman filter algorithm can effectively estimate the
target state from noisy measurement data, which generally
includes two stages: state prediction stage and state cor-
rection stage [17]. In the state prediction stage, the state
equation is mainly used to determine the predicted value of
the state vector. .e expression is as follows:

􏽢x(k|k − 1) � F(k − 1)􏽢x(k − 1|k − 1) + Γ(k − 1)v(k − 1).

(11)

In the state correction stage, the observation equation is
used to determine the predicted value of the observation
vector. .e specific formula is

􏽢z(k|k − 1) � H(k)􏽢x(k|k − 1) + w(k). (12)

Calculate the word vector output by the BiGRU layer.
.e purpose of the BiGRU layer is mainly to extract the deep
features of the text from the input text vector. .e BiGRU
model can be regarded as consisting of two parts: forward
GRU and reverse GRU, which is simplified here as 11. After
feature extraction at the BiGRU layer, the relationship be-
tween contexts can be learned more fully and semantic
coding can be performed. .e specific calculation formula is
shown in equation (11).

hijt � BiGRU cijt􏼐 􏼑, t ∈ [1, m]. (13)

Calculate the probability weight that each word vector
should be assigned. .is step is mainly to assign corre-
sponding probability weights to different word vectors,
further extract text features, and highlight the key infor-
mation of the text. In the text, different words play different
roles in the text sentiment classification. Place adverbial and
time adverbial are of little importance to text sentiment
classification, while adjectives with emotional color are very
important to text sentiment classification. In order to
highlight the importance of different words to the sentiment

Advantages of 
data fusion

Enhance the survivability 
of the system

Increase credibility

Expand space coverage

Extended time coverage

Reduce the ambiguity 
of information

Improve detection 
performance

Improve spatial resolution

Increase the number 
of measurement spaces

Low cost, light weight, less space

Figure 1: Advantages of multisource data fusion.
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classification of the entire text, the attention mechanism
layer is introduced in the BiGRU-Attention model. .e
input of the attention mechanism layer is the output vector
hijt processed by the activation of the BiGRU neural network
layer in the previous layer. .e weight coefficient of the
attention mechanism layer is specifically calculated by the
following formulas:

uijt � tanh wwhijt + bw􏼐 􏼑, (14)

aijt �
exp u

T
ijtuw􏼐 􏼑

􏽐texp u
T
ijtuw􏼐 􏼑

, (15)

sijt � 􏽘
n

i�1
aijthijt. (16)

Among them, hijt is the output vector of the previous
BiGRU neural network layer, ww is the weight coefficient, bw

is the bias coefficient, and uw is the randomly initialized
attention matrix. .e attention mechanism matrix is the
cumulative sum of the product of the different probability
weights assigned by the attentionmechanism and the state of
each hidden layer, and the softmax function is used for
normalization.

2.4. Parallel Processing. According to its connectivity and
control strategy, parallel interconnection network can be
divided into static network and dynamic network. Static
network is used to establish point-to-point links, and its
network structure does not change in the process of
processing tasks. In other words, static network has fixed
connection between processing nodes, so static network is
also called direct network. Dynamic network, which re-
alizes the communication between nodes through
switching channels, can dynamically connect channels to
meet the communication needs of user programs, which is
the biggest difference between it and static network.
Dynamic network can be divided into shared bus, cross
switch, and multilevel network. Its routing is realized

through a group of switches, so it is also called indirect
network [18, 19].

Due to the limitation of image acquisition methods and
the influence of various interference factors in the trans-
mission process, the image sequence collected and trans-
mitted by the high-speed image sequence moving target
detection system is inevitably contaminated by various
noises. .e block diagram of the data acquisition terminal is
shown in Figure 3. It mainly includes power supply circuit,
main control chip, acceleration and angular velocity sensor,
magnetic sensor, and wireless radio frequency module [20].

Suppose that the output of a three-axis gyroscope is
(wx, wy, wz), respectively representing the angular velocity
of the gyroscope rotating around its own x-, y-, and z-axes.
Combine the three parameters into a quaternion sw, and the
specific expression is as follows:

s
w � 0, wx, wy, wz􏼐 􏼑. (17)

.e feature extraction is realized by using binary sym-
metric difference image. E

s q represents the posture quater-
nion of the target object relative to the ground coordinate
system, and the derivative of E

s q can be obtained by the
following formula [21]:

E
s q �

1
2

E
s q

s
w. (18)

.erefore, q(t) can be obtained by integrating q(t), and
discretization can be obtained:

E
s q(t + Δt) �

E
s q(t) +

E
s q(t)Δt. (19)

2.5. Main Methods of Multisensor Data Fusion

2.5.1. Bayesian 1eory. Bayesian theory belongs to one of
many classical statistical reasoning methods. It is active in all
aspects of data fusion applications and is committed to
solving multisource data fusion problems. However, as a
probabilistic method, Bayesian theory often has many
shortcomings in practical applications. Bayesian theory
mainly uses conditional probability in probability statistics
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Figure 2: .e 6-level functional model of the data fusion system.
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to complete the reasoning of the fusion result. .e entire
fusion process needs to determine the prior probability and
likelihood function of the system, and, for the two types of
“uncertain” and “unknown,” Bayesian theory is still unable
to provide an effective representation method for the
common basic concepts in data fusion.

2.5.2. Kalman Filter. In data fusion, the Kalman filter-
based data fusion method is usually used for low-level
multisensor data fusion processing that requires high real-
time performance. .e data fusion method based on
Kalman filter mainly recursively processes the statistical
characteristics of the system measurement model and
then obtains the optimal fusion and data estimation of the
system. .is method can provide the only optimal esti-
mation for the data fusion system that conforms to the
linear dynamic model and the error satisfies the Gaussian
distribution. Using Kalman filter for data fusion pro-
cessing, the system does not need to perform a large
amount of calculation processing and has high real-time
performance. .is method is suitable for dealing with
dynamic and low-level data fusion problems.

2.5.3. Fuzzy 1eory. Fuzzy theory uses fuzzy sets to describe
the membership relationship of general sets. In the de-
scription process, the membership relationship of elements
to sets is expressed as any digit in the interval [0,1]. In the
practical application of fuzzy theory, it is mainly to select the
membership function of the fuzzy set to which the problem
belongs and use this function to quantitatively express the
fuzzy function and fuzzy measure.

2.5.4. Neural Network Method. Neural network can sim-
ulate nonlinear mapping under complex system and has
strong fault tolerance, good adaptability, and strong self-
learning ability. .is performance is a must-have for
multisensor fusion system. .erefore, neural networks
are widely used in various fields of multisensor data
fusion. .e processing process of neural network in
multisource information fusion is similar to the verifi-
cation process of “uncertainty” in the process of logical
reasoning. .e neural network performs classification by
the similarity of samples and assigns the classification

results by the weight of the network. .is method is
similar to the preprocessing process of sample data in the
fusion system.

2.5.5. Decision 1eory Method. Decision theory is based on
the mature development of probability theory. As an im-
portant branch of operations research and the theoretical
basis of decision analysis, decision theory uses quantitative
methods to query or select the optimal decision plan based
on information fusion and evaluation criteria. According to
the sampling data provided by the sensors and the evaluation
criteria of the fusion center, the quantitative method is used
to find the optimal decision-making plan.

3. Application Experiment of Inertial
Sensor in Aerobics

3.1. Design of Aerobics Sports System. .e overall block di-
agram of the system is shown in Figure 4. High-performance
Bluetooth chip CC2541 plus MPU6050 component as the
main step counting system hardware, complete acceleration
data processing and step count, and real-time transmission
to the mobile phone Bluetooth device terminal display can
realize the effective detection of human movement step
number. MPU6050 detects and collects the three-axis ac-
celeration of humanmovement. CC2541 reads and processes
acceleration data through I2C interface, Uses a digital filter
to remove noise, and then sets reasonable thresholds of
acceleration rising edge and falling edge for step detection,
which is then transmitted to the mobile phone APP for
display through wireless Bluetooth [22].

3.2. Experimental Parameters. In the IDNet data set, because
some testers only collected a small amount of data or the
data were confused due to mobile phone hardware prob-
lems, only 35 people’s gait data were selected for the ex-
periment in this chapter [23]. .e specific distribution of the
data is shown in Table 1.

3.3. Data Preprocessing. .e object of the inertial aerobics
motion sensor is the human body, and the human activity is
relatively slow in general, so the frame number collected by
the sensor in the process of human motion capture is rel-
atively low. At the same time, the sensitivity of MEMS sensor
is very high. In this paper, Kalman filter is used to filter the
pulse error of accelerometer. Since the system has high
requirements for sensor delay rate, it is appropriate to set the
length of window A to 5 [24].

3.4. Whole Body Motion Capture Test. .e platform used in
the test is Intel Core i5 processor, the operating system is
Windows 7, and the graphics card is GTX1060. .e USB
interface is USB 3.0, and the wearable circuit uses a 3.7V
lithium battery. .e data refresh frequency during the test is
40Hz. First connect the 10 nodes organically through the
CAN bus, and then insert the wireless receiving USBmodule
into the USB interface of the PC and turn on the upper
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Figure 3: Block diagram of the data acquisition end.
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computer, and finally start the power of the wireless
transmitting Hub module [25]. .e multinode action cap-
ture system parameter comparison is shown in Table 2.

3.5. Implementation of Sliding Window. In this paper, the
data structure of unidirectional link is used to achieve the
effect of sliding window, which can reduce the memory cost
to the greatest extent, where each node records the sensor
sampling value at the current time. Taking the three-axis
acceleration sensor signal as an example, each node contains
three pieces of data, which are each axis of the three-axis
acceleration signal. Since we adopt a unidirectional link
structure, the pointer p points to the oldest node in the link
and updates the value of the node. .erefore, the node
becomes the latest node in the link [26].

3.6. Extraction of Moving Target Regions. In this paper, the
region of moving object is determined by horizontal and
vertical projection of binary symmetric difference image.
Due to the block processing method, the reference frame
data reading, background motion compensation, and
moving target region extraction of different subblock
images can be carried out simultaneously. In the process
of background motion compensation, the gradient in-
formation is used for matching block prediction to de-
termine the subblocks that do not participate in the

motion vector parameter estimation. Only the subblocks
need to be marked. After the motion vector is deter-
mined, the background motion compensation is per-
formed [27].

3.7. Feature Extraction. Firstly, the time-domain and fre-
quency-domain features are extracted, and the optimal
feature combination is selected from the feature space by
combining principal component analysis (PCA) with feature
subset selection. PCA removes similar dimensions by cal-
culating the correlation between different dimensions, so as
to reduce redundant features. .rough feature subset se-
lection, the optimal feature combination is selected from the
features after dimension reduction, and the classification
algorithm is used as the evaluation function in the opti-
mization process, so that the feature combination most
consistent with the classification algorithm can be selected
[28].

3.8. Statistical Analysis. .e collected data were tested,
analyzed, and sorted out. Excel software was used to record
the pretest data and posttest data of students, and a database
was established. .en, SPSS 23.0 software was used to count
the data of pretest and posttest, and the effectiveness of the
experiment was tested with independent-sample t. .e
measured data were statistically analyzed.

Table 1: IDNet data set.

Data set name Number of training data set samples Number of test data set samples Number of categories
IDNet 2100 3500 35

Table 2: Multinode motion capture system parameter comparison.

Comparison item .is paper’s design system Notion
Number of nodes 10 17
Maximum capture angular velocity ±2000 dps ±2000 dps
Accelerometer measuring range ±2 g ±8 g
Data refresh frequency 40Hz 96Hz
Data transmission method 2.4 G 2.4G
Dynamic measurement range 360° 360°
Calibration steps 1 3
Accuracy of pitch and roll angle 0.01° 0.02°
Heading angle accuracy 1° 1°

Power 
supply

CC2541 
(SCM master control)

8051 MCU 
BLE4.0

APP 
display

MPU6050 
(acceleration sensor)

Figure 4: .e overall block diagram of the system.
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4. Data Fusion Parallel Processing Analysis

4.1.Data Preprocessing Effect Analysis. In the scene of fitness
action recognition, compared with the recognition of human
daily behavior, fitness action has a big feature; that is, it will
not change the state of exercise easily. .erefore, we can
postprocess the recognition results and revise the results
according to the characteristics of fitness movement in the
process of recognition. In order to obtain the information
contained in the continuous time signal, the appropriate
sampling frequency should be determined first to prevent
frequency overlap phenomenon; second, the appropriate
sample length should be selected to prevent energy leakage.
.e comparison of gyroscope data before and after the mean
filter is shown in Table 3 and Figure 5. After low-pass fil-
tering and recursive average filtering, the burr of gyroscope
data is reduced and the data become smoother than before,
which is conducive to the subsequent algorithm.

For biological systems, sensory perception provides
necessary information for understanding the external world,
and the knowledge and laws formed by the accumulation of
information in turn guide the process of understanding.
Place the accelerometer sensor on a horizontal table, and
calibrate the accelerometer sensor by the six-position cali-
bration method. .e comparison of the output data before
and after calibration is shown in Figure 6. As can be seen
from the above figure, after the accelerometer data are
calibrated by the six-position calibration method, the ac-
celerometer data change significantly. .e x-axis and y-axis
data at rest are around 0 g, and the z-axis data are around 1 g,
and the data change. It is more stable, its existing error is
effectively eliminated, and it is closer to the true value.
Usually the preprocessing steps of the original data include
the following: denoising, zero-speed update, position cor-
rection, windowing, and so on. In order to reduce the
computational complexity of the classification model, these
preprocessed data are then entered into the next module,
and the motion features are extracted through the feature
extraction algorithm, usually in the time domain and fre-
quency domain for feature extraction, and finally a sample
library is formed..ere will be a training set and a validation
set in the library, which are used for model training and
movement status recognition and classification.

4.2. Comparison of Aerobics Skill Test Results. Aerobics skill
test results are shown in Table 4. .e results showed that
there was no significant difference between the experimental
group and the control group (P> 0.05). .erefore, it can be
proved that the samples of the experimental group and the
control group are from the same level, the students’ Cal-
isthenics technical level is equivalent, and the samples are
representative and meet the experimental requirements.
Before the experiment, through the independent-sample t-
test of two samples of healthy physical fitness indexes, it is
concluded that, in the body composition test items, namely,
BMI index, there is no significant difference between the
experimental group and the control group, P> 0.05; in the
muscle strength and muscle endurance fitness test items,

namely, sit ups and 800-meter run, there is no significant
difference between the experimental group and the control
group, P> 0.05. .erefore, it can be proved that the samples
of the experimental group and the control group in this
experiment come from the same level, the levels of various
indicators of students’ health and physical fitness are similar,
and the samples are representative and meet the experi-
mental requirements.

.e student factors that affect the formation of teaching
ability of aerobics major undergraduates in physical edu-
cation colleges and universities are composed of four factors:
the level of aerobics special theoretical knowledge, the level
of aerobics special technology, the students’ self-awareness,
and the motivation of learning aerobics. .eory is the basis
of guiding practice. .e formation of aerobics special
teaching ability needs to be based on rich scientific teaching
theory and aerobics professional theoretical knowledge and
grasp the knowledge that can reflect the objective law and
has internal relationship with specific activity objects. In the
organization and referee of the event, the preparation, or-
ganization, and management of the event and the learning of
the referee rules can not only be on paper. In addition to
understanding the general rules of the event process, also
mastering the arrangement and organization methods of the
common or major events in the event and experiencing in
the event can be trained and mastered. Although students
now have more experience in participating in competition
adjudication outside school, due to the fact that different
students have different enthusiasm levels, the opportunity to
get exercise is different, and the content of each referee is not
the same, so not often experience will lead to poor executive
ability.

4.3. Data Fusion Results. PCA processing not only reduces
the dimensionality of the feature space but also, more im-
portantly, removes the influence of redundant information
on classification and recognition, making it easier to find
different features of the data and discover hidden patterns in
the data. PCA dimensionality reduction only deletes re-
dundant information based on the correlation between
features..e resulting dimensionality reduction features can
only ensure that the correlation between features is small
and achieves the effect of initially reducing the dimension of
features. .e search for the superior feature subset narrows
the scope.

.e optimal feature subset refers to the feature subset
that can best represent different actions. Its intuitive effect is
to use this subset to model classifiers to achieve the highest
recognition rate. .e distribution of eigenvalues is shown in
Figure 7. It can be seen from the figure that the filter method
has nothing to do with the learning algorithm used in the
system. It only evaluates the quality of the feature subset
through the statistical performance of the subset, which has
the characteristic of fast speed. However, due to the dif-
ference of the learning algorithm, the feature subset obtained
by the evaluation is quite different from the optimal subset of
the specific learning algorithm..e wrapper method ensures
that the selected subset pair is the optimal subset of the
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learning algorithm by taking the real training accuracy rate
of the subset pair learning algorithm as the evaluation
criterion, which has the advantage of small deviation.
However, due to the model training and verification of the
feature set in the evaluation process, it needs a large amount
of calculation and is not suitable for the scenario with too
large data set.

4.4. Parallel Computing. A huge computing job can be di-
vided into relatively independent computing tasks. .ese
computing tasks are evenly distributed to each computing

node. After the calculation task of each node is completed,
the management node will reschedule and allocate the task
to summarize the results. .e parallel processing results are
shown in Figure 8. LSTM model can fully extract the
temporal features between gait features. Based on LSTM
model, we can learn the change rules of gait features, in-
crease the performance of the model, and improve the
prediction accuracy. .e accuracy rate in the experiment
reaches 96.85%. BiGRU has better performance than LSTM.
Its model canmake full use of the context information of gait
features and improve the classification accuracy. .e ex-
perimental accuracy reaches 97.28%. After the attention

Table 3: Comparison of gyroscope data before and after the average filter.

Time 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Before filtering 20.6 29.3 34.5 25.6 17.3 34.8 21.8 37.5 17.4 36.2 38.6 23.4 37.1 18.5 22.4
After filtering 41.4 43.7 47.2 51.3 37.2 31.2 46.6 47.5 36.6 48.6 26.8 45.3 30.2 22.1 42.1
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Figure 5: Comparison of gyroscope data before and after the average filter.
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Figure 6: Comparison of output data before and after calibration.

Table 4: Aerobics skills test results.

Test items Experimental group (60) Control group (60) t PMean± standard deviation Mean± standard deviation
Aerobics skills 81.80± 3.85 81.98± 4.14 −0.25 >0.05
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layer is added to BiGRU model, the experimental results are
improved, which shows that attention mechanism can pay
attention to more important sequence information and
further improve the accuracy of the model. It can play an
optimization role in the training process of the model, and
the experimental result reaches 97.64%.

Each action collector will place the inertial sensor in
different positions, so the initial attitude obtained will be
different, which will lead to the deviation of the initial
calibration of the initial action. Since the rotation increment
of the same skeleton is a fixed value, this paper uses the
rotation increment to drive the human model, solves the
sensitive problem of inertial sensor fixation, and uses
adaptive linear interpolation to process the data, so as to
solve the discontinuous problem of attitude data and achieve
the ideal effect. In this system, the calibration methods
designed for the three sensors can effectively reduce the error
contained in the sensor data and improve the accuracy of the
sensormeasurement value. However, the calibrationmethod
cannot completely eliminate the measurement error of
sensor, especially that the output value of accelerometer and
gyroscope still fluctuates, which will affect the measurement
accuracy and stability of the system.

It can be seen from Figure 8 that the classic fusion rules
cannot effectively deal with evidences that deviate from each

other to a large degree, and the fusion results obtained are
quite different from the facts; while the LSTM method
cannot make correct decisions after the evidence has ac-
cumulated to a certain extent, the two-way GRU method
can. It has a certain fusion effect for evidences that deviate
from each other to a certain degree, but it takes a long time;
meanwhile Sun Quan’s method is suspected of being faulty
when dealing with evidences that deviate from each other,
and it is easy to put the results of fusion into the limit.
Compared with the above methods, the evidence theory
fusion algorithm based on the compatibility coefficient
proposed in this paper, from a global perspective, com-
prehensively considers the information with a greater degree
of mutual support between the evidences and a higher
degree of credibility. For the conflict between two pieces of
evidence with a larger degree of deviation, the fusion result is
more reliable and efficient.

5. Conclusions

.e main research content of this paper is the parallel
processing method of inertial aerobics multisensor data
fusion. In aerobics gesture recognition, themain collection is
the human leg and arm movement information, so the
sensor is attached to the forearm and calf of the subject,
respectively. In the process of collecting limb signal data, due
to the drift of the gyroscope sensor, it is necessary to filter the
sensor signal. Experiments show that Kalman filter can
complete sensor data fusion, reduce the interference of noise
signals in attitude calculation, and improve the accuracy of
attitude calculation.

In order to improve the connection between information
fusion technology and people’s daily life, so that the ap-
plication range of information fusion algorithms is wider
and more efficient, many scholars are committed to
researching and mining fusion algorithms with stronger
applicability and higher fusion efficiency. Significant prog-
ress has been made. Based on the data fusion algorithm, this
paper conducts in-depth research and exploration on the
theory, fusion results, and fusion efficiency of the algorithm.
.e following innovations are proposed on the theoretical
basis: after studying the homogeneous multisensor and
heterogeneous multisensor fusion algorithm, a fusion al-
gorithm based on fuzzy adaptive trust value and a weighted
correction based on compatibility coefficient are successively
proposed. .e fusion algorithm mainly introduces the basic
theory, basic function model and architecture of data fusion,
and the level of fusion. .is article compares the advantages
and disadvantages of several typical data fusion algorithms,
introduces correlation coefficient-based fusion methods,
and evidence-based fusion methods and conducts in-depth
research on them.

Aiming at the problem of high fusion complexity caused
by traditional data fusionmodels that cannot effectively filter
out errors and redundant data, this paper proposes a relative
gradient fusion model that introduces median filtering and
derivative functions to effectively perform data pre-
processing. On this basis, this paper proposes a new evidence
theory fusion method based on the compatibility coefficient.
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.is algorithm, in terms of the weight distribution of
conflicting evidence, starts from the overall situation and
assigns higher weight to the evidence with high reliability to
the greatest extent. .e impact of high-reliability evidence
on the results is improved. At the same time, by assigning a
lower weight value, the impact of less-reliable evidence is
minimized and the credibility of decision-making is im-
proved. In this paper, the sample base for data fusion is
small, so the relative spatial distance can be used. Analysis of
the algorithm shows that the method in this paper may not
be applicable to the fusion of large sample data. In future
research, targeted research can be made.

Data Availability

.e data that support the findings of this study are available
from the corresponding author upon reasonable request.
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Heilongjiang Province, as a major grain-planting province in China, under the condition of limited production level and cognitive
level, the food and agriculture industry often adopts the “high input-high output” production model to achieve grain yield and
increase production. As one of the important material input elements in agricultural production, chemical fertilizer plays an
irreplaceable role in increasing crop output and farmers’ income. -e reduced application of chemical fertilizer can improve the
soil and water source, improve the production environment from the internal agricultural production, and ensure the quality and
safety of agricultural products from the source, which is beneficial to the sustainable development of agriculture in China. In this
paper, Probit model is used to analyze the risk preference and risk perception of grain farmers in Heilongjiang Province. -e
results showed that high degree of risk preference had a negative effect on decision behavior of fertilizer application, while high
natural risk perception had a positive effect on fertilizer application behavior of grain farmers. At the same time, the results
showed that the cultivated land area owned by farmers, the total income of agricultural production, the training of fertilizer
technology, and the cognition of the impact of fertilizer on the environment all had significant effects on the chemical fertilizer
application behavior of grain farmers. Finally, according to the results of this study, some feasible suggestions are put forward.

1. Introduction and Literature Review

Agriculture is a typical risk industry. In the process of ag-
ricultural production and agricultural products manage-
ment, farmers will face uncertainty from nature, market,
agricultural system, and so on [1]. As one of the main
material input factors to provide nutrients and efficacy of
crops, chemical fertilizers play an irreplaceable role in im-
proving the yield and quality of agricultural products [2].
According to the experience of agricultural development in
the world, the application of chemical fertilizer has played an
important role in meeting the demand for agricultural
products and achieving agricultural modernization and
agricultural sustainable development [3, 4]. According to a
large number of research data, under the dual constraints of
natural risk and market risk, farmers tend to increase the
input of chemical fertilizer and pesticides to ensure the

quality and yield of agricultural products. Excessive appli-
cation of chemical fertilizer is common among Chinese
farmers, and excessive chemical input has caused serious
environmental problems, which has become the bottleneck
constraint of sustainable development of agriculture in
China [5–7].

In the aspect of farmers’ fertilization behavior, some
scholars mainly studied it from the perspective of family
characteristics and farmers’ characteristics. -ey find that the
number of household labor force, the age of household head,
education level, gender of household head, nonagricultural
income, farmers’ concern about the environment, and so on
have an impact on farmers’ fertilization behavior [8–10].
When agriculture faces the risk of natural disasters, the risk
decision-making behavior of farmers under uncertainty is
affected by its risk characteristics. -e risk decision-making
behavior of farmers is a function of risk preference and risk
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perception [11]. Roumasset and Scott put forward farmers as
“risk averse”; farmers’ risk preference and risk perception will
directly affect farmers’ fertilization behavior [12, 13]. Farmers’
risk decision-making behavior is affected by the degree of risk
preference, which shows that farmers with higher risk
aversion are more likely to take risk resistance behavior to
reduce losses [14]. Huanguang et al. explaining farmers’
overfertilization behavior from the perspective of farmers’ risk
aversion believe that the risk characteristics of farmers are an
important factor affecting the amount of fertilizer used by
farmers. Farmers with high degree of risk aversion are more
inclined to use fertilizer to reduce losses and reduce pro-
duction uncertainty [15]. Research by Roydatul Zikria and
Arie Damayanti showed that agricultural extension can
significantly reduce the amount of chemical fertilizers used in
Indonesian rice cultivation; the risk preference of farmers has
a significant negative impact on fertilizer overuse. Lusk and
Coble revealed that perception plays an important role in
farmers’ risk decision-making behavior research, and risk
perception is even more important than risk preference [16].
Patil and Veettil indicated that, in developing countries,
covariate production risk is one of the main characteristics of
the agricultural sector, and farmers’ risk attitudes play a
crucial role in designing and determining risk mitigation
mechanisms [17]. Camacho-Cuena and Requate designed
experiments to examine the effect of collective penalty, im-
mediate penalty, and tax subsidy schemes on agricultural
pollution abatement for farmers with different risk prefer-
ences. -e results show that if farmers are risk averse, tax
subsidies can effectively alleviate the problem of excessive
emission reduction [18]. Qiu et al. obtained farmers’ risk
preference index using experimental economics and found
that risk preference has different influence on farmers’
adoption of conservation tillage technology under different
risk perception [19–21]. To sum up, fertilization behavior as
one of the important behaviors to ensure farmers’ production
benefits is affected by their risk preference and risk
perception.

Heilongjiang Province is an important agricultural pro-
duction area in China. It has abundant agricultural pro-
duction resources. However, its agricultural infrastructure
construction is not perfect, and its ability to resist natural
disasters is relatively weak. -erefore, the agricultural pro-
duction high risk characteristic is obvious. Selecting grain
farmers in Heilongjiang Province as the research object of this
paper has a certain representative role and practical signifi-
cance in promoting China’s agricultural development.
-rough reading the literature, it is found that there are few
studies on the influence of risk preference and risk perception
on farmers’ fertilizer behavior decision-making. -erefore,
this paper selects Heilongjiang Province as a sample area,
takes risk preference and risk perception as the research entry
point, studies farmers’ chemical fertilizer application deci-
sion-making behavior, and simulates the possible influence of
farmers’ risk preference on fertilizer application behavior
decision-making of grain farmers. From the point of view of
risk preference and risk perception, this paper puts forward
some ideas and countermeasures to optimize the fertilizer
behavior of grain farmers, guide grain farmers to fertilize

scientifically and reasonably, and achieve the purpose of
reducing ecological environment pollution and realizing
sustainable development of agriculture.

2. Theoretical Logic and Model Setting

2.1.#eoretical Logic. -e cognition and preference of grain
farmers to risks in production have the general attribute of
farmers’ behavior. Farmers’ decision-making on chemical
fertilizer application behavior will directly affect farmers’
own interests and the quality and safety of agricultural
products, but under the influence of their subjective
judgment, the decisions of different farmers must be dif-
ferent. Based on Expected Utility -eory and Risk-Return
-eory, this paper draws on the analysis of Lusk and Coble
to establish a theoretical model of the relationship among
risk preference, risk perception, and fertilization behavior
of grain farmers [16].-is paper assumes that grain farmers
are risk averse, and grain farmers believe that appropriate
increase in fertilizer application can protect their own
revenue function. In order to study the effect of risk
perception and risk preference on chemical fertilizer
application decision-making behavior of grain farmers, the
utility function of grain farmers is U(W), where W is
wealth. -e expected value of incremental application of
chemical fertilizer is expressed by random variable Z. C is
defined as the risk premium of incremental fertilization
behavior of grain farmers; that is, the utility of incremental
fertilizer and loss of C amount of uncertainty currency have
no difference. -us, the following equation holds:

E[U(W + Z)] � U[W + E(Z) − C], (1)

E(Z) � a, (2)

var(Z) � σ2. (3)

In formulas (2) and (3), a is positive, which means that
the average effect of increasing fertilizer application on grain
farmers’ income is positive. σ2 is the variance of random
variable Z, which represents farmer’s perception of agri-
cultural risk. -e higher the perceived risk of grain farmers,
the greater the σ2.

Suppose the utility function U(·) is a continuous second
derivative function.-e utility functionU(W + E(Z) − C) is
a first-order Taylor expansion at [W + E(Z)]. -e results are
as follows:

U[W + E(Z) − C] ≈ U[W + E(Z)] −
zU

zW
· C. (4)

-e utility function U(W + E(Z)) is used to carry out
the first-order Taylor expansion and the second-order Taylor
expansion at [W + E(Z)]. -e results are as follows:

U(W + Z) ≈ U[W + E(Z)] +
zU

zW
· [Y − E(Z)]

+ 0.5 ·
z
2
U

zW
2 · [Y − E(Z)]

2
.

(5)

2 Mathematical Problems in Engineering



According to equation (5), and E[Z − E(Z)] � 0, the
expected result of utility function U(W + Z) is as follows:

E[U(W + Z)] ≈ E U[W + E(Z)]{ } + 0.5 ·
z
2
U

zW
2 · σ2. (6)

Let U′ � (zU/zW), U″ � (z2U/zW2), which can be
solved by equations (4) and (6):

C ≈ −
1
2

U″

U′
􏼠 􏼡σ2 �

1
2

· C(W) · σ2, (7)

where C(W) in equation (7) is Arrow–Pratt absolute risk
aversion coefficient. -e increase of C(W) means that the
degree of risk aversion increases.

2.2. Model Setting. In order to investigate the influence of
risk preference and risk perception on fertilizer application
behavior of grain farmers in Heilongjiang Province, Y was
made to represent the decision result of farmers’ choice of
fertilizer application. According to the benefit effect of
different chemical fertilizer application decisions, this
paper will reduce chemical fertilizer application, keep
chemical fertilizer application unchanged, and increase
chemical fertilizer use from low to high. Because the de-
pendent variable is an ordered classification variable, this
paper uses the ordered Probit model for empirical esti-
mation. -e general form of the model can be expressed as
follows:

Y � β0 + β1RF + β2RC + β3X + ε. (8)

In the model, the explained variable Y is the latent
variable, and β0, β1, β2, and β3 are estimated coefficients. ε is
the residual term, subject to normal distribution, and the
variance is σ2, that is, ε∼N(0, σ2). RF and RC are the core
explanatory variables, RF is the risk preference index, and
RC is the risk perception. X is the vector of control variables,
including grain farmers families’ characteristics, policy
promotion, and other variables.

3. Data Sources and Descriptive Statistics

3.1. Data Sources. -e data used in this paper is from a
multistage stratified sampling survey of grain farmers in
Heilongjiang Province in November 2018. First of all, be-
cause Heilongjiang Province is the main grain producing
area in China, the main research object is to select grain
growers. Secondly, according to the level of economic de-
velopment and geographical distribution stratified sampling,
3 sample counties were selected. Two sample townships were
selected from each district in the same way. Finally, con-
sidering the production behavior of grain farmers with
different scale of operation may be different, in each sample
county, random scale households and nonscale households.
-e survey interviewed 152 grain farmers and collected 137
valid questionnaires. Table 1 displays the definition of each
variable and the descriptive statistical results of 137 grain
farmers surveyed.

3.2. Descriptive Statistical Analysis of Variables

3.2.1. Fertilization Behavior. -e explained variable in this
paper is the change behavior of chemical fertilizer appli-
cation rate of grain farmers in Heilongjiang Province, which
is an orderly classified variable, reduces the assignment value
of chemical fertilizer application rate to 0, keeps the constant
assignment value of chemical fertilizer application rate to 1,
and increases the assignment amount of chemical fertilizer
application rate to 2. -e statistical results are shown in
Figure 1, 16.79% of the grain farmers chose to reduce the
amount of chemical fertilizer, 48.18% of the farmers chose to
keep the amount of chemical fertilizer unchanged, and
35.03% of the farmers chose to increase the amount of
chemical fertilizer. -us, it can be seen that most grain
farmers in Heilongjiang Province basically keep the level of
chemical fertilizer application unchanged.

3.2.2. Risk Preference. -e risk preference of grain farmers is
obtained by using the method of risk preference measure, as
shown in Table 2. Use the investment preference to measure
the risk preference. Raise questions about the investigated
grain farmers: if you have one thousand yuan to invest, you
will receive five possible returns, which one do you prefer?
According to the different answers of grain farmers, the risk
preference is positioned. -e results are as follows: if the
farmers choose the option of 1000 yuan, they are very risk
averse. If farmers choose the option of grain may be 900
yuan or 1600 yuan, the probability of the two benefits is the
same; it is more risk averse. If the income of grain farmers
may be 800 yuan or 2000 yuan, the probability of the two
kinds of income is the same; it is a general risk type. If the
grain farmers choose the option to gain 400 yuan or 3000
yuan, the probability of obtaining the two kinds of income is
the same; it is the risk type. If the income of grain farmers
may be 0 yuan or 4000 yuan, the two kinds of income gain
the same probability; it is a very preference for risk. -e
results show that the average risk preference of grain farmers
in Heilongjiang Province is 2.31, the standard deviation is
1.14, and the overall risk type is close, showing the type of
risk avoidance.

3.2.3. Risk Perception. -is paper explores the influencing
factors of fertilization behavior decision-making in agri-
cultural production of grain farmers and therefore does not
consider factors such as social risks that farmers may face.
Choose only consider the agricultural natural risks that may
occur in the production process as the research point of this
paper risk perception factors, the survey results are shown in
Table 3. -e risk perception of grain farmers is measured by
the following question: “Do you expect the environment for
agricultural production to deteriorate in the future?” When
farmers expect “the future agricultural production envi-
ronment will become worse,” it means that farmers perceive
the existence of agricultural natural risk. On the contrary, it
means that farmers do not perceive agricultural natural risk.
-e results show that 40.88% of the 137 grain farmers think
that the agricultural production environment will become
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worse in the future, and 59.12% of the grain farmers expect the
agricultural production environment to not deteriorate in the
future; that is to say, more than half of the farmers are opti-
mistic about the possible agricultural natural risks in the future.

3.2.4. Other Control Variables. In this paper, the main
control variables are the householder characteristics, pro-
duction and management characteristics, and subsidy pol-
icies of the investigated grain farmers.

-e main characteristics of heads of grain farmers in-
clude the age of heads of households, education, experience
of heads of households, whether heads of households have
received fertilizer-related technical training, and heads of
household fertilizer pollution awareness as control variables.
According to the statistics of the survey results, the average
age of the farmers surveyed is 42 years, the average education
level is junior high school level, and the average number of
years of agricultural planting of the head of household is
16.42 years. It can be seen that farmers have rich planting
experience. 37% of the grain farmers have received training
in fertilizer-related technologies; the results are shown in
Figure 2. -e surveyed grain farmers generally believed that
the environmental impact of chemical fertilizer pollution
was general.

-e production and management characteristics of grain
farmers mainly include investigating the number of farmers
engaged in agricultural production, planting scale, and family
annual income level. -e average number of farmers engaged
in agricultural production is 2, the average family planting scale
is 194mu, and the largest planting scale is about 1385mu. -e
average income of the sample family farmingwas 170,000 yuan.

23, 17%

66, 48%

48, 35%

Selection of fertilizer application 
for grain farmers

Reduce the amount of chemical
fertilizer application

Keep the amount of chemical
fertilizer applied unchanged

Increase the amount of
chemical fertilizer

Figure 1: Selection of fertilizer application behavior of grain
farmers.

Table 1: Name, meaning, and statistical characteristics of variables.

Variable
Name Variable meaning and assignment Mean Standard

deviation Minimum Maximum

Behavior

Fertilizer application behavior of farmers

1.18 0.70 0 2Reduce the amount of fertilizer application� 0
-e amount of chemical fertilizer application remained unchanged� 1.

Increase the amount of chemical fertilizer� 2.

RF
Risk preference

2.31 1.14 1 5Very averse to risk� 1, more risk averse� 2, general preference risk� 3,
comparative preference for risk� 4, and very risk averse� 5

RC

Risk perception

0.41 0.49 0 1Do you feel that the future agricultural production environment will
become worse?
No� 0, yes� 1

Age Age of head of household 41.55 7.34 26 61Unit: years old
Education
level

Primary school and below� 1, middle school� 2, high school or technical
secondary school� 3, and college or above� 4 2.23 0.60 1 4

Time Engaged in agricultural planting time 16.42 8.52 2 40Unit: years

Number -e number of households participating in agricultural production 2.12 0.88 1 8Unit: person
Area Families own arable land; unit: Mu 194.24 204.05 20 1385
Income Annual family income; unit: 10000 yuan 17.12 17.16 2 98
Train Have you received chemical fertilizer training? No� 0, yes� 1 0.37 0.48 0 1

Cognition
-e effect of chemical fertilizer on agricultural ecological environment

1.99 1.13 0 4No effect� 0, slight effect� 1, general effect� 2, large impact� 3, and
severe impact� 4

Policy
Are you willing to reduce fertilization if the government provides fertilizer

subsidies? 0.55 0.50 0 1
No� 0, yes� 1

Mu is the unit of land measurement in China, equivalent to about 666.67 square meters.
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In order to investigate the change of fertilization decision
of grain farmers under the condition of government sub-
sidies, the question was raised: “Does the government
choose to reduce fertilizer application?” According to the
results of the survey, 55% of farmers are willing to reduce the
amount of fertilizer application under the condition that the
government provides fertilizer subsidies; the results are
shown in Figure 2.

4. Analysis of Empirical Results

According to the output of Stata 15 software, the Probit
regression analysis of survey data was carried out. -e
running results of the model are shown in Table 4.-e fitting
degree of the pseudo-R2 interpretation model is closer to 1,
which means that the fitting degree of the model is better.
From the results of model estimation, the value of pseudo-R2

is 0.7315, which is at a high level. -erefore, the model fitted
well, and most of the variables have an impact on farmer’s
decision-making of fertilization behavior.

4.1. Impact of Risk Preference. According to the results of the
effect of risk preference in Table 2 on the fertilization behavior
of grain farmers in Heilongjiang Province, this factor was
significant at the significance level of 1% and was negative,
with a coefficient of 1.88; that is, grain farmers with high risk
preference tend to choose to reduce fertilizer application
behavior decision. Chemical fertilizer is an important agri-
cultural product to ensure the yield of modern agriculture.
Proper application of chemical fertilizer can effectively reduce
the possibility of crop yield reduction and increase loss.
According to previous relevant studies, risk preference has a
significant impact on farmers’ fertilizer behavior, and some of
the results show that farmers with low risk preference are
more inclined to choose to increase fertilizer application in
order to avoid the natural risk of agriculture. -is study also
verifies the validity of this conclusion.

4.2. Impact of Risk Perception. -e effect of risk perception
on fertilizer application behavior of grain farmers in Hei-
longjiang Province was analyzed in Table 2. -e results

Table 3: Risk perception measures.

Question Answer options Frequency

Do you expect the agricultural production environment to become worse in the future? Yes 56
No 81

No
0

10
20
30
40
50
60
70
80
90

100

51

86
76

61

Training
Policy

Yes

Figure 2: Situation of farmers receiving fertilization technology training and policy incentive selection.

Table 2: Risk preference measures.

Question Answer options Types of risk
preference Frequency

If you have 1000 yuan to invest, you will receive five possible returns.
Which one do you prefer?

Income 1000 yuan Very risk averse 41
-e income may be 900 yuan or

1600 yuan More risk averse 40

-e income may be 800 yuan or
2000 yuan General risk type 35

-e income may be 400 yuan or
3000 yuan Risk preference 15

-e income may be 0 yuan or
4000 yuan Very risk oriented 6
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showed that the factor was significant at 10% significance
level and had a positive effect with a coefficient of 1.573; that
is to say, grain farmers with high risk perception tended to
choose to increase chemical fertilizer application behavior
decision. -us, it can be seen that the natural risk has a great
influence on the fertilizer behavior of grain farmers. In the
absence of effective natural risk aversion methods, grain
farmers will usually choose to use a certain amount of
chemical fertilizer to avoid the risk after perceiving the
natural risk, but the result of this kind of behavior decision
often leads to excessive fertilizer.

4.3. Impact ofOtherVariables. Observing the results of other
control variables in Table 2, we can see that the training
factor of fertilization technology is significant at the sig-
nificance level of 1%, and the influence direction is negative,
which indicates that farmers who have been trained in
fertilization technology are more inclined to choose the
decision of reducing fertilizer application behavior. After
fertilization technology training of grain farmers, they may
choose more reasonable fertilization behavior to ensure their
own production income, rather than relying on fertilizer to
ensure grain yield. Cultivated area, total income of family
agriculture, and knowledge of environmental impact of
fertilization were significant at the significant level of 5%.
-e influence direction of cultivated land area was positive,
which indicated that grain farmers with larger cultivated
land were inclined to increase fertilizer application. -e
influence direction of total agricultural production income
and fertilization on environmental impact cognition was
negative, indicating that grain farmers with high household
income tended to choose to reduce fertilizer application
behavior. Grain farmers themselves believe that the severity
of fertilization on the environment impels grain farmers to
make the opposite fertilization behavior; that is to say, the
more serious the impact of chemical fertilizer on environ-
ment, the more grain farmers are willing to choose to reduce
fertilizer application behavior decision. In the model, the age

of the householder, the length of time the householder
engaged in farming, and the subsidy policy had a negative
effect on the fertilization behavior of the grain farmer. -e
education level of the head of household and the number of
farmers have positive effects on the fertilization behavior of
grain farmers, but the results are not significant.

5. Conclusions and Suggestions

In this paper, a questionnaire survey was conducted among
grain farmers in Heilongjiang Province. -e Probit em-
pirical model was used to analyze the influence mechanism
of risk preference and risk perception on fertilizer appli-
cation behavior decision of grain farmers. -e results
showed that the high risk preference of grain farmers had a
negative effect on the decision-making behavior of chemical
fertilizer application, and the high degree of natural risk
perception had a positive effect on the chemical fertilizer
application behavior of grain farmers. At the same time, the
results showed that the cultivated land area owned by
farmers, the total income of agricultural production, the
training of fertilizer technology, and the cognition of the
impact of fertilizer on the environment all had significant
effects on the chemical fertilizer application behavior of
grain farmers.

With the increasing diversification and high standard-
ization of food demand by Chinese consumers, food quality,
food safety, environmental protection, and other aspects of
demand, agrochemical residues have been widely concerned.
-e high use and low efficiency of agricultural chemical
fertilizer in China have brought a series of environmental
problems, which has become an important factor of hin-
dering the sustainable development of agriculture and
threatening the quality and safety of agricultural products.
-erefore, the above conclusions have certain policy sig-
nificance. First, the characteristics of strong risk aversion
and relying on natural risk perception to predict fertilization
behavior were used to guide grain farmers to learn and use

Table 4: Model estimation results.

Variable name Coef. Std. Err. z P> |z| 95% Conf. interval
RF −1.880∗∗∗ 0.578 −3.25 0.001 −3.014 −0.746
RC 1.573∗ 0.835 1.88 0.060 −0.065 3.210
Age −0.027 0.064 −0.42 0.673 −0.151 0.098
Education level 0.546 0.642 0.85 0.395 −0.712 1.804
Time −0.123 0.076 −1.61 0.108 −0.272 0.027
Number 0.234 0.405 0.58 0.563 −0.560 1.028
Area 0.017∗∗ 0.007 2.44 0.015 0.003 0.031
Income −0.167∗∗ 0.071 −2.35 0.019 −0.306 −0.028
Train −2.043∗∗∗ 0.786 −2.60 0.009 −3.583 −0.503
Cognition −1.136∗∗ 0.480 −2.37 0.018 −2.078 −0.195
Policy −0.906 0.748 −1.21 0.226 −2.373 0.560
_Cons 12.714 4.364 2.91 0.004 4.160 21.268

Log likelihood� −16.642974

Number of obs� 137
LR chi2 (11)� 90.70
Prob> chi2� 0.0000
Pseudo-R2 � 0.7315

∗∗∗, ∗∗, ∗, respectively, represent 1%, 5%, and 10% of the statistics of the level.
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new technologies such as conservation tillage. -e sus-
tainable development of agriculture can be promoted by
improving the ability of grain farmers to resist agricultural
natural risks through advanced farming techniques. Sec-
ondly, because grain farmers as a whole have received low
level of training in fertilizer technology, by increasing the
training of fertilizer application technology to grain farmers,
the knowledge of scientific fertilizer application is improved,
and through the scientific proportion of more effective se-
lection of chemical fertilizer application amount, excessive
fertilizer application phenomenon is avoided. -ird, the
relevant departments should strengthen the popularization
of science and publicity on the impact of chemical fertilizer
application on the living environment, production envi-
ronment, and food safety and enhance the awareness of the
impact of chemical fertilizer application on grain farmers
which can effectively improve the chemical fertilizer ap-
plication choice of grain farmers and achieve the purpose of
grain farmers choosing to reduce chemical fertilizer appli-
cation behavior.
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Neural network theory is the basis of massive information parallel processing and large-scale parallel computing. Neural network
is not only a highly nonlinear dynamic system but also an adaptive organization system, which can be used to describe the
intelligent behavior of cognition, decision-making, and control.,e purpose of this paper is to explore the optimizationmethod of
neural network and its application in information processing. ,is paper uses the characteristic of SOM feature map neural
network to preserve the topological order to estimate the direction of arrival of the array signal. For the estimation of the direction
of arrival of single-source signals in array signal processing, this paper establishes a uniform linear array and arbitrary array
models based on the distance difference vector to detect DOA. ,e relationship between the DDOA vector and the direction of
arrival angle is regarded as amapping from the DDOA space to the AOA space. For this mapping, through derivation and analysis,
it is found that there is a similar topological distribution between the two variables of the sampled signal. In this paper, the network
is trained by uniformly distributed simulated source signals, and then the trained network is used to perform AOA estimation
effect tests on simulated noiseless signals, simulated Gaussian noise signals, and measured signals of sound sources in the lake.
Neural network and multisignal classification algorithms are compared. ,is paper proposes a DOA estimation method using
two-layer SOM neural network and theoretically verifies the reliability of the method. Experimental research shows that when the
signal-to-noise ratio drops from 20 dB to 1 dB in the experiment with Gaussian noise, the absolute error of the AOA prediction is
small and the fluctuation is not large, indicating that the prediction effect of the SOM network optimization method established in
this paper does not vary. ,e signal-to-noise ratio drops and decreases, and it has a strong ability to adapt to noise.

1. Introduction

In the information society, the increase in information
generation is getting bigger [1]. To make information
available in a timely manner to serve the development of the
national economy, science and technology, and defense
industry, it is necessary to collect, process, transmit, store,
and make decisions on information data. ,eoretical in-
novation and implementation are carried out to meet the
needs of the social development situation. ,erefore, neural
networks have extremely extensive research significance and
application value in information science fields such as
communications, radar, sonar, electronic measuring in-
struments, biomedical engineering, vibration engineering,

seismic prospecting, and image processing. ,is article fo-
cuses on the study of neural network optimization methods
and their applications in intelligent information processing.

Based on the research of neural network optimization
method and its information processing, many foreign
scholars have studied it and achieved good results. For
example, Al Mamun MA has developed a new method of
image restoration using neural network technology, which
overcomes to a certain extent the above shortcomings of
traditional methods. In addition, neural networks have also
been widely used in image edge detection, image segmen-
tation, and image compression [2]. Hamza MF proposed a
BP algorithm to train RBF weights. ,e BP algorithm with
additional momentum factor can improve the training
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coefficient of the network and avoid the occurrence of os-
cillations, which improves the training rate of the network
[3]. Tom B proposed an RBF-PLSR model based on genetic
clustering. ,is model uses the clustering analysis of genetic
algorithm to determine the number of hidden layer nodes
and the center of hidden nodes in the RBF network, and the
PLSR method is used to determine the network’s right to
connect [4, 5].

In my country, an adaptive linear component model is
proposed. ,ey also made Adaline into hardware and suc-
cessfully applied it to offset the echo and noise in commu-
nications. Quan proposed the error back-propagation
algorithm, the BP algorithm, which in principle solves the
problem of the multilayer neural network training method,
whichmakes the neural network have strong computing power
and greatly increases the vitality of the artificial neural network
[6]. Cheng uses mathematical theory to prove the fundamental
limitation of single-layer perceptron in computing. However,
for multilayer neural networks with hidden layers, an effective
learning algorithm has not yet been found [7].

In this paper, the problem of single-signal source
azimuth detection under uniform linear sensor array and
arbitrary array is studied, and the direction-of-arrival
detection array model is established, respectively. In the
case of a uniform linear array, this paper establishes a two-
layer SOM neural network. First, explain the theoretical
basis of this neural network, that is, the homotopological
structure between the input vector and the output result.
For this reason, we separately analyzed the topological
structure of the DDOA vector and the predicted value of
the AOA in the case of a uniform linear array. ,rough
derivation and simulation data, we can see that the two do
have similar topological structures, which led us to es-
tablish the SOM neural network system. It can be applied to
AOA prediction problems based on DDOA. Finally,
simulation experiments and lake water experiments verify
the practical feasibility of this method.

2. NeuralNetworkOptimizationMethodandIts
Research in Information Processing

2.1. ArrayOptimization andOrientationBased onDDOAand
SOM Neural Network. Signal and information processing
mainly includes three main processes: information ac-
quisition, information processing, and information
transmission [8, 9]. ,e array signal processing can be
regarded as an important branch of modern data signal
processing. Its main research object is the signal trans-
mitted in the form of spatial transmission wave. It receives
the wave signal through a sensor array with a certain spatial
distribution and performs information on the received
signal extract. ,is paper mainly studies the algorithm of
the sensor array to detect the sound wave’s azimuth,
namely, the direction of arrival (DOA).

2.1.1. Array Signal Model. Array signal processing is often
based on a strict mathematical theoretical model based on a
series of assumptions about the observed signal. ,e objects

explored in this article are all two-dimensional spatial signal
problems. ,ese assumptions stem from the abstraction and
generalization of the observed signal and noise.

(1) Narrowband signal: when the bandwidth of the spatial
source signal is much smaller than its center fre-
quency, we call this spatial source signal a narrowband
signal; that is, the general requirement is met.

WB

fo

<
1
10

, (1)

where WB is the signal bandwidth and fo is the
signal center frequency. A single-frequency signal
with a center frequency of fo can be used to simulate
a narrowband signal. ,e sine signal as we know it is
a typical narrowband signal. ,e analog signals used
in this article are all single-frequency sine signals.

(2) Array signal processing model: suppose that there is
a sensor array in the plane, in which M sensor array
elements with arbitrary directivity are arranged, and
K narrowband plane waves are distributed in this
plane. ,e center frequencies of these plane waves
are all wo and the wavelength is λ, and suppose that
M>K (that is, the number of array elements is
greater than the number of incident signals). ,e
signal output received by the k-th element at time t is
the sum of K plane waves; namely,

xk(t) � 􏽘
K

t�1
ak θi( 􏼁si t − τk θi( 􏼁( 􏼁, (2)

where ak(θi) is the sound pressure response coeffi-
cient of element k to source i, si(t − τk(θi)) is the
signal wavefront of source i, and τk(θi) is the relative
value of element k to the reference element time
delay. According to the assumption of narrowband
waves, the time delay only affects the wavefront by
the phase change, so

si t − τk θi( 􏼁( 􏼁 ≈ si(t)e
− jw0τk θi( ). (3)

,erefore, formula (2) can be rewritten as

xk(t) � 􏽘
K

i�1
ak θi( 􏼁si(t)e

− jw0τk θi( ). (4)

Write the output ofM sensors in vector form; the model
becomes

x(t) � 􏽘
K

i�1
a θi( 􏼁si(t). (5)

Among them,

a θi( 􏼁 � a1 θi( 􏼁e
− jw0τ1 θi( ), a2 θi( 􏼁e

− jw0τ2 θi( ),􏼔

. . . , aM θi( 􏼁e
− jw0τ3 θi( )􏼕.

(6)

It is called the direction vector of the incoming wave
direction 0.
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Let A(θ) � [a(θ1), a(θ1), . . . , a(θ1)], s(t) � [s1
(t), s1(t), . . . , s1(t)]T. ,e other measurement noise is n (t);
then the above array model can be expressed as

x(t) � A(θ)s(t) + n(t). (7)

Among them, x(t), n(t) ∈ CK, and A(θ) ∈ CM×K is the
direction matrix of the array model.

2.1.2. Subspace Decomposition Based on Eigendecomposition
of Array Covariance Matrix. ,e DOA estimation problem
is the estimation of the direction of arrival angle and the
parameter θi(i � 1, 2, . . . , K) in natural space, which re-
quires the covariance information between the different
elements of the array for analysis. For this, first calculate the
spatial covariance matrix output by the array:

R � E x(t)x
H

(t)􏽨 􏽩, (8)

where E{.} represents statistical expectation; let

E s(t)s
H

(t)􏽨 􏽩 � Rs, (9)

E n(t)n
H

(t)􏽨 􏽩 � σ2I. (10)

It is the covariance matrix of noise. It is assumed that the
noise received by all elements has a common variance, and
σ2 is also the noise power. From equations (9) and (10), we
can get

R � ARsA
H

+ σ2I. (11)

It can be proved that R is a nonsingular matrix and a
positive definite Hermitian square matrix; that is, RH � R.
,erefore, the singular value decomposition of R can be
performed to achieve diagonalization, and the eigende-
composition can be written as follows:

R � UΛUH
, (12)

where U is the transformation unitary matrix, so that matrix
R is diagonalized into a real-valued matrix
Λ � diag(λ1, λ2, . . . , λM), and the eigenvalues are ordered as
follows:

λ1 ≥ λ2 ≥ · · · ≥ λM > 0. (13)

From equation (13), it can be seen that any vector or-
thogonal to A is an eigenvector of matrix R belonging to the
eigenvalue σ2.

2.1.3. RBF Neural Network Estimates the Direction of Arrival.
RBF neural network is a method that can perform curve
fitting or interpolation in high-dimensional space. If the
relationship between the input space and the output space is
regarded as a mapping, this mapping can be regarded as
defined in the high-dimensional space. A hypersurface of the
input data and a designed RBF neural network are equivalent
to the height fitting of this hypersurface. It establishes an

approximate hypersurface by interpolating the input data
points [10, 11].

,e sensor array is equivalent to a mapping from the
DOA space ( θ � [θ1, θ2, . . . , θK]􏼈 􏼉) to the sensor array
output space ( s � [s1, s2, . . . , sM]􏼈 􏼉), a mapping
G: RK⟶ CM:

sm � 􏽘
K

k�1
ake

j mω0d sin θk/c( )+ak( ), m � 1, 2, . . . , M, (14)

where K is the number of source signals,M is the number of
elements of the uniform linear array, ak is the complex
amplitude of the k-th signal, α is the initial phase, ω0 is the
signal center frequency, d is the element spacing, and c is the
propagation speed of the source signal [12, 13].

When the number of information sources has been
estimated as K, the function of the neural network on this
problem is equivalent to the inverse problem of the above
mapping, that is, the inverse mapping F: CM⟶ RK. To
obtain this mapping, it is necessary to establish a neural
network structure in which the preprocessed data based on
the incident signal is used as the network input, and the
corresponding DOA is used as the network output after the
hidden layer activation function is applied. ,e whole
process is a targeted training process, and the process of
fitting the mapping with the RBF neural network is
equivalent to an interpolation process.

2.2. EstimationofDirectionofArrival ofUniformLinearArray
SOM Neural Network

2.2.1. Kohonen Self-Organizing Neural Network. A SOM
neural network consists of two layers: the input layer and the
competition layer (also called the output layer). ,e number
of nodes in the input layer is equal to the dimension of the
input vector, and the neurons in the competing layer are
usually arranged in a rectangle or hexagon on a two-di-
mensional plane. ,e output node j and the input node are
connected by weights:

ωj � ωj1,ωj2, . . . ,ωjm􏽨 􏽩
T
. (15)

,e training steps of the Kohonen SOM neural network
used in this article are as follows: the first step is network
initialization [14, 15]. Normalize the input vector x to x ̂ such
that |(|x ̂ |)|� 1:

􏽢x �
x

‖x‖
�

x

􏽐
m
i�1 x1( 􏼁

2
􏽨 􏽩

1/2, (16)

where x � [x1, x2, . . . , xm]T is the training sample vector of
the network. Initialize the network weight wj

(j � 1, 2, . . . , K) to be the same as the partially normalized
input vector é.

,e second step is to calculate the Euclidean distance
between the input vector 􏽢x and the corresponding weight
vector ωj of each competing layer neuron to obtain the
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winning neuron ωc [16, 17]. ,e selection principle of the
winning neuron is as follows:

􏽢x − tωc

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌
􏼌􏼌􏼌􏼌 � min

j
􏽢x − tωj

�����

�����. (17)

,e third step is to adjust the weight of the winning
neuron ωc and its neighborhood ωj. ,e adjustment method
is as follows:

ωji(t + 1) � ωji(t) + η(t) 􏽢xi − ωji(t)􏽨 􏽩, j ∈ Uc(t). (18)

Among them, η(t) is the learning rate function, which
decreases with the number of iteration steps t [18, 19]. ,e
function Uc(t) is the neighborhood function; here is the
Gaussian function:

Uc(t) � exp
rj − rc

�����

�����
2

2σ2
⎛⎜⎜⎝ ⎞⎟⎟⎠η(t), (19)

where r is the position of the neurons in the competition
layer on a two-dimensional plane and σ is the smoothing
factor, which is a normal number.

2.2.2. DOA Estimation Model Based on SOM Neural
Network. Build a two-layer SOM neural network. ,e first
layer of SOM neural network is the sorting layer, which
maps the input training data into a two-dimensional space.
According to the activation of neuron nodes on the first two-
dimensional grid, the output of the corresponding neuron
node in the second grid is defined by the following rules:

(1) If the neuron node j is activated by only one training
sample vector and the signal position corresponding
to this sample is (xki

, yki
)(i � 1, 2, . . . , nj), then the

output of the corresponding node of the second layer
of grid is the direction angle of this signal [20, 21],
namely,

θj � arctan
yi

xi − M(r/2)
. (20)

(2) If the neuron node j is activated by more than one
training sample vector, that is, nj > 1, and the signal
positions corresponding to these samples are
(xki

, yki
)(i � 1, 2, . . . , nj), then the output of the

corresponding node of the second layer of grid is the
average value of the direction angle of these signals
[22, 23], namely,

θj �
1
nj

􏽘

nj

i�1
arctan

yki

xki
− M(r/2)

. (21)

(3) If the neuron node j has never been activated by any
training sample vector, the corresponding output
neuron node is regarded as an invalid node. When
this node is activated by a new input vector, the
output value is defined as the output direction angle
of the valid node closest to this node.

2.2.3. Method Reliability Analysis. ,e establishment pro-
cess of the two-layer SOM neural network we proposed
above shows that the topological order of AOA is similar to
the topological distribution of DDOA vectors. In other
words, when the Euclidean distance between two DDOA
vectors is small, the Euclidean distance of the corresponding
AOA value must also be small. ,is is the theoretical basis
for our proposed method, and we will conduct a detailed
analysis on this nature.

Suppose that the DDOA vectors of two adjacent source
signals are d and d1 � d + Δ d, and the corresponding AOAs
are θ and θ1 � θ + Δθ, respectively. ,e DDOA increment
and AOA increment are

Δd � Δd0,1,Δd1,2, . . . ,ΔdM− 1,M􏽨 􏽩
T
,

Δθ � θ1 − θ,
(22)

where Δdi,j+1 � d1
i,j+1 − di,j+1; obviously the function di,j+1 at

the point (x, y) ∈ R2 is differentiable, which shows that the
DDOA vector d and the AOA value θ have a consistent trend
[24, 25]. In other words, when the DDOA vectors of two
source signals are similar, their arrival direction angles AOA
must also be similar. ,erefore, the topological orders and
distributions of DDOA vector and AOA are basically the
same.

2.3. Genetic Clustering Method. In cluster analysis, the
K-means clustering method is a clustering method that is
often used. Generally, when determining the structure of the
RBF network, this method is used to determine the number
of hidden layer nodes of the network and the center of the
node.

2.3.1. Chromosome Coding and Population Initialization.
In order to accelerate the speed of convergence, we use real
number coding [26]. For samples with m-dimensional di-
mensions, if the number of classes to be classified is n, the
centers of n classes are encoded, and the dimensions of each
center are m-dimensional; then the length of the chromo-
some is n×m. In this way, a chromosome represents a
complete classification strategy. Initialize the preset number
of chromosomes to get the initial population.

2.3.2. Determination of Fitness Function and Selection of
Fitness. For each chromosome, according to the classifi-
cation information carried on it, according to the idea of
distance classification, the classification of each sample in the
original data can be determined, and the distance between
the sample and its category center (here is Euclidean dis-
tance) can also be determined [27, 28]. After determining the
classification of the sample, the sum of the distances within
the class can be calculated:

F � 􏽘
k

i�1
􏽘

ni

j�1
xj − Ci

�����

�����. (23)
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At the same time, the sum of the distances between
classes can also be found:

Q �
1
2

􏽘

k

i�1
􏽘

k

j�1,j≠1
Ci − Cj

�����

�����, (24)

where F is the sum of distances within classes,Q is the sum of
distances between classes, k is the number of classes in the
classification, ni is the number of samples belonging to the i-
th class, xj is the j-th sample of the i-th class, and Ci is the
center of the i-th class.

3. NeuralNetworkOptimizationMethodandIts
Experimental Research in
Information Processing

3.1. Underwater Experimental Research in the Lake. ,e
underwater experiment is carried out in the lake. ,e
average depth of the lake water is 50 meters to 60 meters.
,e area of open water is more than 300 meters ∗ 1200
meters, and the water body is relatively stable and suitable
for DOA estimation experiments. ,e experimental
equipment used this time is a uniform linear array com-
posed of 4 acoustic pressure hydrophones with an array
spacing of 0.472 meters.

3.2. Experimental Methods and Data Collection

3.2.1. No Noise. In order to verify the effectiveness of the
two-layer SOM neural network established in this paper for
arbitrary array conditions, we conducted a simulation ex-
periment of detecting the direction of acoustic signals with
arbitrary sensor arrays underwater. Assuming that the
sensor array contains 4 sensors, the frequency of a single
sound source signal is f� 2 kHz, the propagation speed of the
sound signal in water is c� 1500m/s, and the distance be-
tween two adjacent sensors is Δi � 0.375, which is the
wavelength half. ,e positions of the four sensor array el-
ements are (x1 � 0.y1 � 0), (x2 � 0.3, y2 � 0.225), (x3 � 0.5,
y3 � −0.0922), and (x4 � 0.6, y4 � 0.2692). In order to
obtain the training vector, we uniformly collect 60× 30
points from the rectangular area [−20, 20] × [0, 20] ∈ R2 as
the emission positions of 1800 simulated sound source
signals, which can calculate 1800 DDOA vectors r, and input
them into the network as training vectors of the network.

Calculate the value of Rmax(x, y):

Rmax(x, y) � maxR(x, y,Δx,Δy), (x, y) ∈ [−100, 100]

×[−100, 100].

(25)

Except for the few points near the origin (0, 0), the
function Rmax(x, y) at most of the remaining points has a
common upper bound, which belongs to the second case.

3.2.2. Noise. In practice, the signal data collected by the
sensor array is often noisy, and the energy of noise is
generally large. ,e signal-to-noise ratio between signal and

noise often reaches very low values, even below 0 dB; that is,
the signal is overwhelmed by environmental noise that is
much stronger than its strength. When the signal-to-noise
ratio is particularly small, people usually perform a
denoising filtering process artificially in advance to make the
filtered signal-to-noise ratio at least above 0 dB. ,erefore, a
good model that can be applied to practice must be appli-
cable to noisy environments.

3.3. Performing Genetic Clustering on Standardized Training
Sample Data. ,e number of preselected clustering cate-
gories is in the interval between 1/7 and 1/4 of the total
number of samples (in order to facilitate the training of the
network, too few or too many categories will result in poor
training effects), take the population number as 30, the
crossover rate is 75%, and the mutation rate is 5%. ,e
fitness function is selected so that the ratio of the interclass
distance to the intraclass distance increases with the increase
of the fitness function, and a convergent solution can be
obtained in about 50 generations. In the interval class, the
number of classes is changed one by one until the fitness
function is minimized.,e number of categories at this time
is the number of hidden nodes in the RBF network, and the
center of each category is the center of the node.

4. NeuralNetworkOptimizationMethodandIts
Experimental Research Analysis in
Information Processing

4.1. Noise-Free Simulation Experiment. To test the perfor-
mance of the network, we select six sets of source signals
with different distances from the origin, that is, six sets of
points as the test. ,e distances to the origin of the coor-
dinates are 8 meters, 16 meters, 20 meters, 30 meters, 50
meters, and 100 meters. Each group contains 21 simulated
signals with different AOA values. Calculate the DDOA
vectors corresponding to these simulated signal emission
points, and then input these vectors as test vectors into the
trained two-layer SOM neural network. ,e output of the
network is the corresponding AOA predicted value. ,e
experimental results are shown in Figure 1.

,e absolute error value of the AOA prediction result is
shown in Figure 1. It can be seen that not only can the SOM
network trained with the near-field simulation signal (the
signal position is within the area [0, 21]× [0, 21]) perform
the training in the near-field (4m, 8m, and 12m) but also
the AOA prediction effect of the test signal is good. Except
for individual points, the AOA prediction accuracy of the
test signal (16m, 32m, and 64m) in the far field is also very
high, and the error is basically controlled in the interval
[−0.40, 0.40], the error is smaller than the near field, the effect
is better, and the error fluctuation is smaller.

To illustrate the effectiveness and scalability of this
method in predicting AOA, we set up an RBF neural net-
work for comparison. ,e RBF neural network established
here uses the DDOA vector of the same simulation signal
(within the area [0, 20] [0, 20]) as the input vector of the
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network training and the corresponding AOA value as the
target output of the network training.

As shown in Table 1 and Figure 2, the average of the
absolute value of the AOA prediction error of the noise-free
signal in the simulation experiment is approximately 0.1° to
0.4°, the minimum is 0.122°, and the maximum is only 0.242°,
and most of the test signals (accounting for the absolute
value of the prediction error of the number of test signals
(70%∼ 80%)) are less than 0.1°.

To illustrate the effectiveness and scalability of this
method in predicting AOA, we set up an RBF neural net-
work for comparison. ,e RBF neural network established
here uses the DDOA vector of the same simulation signal
(within the area [0, 20] [0, 20]) as the input vector for
network training, and the corresponding AOA value is used
as the target output of the network training. Experimental
results are shown in Table 2.

As shown in Figure 3, the two networks both use the
same 20 simulated signals as test signals. ,e transmission
positions of the tested signals are evenly distributed between
2 meters and 40 meters from the origin, including the
training area, that is, within 20 meters. It can be seen from
Figure 4 that the prediction effect of the RBF neural network
in the training area is similar to that of the SOM neural
network, but the prediction effect outside the training area is
poor, while the SOM neural network shows strong adapt-
ability to distance changes. ,is shows that the RBF neural
network will be affected by the distance factor, because its
training principle is to use the idea of interpolation to fit the
mapping relationship, which makes the error larger when
the test data exceeds the training range.

Table 1: SOM neural network prediction results of noise-free
signal AOA.

Distance 4 8 12 16 32 64
Average error 0.215 0.124 0.147 0.105 0.109 0.152
Pr (err <0.3°) 0.763 0.862 0.901 0.986 0.853 0.901
Pr (err <0.2°) 0.782 0.816 0.792 0.827 0.879 0.815

Average error
Pr (err < 0.3°)
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Figure 2: SOM neural network prediction results of noise-free
signal AOA.
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Figure 1: Absolute error of AOA predicted value of source signal at
different distances using SOM neural network.

Table 2: Comparison of AOA errors predicted by SOM neural
network and RBF neural network.

x 0 5 10 15 20 25 30 35 40
BRF 0.43 −0.05 0.08 −0.16 0.09 6.25 15.64 16.28 17.89
SOM −0.08 0.04 −0.11 0.03 0.08 0.13 0.01 0.04 0.02

BRF

SOM

40
35
30

25
20
15

10
5
0

0 5 10 15 20–5
Parameter value

Figure 3: Comparison of AOA errors predicted by SOM neural
network and RBF neural network.
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4.2. Simulation Experiment withGaussianNoise. In practical
applications, the signal received by the sensor array is often
noisy. So here we use the signal containing Gaussian white
noise to test the abovementioned SOM neural network, and
the test results are shown in Table 3.

It can be seen from Figure 4 that when the signal-to-
noise ratio drops from 20 dB to 1 dB, the absolute error of the
AOA prediction is small and the fluctuations are not large;
that is, when the signal-to-noise ratio is greater than 1 dB, we
establish that the prediction effect of the SOM network does
not decrease with the decrease of the signal-to-noise ratio,
and it has strong adaptability to noise.

4.3. Experimental Analysis of Underwater Experiment Results
in the Lake. During the experiment, the hydrophone array
was placed at a depth of 3.7 meters below the surface of the
water to be fixed. ,e sound source to be measured is
produced by a transducer. Here, the transducer is placed at a
depth consistent with the depth of the hydrophone, and the
sound wave frequency is 2KHz. ,e position and direction
of the sound source are changed by changing the position of
the transducer. When the transducer is at a certain position,
the hydrophone array receives the signal, considering the
speed of the sound signal in the water and the time difference
of the signal after noise reduction, and we can get the DDOA
vector. Input the DDOA vector into the pretrained SOM
neural network to get the estimated value of AOA. ,e
estimated results are shown in Table 4.

As shown in Figure 5, the results of the noise-free signal
test show that this method is ideal for both near-field signals
and far-field signals; the test results for signals containing
Gaussian white noise reflect the high prediction accuracy of
this method under low signal-to-noise ratios. Further, the
applicability of this method in actual experiments can be
seen from the results of lake water field experiments.

,is paper uses the two-layer SOM neural network
proposed earlier and inputs the DDOA vector consistent

with the previous simulation experiment as training data
into the network to train the network. Assuming that similar
DDOA vectors also correspond to similar signal emission
positions, the signal emission positions are also estimated
according to the aforementioned three neuron activation
situations and principles. ,e test signal emission points are
selected as 20 points in the area where the simulation signal
used for training the network is located, and they are evenly
distributed along the curve. ,e test results are shown in
Table 5.

,e test result is shown in Figure 6, the actual position
point number is consistent with the abscissa, and the cor-
responding network estimated position is marked with a
number. It can be seen that, except for a few points, the
estimated deviation is small, and the other deviations are still
large. ,erefore, the hypothesis is not true, and this two-
layer SOM neural network is not suitable for the estimation
of signal transmission position.

4.4. Comparison and Analysis of Results. ,e category center
of K-means clustering method is generated based on a
limited number of iterations, while the category center of
genetic clustering is generated by global search.,erefore, in
terms of the clustering effect and the robustness of the

Table 3: SOM neural network predicts AOA resulting in the case of
additional Gaussian noise.

AOA (degrees) 0 5 10 15 20
10 −0.42 0.68 −0.83 0.11 −0.29
20 −6.24 −0.16 0.03 −2.57 2.62
30 3.89 0.08 −0.18 2.18 −1.38
40 1.28 2.48 1.36 1.98 1.23

Table 4: AOA prediction results of the experiment in the lake.

Actual AOA Sound distance (m) Forecast AOA Absolute error
85 900 78.5 7.4
55 500 47.3 3.8
25 200 26.2 5.2
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Figure 5: AOA prediction results of the experiment in the lake.
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Figure 4: SOM neural network predicts AOA resulting in the case
of additional Gaussian noise.
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category center, genetic clustering algorithm is better than k-
means clusteringmethod in these two points. Table 6 lists the
ratio of the sum of the interclass distances to the sum of
intraclass distances obtained by using these two methods,
respectively, that is, the fitness function.

It can be seen from Figure 7 that, compared to the
K-means clustering method, the genetic clustering method
has obvious advantages in the “cohesion effect” of the
cluster center. Especially for RBF networks, the “cohesion
effect” of the center often has a greater impact on the
performance of the network, so although from the per-
spective of purely physical or chemical clustering analysis,
genetic clustering is not necessarily superior to K-means
method, in terms of the effect of RBF network learning,
genetic clustering has greater advantages compared to
K-means clustering.

4.5. Influence of theNumberofNeuronNodes on thePrediction
Effect. In order to study the influence of the number of
neuron nodes in the network on the prediction effect,
simulation experiments were carried out on 6 different
neuron node distribution modes. ,e absolute value of the
absolute error of the experimental results is then averaged, as
shown in Table 7.

As shown in Figure 8, it can be seen that the network
prediction effect using the signal on the circle as the training
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Figure 7: Comparison of genetic clustering and K-means clus-
tering methods.

Table 5: Using SOM neural network to predict signal position
results.
X 0 5 10 15 20
Real 3.68 5.18 6.63 8.46 17.36
Estimation 4.95 6.32 7.13 10.47 15.36
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Figure 6: Using SOM neural network to predict signal position
results.

Table 6: Comparison of genetic clustering and K-means clustering
methods.

Number of categories Fitness
K-means clustering

method
Genetic clustering

method
4 3.26 4.61
5 3.52 4.78
6 3.78 4.98
7 3.62 5.18
8 3.29 4.72

Table 7: Average absolute value of AOA prediction error under
different neuron node arrangements.
Node
arrangement 20× 20 25× 25 30× 30 35× 35 40× 40 45× 45

Rectangular
domain 0.72 0.61 0.57 0.48 0.55 0.62

Circle 0.51 0.56 0.42 0.37 0.33 0.41
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Figure 8: Average absolute value of AOA prediction error under
different neuron node arrangements.
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data is better than that of the signal training network in the
rectangular area. ,e prediction accuracy of the network
with a neuron node distribution of 40× 40 is relatively better
than that of other node distributions. ,is distribution is an
n× n square matrix arrangement, which is slightly smaller in
number than the number of training samples. It can also be
seen that the prediction effect of the network is not better as
the number of neuron nodes increases.

5. Conclusions

In this paper, a two-layer SOM neural network is used to
study the AOA prediction problem based on DDOA vectors
under arbitrary arrays in theory and simulation experiments.
,is network is equivalent to a classifier, through the
classification of DDOA vectors to achieve the classification
of AOA values, so as to achieve the purpose of predicting
AOA. ,e established two-layer SOM neural network is
further discussed, and the feasible situation of applying the
network for prediction is given. First, clarify the features
used for prediction and form the input vector, and the
predicted object is used as the output of the network.

,is method is verified through simulation experiments
and actual lake experiments. From the experimental results,
it can be seen that the neural network trained in advance
through simulation data can detect the direction of arrival of
the source signal without noise, Gaussian white noise, and
real noise environment, and the angle estimation effect is
good. Finally, we further compare the prediction effect of
this method with the classic MUSIC algorithm and RBF
neural network method. ,e experimental results show that
the performance of this network is excellent and can be
considered for practice.

,is paper applies SOM neural network to the estima-
tion of the direction of arrival of array signals. It is found
through research that the DDOA vector and AOA in the
array signal have similar topological distributions. Based on
this, the SOM neural network is connected with the topo-
logical order to establish a two-layer SOM neural network to
estimate the direction of arrival of the array signal. While the
method has a theoretical basis, it also shows high estimation
accuracy in both simulation experiments and lake water
experiments.
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*is paper investigates the low-carbon product manufacturer’s different decision behavior in the offline traditional retail channel
and online e-commerce channel when the carbon trading market has been established. *e low-carbon product manufacturer is
both in the carbon trading market and product market. In the former market, the manufacturer can gain profits by selling its
emission quota. In the latter market, the manufacturer has two sales channel options, the traditional offline retailer and the online
e-commerce platform. *ese two channels make two supply chains, the manufacturer-led offline one and the e-commerce
platform-led online one. *is paper combines the carbon trading market with the product market, formulates different
Stackelberg game models, compares the manufacturer’s decision under two channels and the impact of channels on the carbon
emission, does sensitivity analysis, and verifies the conclusions with numerical examples. Our findings are (1) the establishment of
the carbon market will help the manufacturer reduce its carbon emission, especially for those sensitive to the carbon price and
those with toomuch emissions; (2) whether the manufacturer turns to the online channel depends on the consumers’ sensitivity to
the sales service, and consumers’ attention will guide the way to the online mode; (3) which mode is conducive to carbon emission
reduction relies on the product type: the e-commerce platform does well for daily necessities of mass production while the
traditional channel is better for experience goods.

1. Introduction

Traditionally, the manufacturer used to sell products
through the offline retail channel. Up to this day, with the
rapid development of information and Internet technology,
the birth of Amazon, Jingdong, and other e-commerce
platforms opens up a more convenient option [1], which is
transforming the consumers’ shopping style with rapid
momentum. In contrast with the traditional offline mode,
the online one features convenient access to the product
distinctively and the low cost to promote it. *e manu-
facturer has to pay the sales revenue proportionally to the
e-commerce platform when selling through it. *e income
ratio for the platform in the whole sales revenue is called the
commission rate.

While the manufacturer provides consumers with var-
ious products, it also does with carbon emission, which will

lead to an unpredictable influence on the globe. Data from
NASA showed that the carbon dioxide level had reached the
highest in the past 650,000 years (https://climate.nasa.gov/).
So, consumers, with their increase in low-carbon awareness,
are preferring low-carbon products. A poll from Accenture
said that 72% of the respondents are willing to purchase low-
carbon products and pay a higher price (https://www.
businessnewsdaily.com/15087-consumers-want-
sustainable-products.html). As a result, the manufacturer
will invest more to carry out carbon emission reduction
transformation and produce many low-carbon products.
*us, the manufacturer producing low-carbon products
along with its upstream and downstream enterprises forms
low-carbon supply chains [2].

To address the carbon emission problem, governments
have tried many measures to promote low-carbon prod-
ucts. *e EU initiated the carbon trading mechanism
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(https://www.thebalance.com/carbon-emissions-trading-
3305652), which gets accepted widely because of its mar-
ketization property and has been applied in China [3],
Australia [4], New Zealand [5], and Europe [6]. *e
concept of carbon trading was originated from the UN
Framework Convention on Climate Change and the Kyoto
Protocol. *e latter regards market mechanism as a new
way to solve the problem of greenhouse gas emission re-
duction; that is, carbon emission right is regarded as one
common commodity, and manufacturers are encouraged
to save carbon emission quota through technological
progress, which can be exchanged with other manufac-
turers. Carbon trading can internalize their original ex-
ternal cost, thus forming a forced mechanism to promote
manufacturers to carry out emission reduction innovation.

*e current research studies on carbon trading mostly
focus on the traditional offline channel [7, 8]. However, the
e-commerce of the online channel is a more and more
potential option for manufacturers to sell their products.
Since manufacturers’ ultimate goal is profit, they will weigh
whether they can profit from the carbon trading market and
which channel is more beneficial between the offline and
online mode. We aim to answer the following questions:

(1) Under what conditions can manufacturers be
profitable in the carbon trading market?

(2) Under what conditions can manufacturers turn to
the online mode?

(3) What effects of the offline mode and online mode
have on manufacturers’ carbon emission?

Our study contributes to the related research by an-
alyzing the supply chain decision after putting the
manufacturer into both the carbon trading market and the
low-carbon product market and applying the carbon
trading into the online e-commerce supply chain mode.
We formulate two Stackelberg game models to describe
the low-carbon product manufacturer’s decision behavior
and compare the effect of different factors on its channel
selection and carbon emission reduction. Results show
that the carbon trading mechanism provides the manu-
facturer with a flexible carbon emission decision option
and can guide it to reduce emissions consciously and
effectively. However, the manufacturer’s condition to gain
profits is that the carbon market scale is located in a
specific interval. From the view of channel selection, the
commission rate plays an important role. It is concluded
by combining the carbon trading and channel selection
that which mode is conducive to the emission reduction
depends on the product property sold by the
manufacturer.

*e rest of this paper is organized as follows. In Section
2, we review the related literature. In Section 3, we elaborate
on the problem and give the necessary mathematical ex-
pression. *en, after low-carbon supply chain decision
models are built in Section 4, we compare the results of
different models and do managerial insights and sensitivity
analysis in Section 5. In Section 6, we do numerical ex-
amples. And lastly, conclusions are made in Section 7.

2. Literature Review

Our research is closely related to two streams: carbon trading
and supply chain channel selection.

2.1. CarbonTrading. Carbon trading is human beings’ active
strategy to deal with global climate change. Simulation re-
sults of Cheng et al. [9] showed the success of the carbon
trading system to achieve emission reduction goal. *e
region starting the carbon trading system has reduced more
carbon emission distinctively, which can also maintain
sustainable economic development at the same time [10].
*is was achieved by improving technology efficiency and
transforming industry structure [3, 11, 12].

However, Liu et al. [13] and Jiang et al. [14] thought there
are still some challenges for the carbon trading market, for
example, incomplete mechanism, inaccurate quota alloca-
tion, and the absence of real-time carbon price. Caparrós
et al. [15] found that the emission trading system, though
designed in its original intention to encourage manufac-
turers to reduce carbon emission by new technology, might
result in manufacturers’ production reduction. Jaraite and
Di Maria [6] concluded based on Lithuanian data that EU’s
emission trading system did not help reduce emission at all.

Later, carbon emission in the supply chain was taken
into research. Cheng et al. [16], after building the supply
chain cooperative decision model combining carbon trading
and carbon tax, showed that highly intense carbon policy
does not mean manufacturers’ emission reduction and low-
carbon production increase. Chen et al. [17] investigated
how to regulate carbon trading in the case of uncertainty
with stochastic programming. Benjaafar et al. [7] integrated
carbon emission concern into the operation decision about
procurement, production, and inventory management and
studied the effect of the cooperation between multiple
companies on emission reduction. Pang et al. [18] studied
the influence of carbon price and consumers’ environmental
protection awareness on carbon emission in the supply chain
and found clean manufacturers’ unit carbon emission in-
creased with the carbon trading price while other manu-
facturers stood opposite. Wang and Wu [19] considered the
carbon trading behavior in the closed-loop supply chain and
revealed that product recycle helped reduce carbon emission
but high initial carbon emission did not. Xu et al. [20]
studied decision and coordination in the dual-channel
supply chain under cap-and-trade, suggesting that gov-
ernments should achieve coordinated development of
economy and environment by starting carbon trading. Xu
et al. [8] explored the emission reduction decision in the
make-to-order supply chain and concluded that manufac-
turers could adopt green technology to reduce unit carbon
emission and the optimal production would not be affected
by the increase in carbon price.

2.2. Supply Chain Channel Selection. Product sales can be
divided into single channel, multichannel, and omnichannel
[21]. However, dual-channel, one mode among multi-
channels, is mostly focused. Dual-channel means the
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addition of direct sales or other channel besides the tradi-
tional retail, in which consumers determine their purchase
channel based on the product price and service level [22–24].
After considering the supply chain with the traditional retail
channel and direct online channel, in which the manufac-
turer provides customized product online while provides
standard products offline, Batarfi et al. [25] found that the
customized product sales through the extra online channel
could increase its profit but also bring conflict. Yoo and Lee
[26] discovered that the online channel did not bring much
lower price andmuch higher consumers’ welfare necessarily.
Bernstein et al. [27] also found that new channel did not
mean better returns when analyzing the feasibility for the
retailers in the transition from offline sales to mixed modes.

*ere are two special ones, BOPS (buy online and pick
up in store) and O2O (online to offline) in the dual-channel
mode. Gao and Su [28] argued not all goods suit the BOPS
mode, even for regular customers, but it can attract much
more new customers. Gallino and Moreno [29] found that
the BOPS mode would lead to the decrease in online sales
and the increase in store sales. Chen et al. [30] analyzed the
pricing strategy of the offline mode and online mode in the
mixed dual-channel and the influence of supply chain power
structure on pricing.

In different modes, it is vital whether consumers accept
them. Jia [31] investigated two e-commerce modes, self-
owned platform and others-owned platform, and came to a
conclusion that the channel service level and the sensitivity
of consumers to channel service would influence the supply
chain desicion. Li et al. [32] compared the relation between
direct online sales and brand stores and revealed that if the
brand store was established first, the manufacturer might
introduce the direct online mode; otherwise, it might not.
Zhang et al. [33] showed that the optimal channel is pure
offline mode, dual-channel mode, and pure online mode,
respectively, corresponding to consumers’ acceptance de-
gree of the online mode, low, medium, and high. Lu and Niu
[34] found that the channel acceptance played an important
role in affecting equilibrium price when then the traditional
retail channel and e-commerce channel were compared.

Based on the above literature review, most research
about carbon trading focuses on the offline supply chain
channel, while the e-commerce is rarely touched. However,
the online sale has been trending. So, we should extend the
carbon trading from the offline mode to online one. From
the view of channel selection, the offline mode, together
with the online mode, will result in the free rider problem
with high probability, which will decrease the supply chain
profit [35]. And, multiple channels are easy to cause
channel conflict [36]. In the supply chain under the carbon
trading market, the manufacturer, as the primary source of
carbon emission, will take into account the revenue from
carbon emission and product sales together. *us, this
paper investigates the channel selection problem between
the offline and online modes from the manufacturer’s
perspective and analyzes which channel is conducive to
carbon emission reduction under the carbon trading
background.

3. Problem Description and Basic Relations

3.1. Problem Description. Suppose there is a low-carbon
product manufacturer located in the region where has
started a carbon trading system. So, the manufacturer is
contained in the carbon trading market and product market.

*e manufacturer brings carbon emissions during
production. *en, it will make process improvements to
reduce emissions. Afterward, the manufacturer can attract
consumers preferring low-carbon products and sell its
carbon emission quota to gain profit in the carbon trading
market.

*e manufacturer can sell its product through the tra-
ditional offline retail channel or online e-commerce plat-
form channel. What is different from the offline mode is that
themanufacturer has to pay some proportional sales revenue
to the platform as the feedback for providing the sales
channel in the online mode [37]. *e ratio of the income for
the platform in the whole sales revenue is called commission
rate.

*erefore, we will investigate two supply chains, the
supply chain consisting of one low-carbon manufacturer
and one retailer and that consisting of one low-carbon
manufacturer and one e-commerce platform (abbreviated as
the platform if no ambiguity exists). In different channels,
the manufacturer has contrasting status [38]: it is the leader
in the product-oriented offline mode while it is the follower
in the channel-oriented online one [39]. *e manufacturer’s
profit comes from carbon trading and product sales.

3.2. Mathematical Notations and Relations of the Supply
Chain. In this subsection, we provide mathematical nota-
tions and relations corresponding to the supply chain
member. Some notations are listed in Table 1, which will be
used frequently in this paper.

(i) Manufacturer
*e manufacturer sells its product at the unit price
of P to consumers in the e-commerce platform and
wholesale price of Pw in the offline mode to the
retailer.
It is obvious that E< 􏽢E. According to Nair and
Narasimhan’s research [40], the manufacturer’s cost
for process improvements is functioned as

Cm(E) � α(􏽢E − E)
2
. (1)

(ii) E-commerce platform
According toWu’s research [41], the platform’s cost
to serve consumers can be formulated as

Cp Lp􏼐 􏼑 � βL
2
p. (2)

(iii) Retailer
To gain much revenue, the retailer will try its best to
sell products. *en, its sales cost can be expressed as
[41]
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Cr Lr( 􏼁 � cL
2
r . (3)

As well known, more cost has to be invested in the offline
service than the online one because of the channel difference
in the amount of target audience and the convenience of
promotion. *erefore, we suppose c> β.

3.3. Demand Functions for Different Markets. Demand
functions of different markets are given as follows:

(i) Offline channel product market
In the offline mode, the product demand is domi-
nated by the product price and retailer’s service. *e
demand function of the product can be formulated as
[37, 39]

q1 Pr, Lr( 􏼁 � Q − d1Pr + d2Lr. (4)

To let the following gaming process hold, we suppose
4d1c> d2

2, 4d1β>d2
2.

(ii) Online channel product market
In the online mode, the product demand is domi-
nated by the product price and platform’s service.
*e demand function can be expressed as [37, 39]

q2 P, Lp􏼐 􏼑 � Q − d1P + d2Lp. (5)

(iii) Carbon trading market
*e carbon emission reduction can increase the
low-carbon product sales after consumers’ envi-
ronmental awareness rises and helps the manu-
facturer profit from the carbon trading market. As

the trading is concerned, carbon emission quota can
be treated as common products. Similar to the
inverse demand function of common products that
of Pc with the carbon emission can be functioned as
[7]

Pc(E) � Φ − φE, (6)

where φ is used to measure the influence of emissions on the
carbon price. Positive Pc means that the manufacturer can
gain profit because of its low-carbon emission, while neg-
ative Pc indicates that themanufacturer has to pay cost for its
high emission. Obviously, we have Φ − φ􏽢E< 0. Otherwise,
manufacturers with too much emissions cannot be punished
so that they do not have initiative to reduce them, which is
contrary to the original intention of opening the carbon
trading market.

Also, let ec denote the carbon emission per unit product.
*en,

ec �
E

q
, (7)

where q is the product demand. *e smaller ec is, the better
the low-carbon level of the product is.

4. Supply Chain DecisionModels under Carbon
Trading Market

In this section, we formulate two supply chain game models
corresponding to the manufacturer’s sales channels.

4.1.Model I:OfflineChannel. In the traditional offline supply
chain channel, the product demand function is

Table 1: Mathematical notations.

Notations Meaning
C *e manufacturer’s unit production cost
Pw Unit offline wholesale price
P Unit online retail price
Pr Unit offline retail price
Pc Carbon price in the carbon trading market
􏽢E *e manufacturer’s carbon emission before process improvements
E *e manufacturer’s carbon emission after process improvements
α (α> 0) Elastic coefficient of carbon emission reduction cost
β (β> 0) Elastic coefficient of service cost
c (c> 0) Promotion effort level coefficient
θ (0< θ< 1) Commission rate
Lp *e platform’s sales service level
Lr *e retailer’s promotion effort level
Q Product market scale, a large enough positive number
d1 Sensitivity coefficient to the product price
d2 Sensitivity coefficient to the product service
Φ Carbon market scale
φ Sensitivity coefficient to the carbon price
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q1 Pr, Lr( 􏼁 � Q − d1Pr + d2Lr. (8)

*e manufacturer’s profit from product market is

Im1p Pw, Pr, Lr( 􏼁 � Pw − C( 􏼁q1

� Pw − C( 􏼁 Q − d1Pr + d2Lr( 􏼁.
(9)

*emanufacturer’s profit from carbon trading market is

Im1c(E) � PcE − Cm(E). (10)

*us, the manufacturer’s total profit is

Πm1 Pw, Pr, Lr, E( 􏼁 � Im1p + Im1c

� Pw − C( 􏼁 Q − d1Pr + d2Lr( 􏼁

+(Φ − φE)E − α(􏽢E − tE)
2
.

(11)

*e retailer’s profit is

Πr1 Pw, Pr, Lr( 􏼁 � Pr − Pw( 􏼁q1 − Cr Lr( 􏼁

� Pr − Pw( 􏼁 Q − d1Pr + d2Lr( 􏼁 − cL
2
r ,

(12)

and the supply chain’s profit is

Π1 Pr, Lr, E( 􏼁 � Πm1 Pw, Pr, Lr, E( 􏼁 + Πr1 Pw, Pr, Lr( 􏼁

� Pr − C( 􏼁 Q − d1Pr + d2Lr( 􏼁

+(Φ − φE)E − α(􏽢E − tE)
2

− cL
2
r .

(13)

During the gaming process, the manufacturer and the
retailer form a Stackelberg game, with the former as the
leader and the latter as the follower. *e manufacturer
determines its wholesale price Pw and carbon emission level
E; then, the retailer determines its retail price Pr and service
level Lr. *eir gaming problem can be formulated as

max
Pw,E
Πm1 Pw, Pr, Lr, E( 􏼁 � Pw − C( 􏼁 Q − d1Pr + d2Lr( 􏼁

+(Φ − φE)E − α(􏽢E − tE)
2

s.t. max
Pr,Lr

Πr1 Pw, Pr, Lr( 􏼁 � Pr − Pw( 􏼁 Q − d1Pr + d2Lr( 􏼁

− cL
2
r .

(14)

*us, the optimal decision of this model is obtained as in
Conclusion 1.

Conclusion 1. When the manufacturer sells its low-carbon
product through the offline channel, the optimal decision is

P
∗
w �

C

2
+

Q

2d1
,

E
∗
1 �

2􏽢Eα +Φ
2(α + φ)

,

P
∗
r �

C

2
+

Q

2d1
+

Q − Cd1( 􏼁c

4d1c − d
2
2

,

L
∗
r �

d2 Q − Cd1( 􏼁

8d1c − 2d
2
2

,

Π∗m1 �
Q − Cd1( 􏼁

2
c

2 4d1c − d
2
2􏼐 􏼑

+
Φ2 + 4α􏽢E(Φ − φ􏽢E)

4(α + φ)
,

Π∗r1 �
Q − Cd1( 􏼁

2
c

4 4d1c − d
2
2􏼐 􏼑

,

Π1 �
3 Q − Cd1( 􏼁

2
c

4 4d1c − d
2
2􏼐 􏼑

+
Φ2 + 4α􏽢E(Φ − φ􏽢E)

4(α + φ)
,

q1 � Q − Cd1( 􏼁d1c.

(15)
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See Appendix A for the proof of Conclusion 1.

4.2. Model II: Online Channel. In the online e-commerce
supply chain channel, the product demand function is

q2 P, Lp􏼐 􏼑 � Q − d1P + d2Lp. (16)

*e manufacturer’s profit from the product market is

Im2p P, Lp􏼐 􏼑 � (P − θP − C)q2

� (P − θP − C) Q − d1P + d2Lp􏼐 􏼑, 0< θ< 1.

(17)

*e manufacturer’s profit from the carbon trading
market is

Im2c(E) � PcE − Cm(E). (18)

*us, the manufacturer’s total profit is

Πm2 P, Lp, E􏼐 􏼑 � Im2p + Im2c

� (P − θP − C) Q − d1P + d2Lp􏼐 􏼑

+(Φ − φE)E − α(􏽢E − tE)
2
.

(19)

*e e-commerce platform’s profit is

Πp2 P, Lp􏼐 􏼑 � θPq − Cp Lp􏼐 􏼑 � θP Q − d1P + d2Lp􏼐 􏼑 − βL
2
p,

(20)

and the supply chain’s profit is

Π2 P, Lp, E􏼐 􏼑 � Πm2 P, Lp, E􏼐 􏼑 + Πp2 P, Lp􏼐 􏼑

� (P − C) Q − d1P + d2Lp􏼐 􏼑

+(Φ − φE)E − α(􏽢E − tE)
2

− βL
2
p.

(21)

*eir decision process forms a Stackelberg game, with
the platform as the leader and the manufacturer as the
follower, in which the platform gives its service level L first
and then the manufacturer decides its sale price P and
carbon emission level E. *eir gaming problem can be
formulated as

max
P,E
Πm2 P, Lp, E􏼐 􏼑 � (P − θP − C) Q − d1P + d2Lp􏼐 􏼑

+(Φ − φE)E − α(􏽢E − tE)
2

s.t. max
Lp

Πp2 P, Lp􏼐 􏼑 � θPq − Cp Lp􏼐 􏼑

� θP Q − d1P + d2Lp􏼐 􏼑 − βL
2
p.

(22)

Similar to the proof of Conclusion 1, we have the fol-
lowing conclusion.

Conclusion 2. When the manufacturer sells its low-carbon
product through the online e-commerce platform channel,
the optimal decision is

P
∗

�
4Qβ(1 − θ) + C 4d1β − d

2
2θ􏼐 􏼑

2(1 − θ) 4d1β − d
2
2θ􏼐 􏼑

�
2Qβ

4d1β − d
2
2θ

+
C

2(1 − θ)
,

E
∗
2 �

2􏽢Eα +Φ
2(α + φ)

,

L
∗
p �

d2Qθ
4d1β − d

2
2θ

,

Π∗m2 �
d1 4Qβ(1 − θ) − C 4d1β − d

2
2θ􏼐 􏼑􏽨 􏽩

2

4(1 − θ) 4d1β − d
2
2θ􏼐 􏼑

2 +
Φ2 + 4α􏽢E(Φ − φ􏽢E)

4(α + φ)
,

Π∗p2 �
θ 4Q

2β(1 − θ)
2

− C
2
d1 4d1β − d

2
2θ􏼐 􏼑􏽨 􏽩

4(1 − θ)
2 4d1β − d

2
2θ􏼐 􏼑

,

Π2 �
4Q

2β2d1(1 − θ)

4d1β − d
2
2θ􏼐 􏼑

2 +
d1C

2
(1 − 2θ)

4(1 − θ)
2 +

Qθ − 2d1C( 􏼁Qβ
4d1β − d

2
2θ

+
Φ2 + 4α􏽢E(Φ − φ􏽢E)

4(α + φ)
,

q2 �
2d1β

4d1β − d
2
2􏼐 􏼑 +(1 − θ)d

2
2

Q −
Cd1

2(1 − θ)
.

(23)
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5. Result Analysis and Managerial Insights

Conclusion 3. *e manufacturer has the same emission
reduction level in Model I as in Model II.

It is shown from Conclusion 3 that the production, only
related to the manufacturer who assumes the emission re-
duction cost and obtains the carbon trading revenue by
itself, is not associated with the offline retailer in the tra-
ditional supply chain and the online platform in the
e-commerce supply chain. *erefore, the carbon emission
reduction level is only decided by the manufacturer, and the
product sale will be crucial in the manufacturer’s decision.

Conclusion 4. *e establishment of the carbon market helps
the manufacturer reduce its emission. *e amount of
emission reduction increases with 􏽢E and φ while decreases
with Φ and α.

See Appendix B for the proof of Conclusion 4.
Conclusion 4 tells us that the establishment of the carbon

trading market for manufacturers is feasible and conducive
to emission reduction. *e market mechanism creates a
suitable environment for manufacturers to actively reduce
emissions; this mechanism will drive the manufacturer with
large initial carbon emission to reduce much more emission
for getting more trading space; manufacturers sensitive to
the carbon price also tend to reduce more emission so that it
does not have to cost much to get emission permit and can
earn revenue by selling its emission quota. In fact, there are
also factors against emission reduction. When the current
carbon market scale is rising, it means that the corre-
sponding industry is facing many difficulties in reducing
emissions. As a result, this manufacturer’s emission will rise
more or less. If the elastic coefficient of carbon emission
reduction cost increases, it suggests that the current unit
emission reduction cost has increased so that excessive
emission reduction will make the manufacturer’s cost go up.

Conclusion 5. *e manufacturer has negative profit in the
carbon market if

0<
Φ
􏽢E
< 2α

�����
1 + φ
α

􏽲

− 1􏼠 􏼡, (24)

and positive if

2α
�����
1 + ϕ
α

􏽲

− 1􏼠 􏼡<
Φ
􏽢E
<φ. (25)

See Appendix C for the proof of Conclusion 5.
Conclusion 5 indicates that if the carbon market scale is

too small and there is no enough demand to encourage
carbon trading, the manufacturer cannot sell its carbon
emission quota and get profitable from the carbon market.
*erefore, the manufacturer’s condition to obtain profit is
the carbon market must rise to a critical scale, which is
2α(

���������
((1 + ϕ)/α)

􏽰
− 1) times of the manufacturer’s emission.

Only above this critical scale dose, the manufacturer has the
desire to reduce emission. *is critical scale multiple is
decided by the elastic coefficient of carbon emission

reduction cost α and the sensitivity coefficient to the carbon
price φ.

Conclusion 6. In the e-commerce mode, the product price
P∗, the platform’s service level L∗p and profit Π∗2 , and the
supply chain’s profit Π2 all increase with the commission
rate θ. *e manufacturer’s profit rises with the increase in
the commission rate if d2

2 < 2d1β and rises up then falls down
if d2

2 > 2d1β.
See Appendix D for the proof of Conclusion 6.
Conclusion 6 shows that if occupying a higher pro-

portion of profit in the supply chain, the platform can help
add its profit and have subsequent desire to improve its
service level to attract more consumers, which is conducive
to the rise of the supply chain’s profit. However, this affects
the manufacturer’s profit. When the platform’s elastic co-
efficient of service cost β is relatively small (d2

2 > 2d1β), the
manufacturer still has space to increase profit, but most
profits are eventually been possessed by the platform with
the rise of commission rate. It also can be known from the
proof that the difference between d2

2 and 2d1β decides the
manufacturer’s space to increase profit. If this difference is
really large, the manufacturer has enough space to maintain
growth; otherwise, the space will be narrow. If β is quite large
(d2

2 < 2d1β) , the platform will try to grab profit in the supply
chain to offset its cost for improving the service level, which
makes the manufacturer’s profit fall down with the increase
in the commission rate.

*e manufacturer will raise product price to secure its
profit, expecting that the loss caused by unfair profit allo-
cation could be made up by high price and sales. *is
demonstrates the manufacturer’s awkward situation under
the case led by the platform; after the price is raised, the
supply chain’s whole profit rises, but its own part is still on
the decrease.

It follows from the above conclusion that when θ is close
to 1, the product price P will approach infinity. *is is
produced because the platform excessively occupies the sales
income while the manufacturer tends to increase the price
for expected profit. *is will results in the negative q2. *us,
to ensure the research practical, we reset the range of θ. Since

q2 �
2d1β

4d1β − d
2
2􏼐 􏼑 +(1 − θ)d

2
2

Q −
Cd1

2(1 − θ)
> 0, (26)

we have the following conclusion.

Conclusion 7. 0< θ<max ((4Qβ − Cd1β)/(4Qβ − Cd2
2)), 1􏼈 􏼉.

Conclusion 8. In the product market, the manufacturer has
more profit than the e-commerce platform if

0< θ <
4d1β − 2

�������������

d1β 4d1β − d
2
2􏼐 􏼑

􏽱

d
2
2

, (27)

and the platform has more if
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4d1β − 2
�������������

d1β 4d1β − d
2
2􏼐 􏼑

􏽱

d
2
2

< θ< 1. (28)

See Appendix E for the proof of Conclusion 8.

Conclusion 9. *e manufacturer’s criterion to sell online is
as follows:

(1) θ ∈ (0, min θ2, 1􏼈 􏼉), if d2
2 < 2d1c.

(2) θ ∈ (θ1, min θ2, 1􏼈 􏼉), if d2
2 ≥ 2d1c, where

θ1 �
8d1β (β + c)d

2
2 − 4d1βc􏽨 􏽩 −

��
Δ

√

2cd
4
2

,

θ2 �
8d1β (β + c)d

2
2 − 4d1βc􏽨 􏽩 +

��
Δ

√

2cd
4
2

,

Δ � 64d
2
1β

2
(β + c)d

2
2 − 4d1βc􏽨 􏽩

2
− 32d1d

4
2β

2
c d

2
2 − 2d1c􏼐 􏼑.

(29)

See Appendix F for the proof of Conclusion 9.
Conclusion 9 implies that whether the manufacturer

selects the online e-commerce mode depends on the sen-
sitivity coefficient to the product price and that to the
product service. *e change of these two coefficients will
affect the suitable commission interval for the manufac-
turer’s channel decision. When the sensitivity coefficient to
the product service is small, the service level affects the sales
little, so the effect of the platform on the revenue is small.
*e manufacturer’s expectation to gain more profit than
offline and occupy more sales revenue can be achieved when
the commission rate is low. Conversely, if the service level
affects sales greatly, the platform should be expected to
provide better service for attracting more consumers.
However, the essential condition for the platform willing to
cooperate is obtaining much more revenue. *erefore, the
commission rate should be raised in this case.

Conclusion 10. *e manufacturer’s carbon emission per
unit product through the online channel is lower than that
through the offline one if

c<
1
2d1

. (30)

*e manufacturer’s carbon emission per unit product
through the offline channel is lower than that through the
online one if

c>
2β

4d1β − d
2
2
. (31)

*e manufacturer’s carbon emission per unit product
through the offline channel is first lower and then higher
than that through the online one if

1
2d1
≤ c≤

2β
4d1β − d

2
2
. (32)

See Appendix G for the proof of Conclusion 10.
Conclusion 10 reveals that the online mode does not

necessarily result in better carbon emission per unit product
than the offline one. It depends. If both c and β are small, the
e-commerce platform can sell more products. *ese are
products with low sales cost, for example, goods involving
daily life. If c> (2β/(4d1β − d2

2)), the proof shows that the
offline sales have surpassed the online one greatly. *is
corresponds to goods needing much offline experience. If
(1/(2d1))≤ c≤ (2β/(4d1β − d2

2)), the online product sales is
first lower then higher than the offline one with the increase
in the commission rate in the e-commerce platform mode.
*is demonstrates that for goods in between, we can rely on
the platform’s advantage in customer acquisition, improving
the service level after the commission rate rises, to stimulate
consumers’ demand for the low-carbon product. In this way,
the platform’s advantage is put to fair use, which can play a
positive role in reducing carbon emission.

6. Numerical Examples

In this section, we elaborate on the above conclusions with
numerical examples. Suppose Q � 100000, C � 3, 􏽢E � 35,
Φ � 300, ϕ � 10, α � 5, β � 2, c � 5, θ � 0.4, d1 � 2, and
d2 � 3.

6.1. Carbon Emission Reduction Analysis. *e manufac-
turer’s carbon emission reduction relation affected by other
factors is shown in Figure 1.

It can be known from Figure 1 that the manufacturer’s
amount of carbon emission reduction monotonously in-
creases with the initial emission amount and the sensitivity
coefficient to the carbon price and monotonously decreases
with the carbon market scale and the elastic coefficient of
carbon emission reduction cost. *e factors influencing the
manufacturer’s emission reduction behavior include two
types, internal and external. Internal factors are initial
emission amount and elastic coefficient of carbon emission
reduction cost, while the external ones are carbon market
scale and sensitivity coefficient to the carbon price. In fact,
there is always one factor conducive to emission reduction
and one adverse to that, no matter for internal factors and
external ones. Once the initial emission amount and carbon
market scale are settled down, the significant influencing
factors turn to be the sensitivity coefficient to the carbon
price (external and conducive to) and elastic coefficient of
carbon emission reduction cost (internal and adverse to).
*erefore, the governmental supervision department should
promote manufacturers’ sensitivity to carbon price by
moderately strengthening carbon emission control, which
can guide manufacturers actively to speeding up emission
reduction. Meanwhile, government subsidies and other
measures that lower manufacturers’ emission reduction cost
are also useful in boosting their initiative.
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6.2. Analysis on the Manufacturer’s Profit from Carbon
Market. *e manufacturer’s profit change in the carbon
market affected by other factors is depicted in Figure 2.

After making Figure 2(a) with (Φ/􏽢E) as the independent
variable, we can find that the manufacturer’s profit from the
carbon market is 0 when (Φ/􏽢E) � 7.32, negative when
(Φ/􏽢E)< 7.32, and positive only when (Φ/􏽢E)> 7.32. How-
ever, the constraint, (Φ/􏽢E)<φ � 10, actually leaves very
narrow space for the manufacturer to gain positive profit,
which is demonstrated more distinctively in Figure 2(b).
Based on the current parameters’ value, only the blue area
above the green plane is where the manufacturer will be
active in the carbon trading market. Flexibly, we could
expand the manufacturer’s profit area by enlarging the
sensitivity coefficient to the carbon price. Consistent with
the analysis in Section 6.1, this highlights the significance of
strengthening carbon emission control by governmental
supervision departments because the governmental super-
vision to promote the manufacturer’s sensitivity to carbon
price is a “kill two birds with one stone” strategy, not only
stimulating the emission reduction but also further helping
the manufacturer gain profit, which will form a virtuous
circle.

6.3. Profit Analysis of Manufacturer and E-Commerce Plat-
form in Online Mode. *e influence of the commission rate
on the e-commerce supply chain and its members is dis-
played in Figure 3.

As can be seen from Figure 3, with the increase in the
commission rate, the manufacturer’s profit experiences a
significant decline after a slight rise, while profits of the
platform and the supply chain rise obviously (Figure 3(a)).
During the cooperation between multiple parties, the
platform relies on its leading status to set the commission
rate.When the platform raises the commission rate to add its
profit, the good result is that enough funds can ensure its
ability to improve the service level (Figure 3(b)), but the bad
result is that this move lowers the manufacturer’s profit, so
the latter has to defend its interest by trying to raise the
product price (Figure 3(c)). *e rise of product price is the

adverse factor for product sales; however, consumers clearly
prefer the utility produced by better service level, so the sales
can still mount up even though the manufacturer raises the
price (Figure 3(d)).*is also reflects how important the sales
service is in the e-commerce supply chain, which is critical to
attract consumers. *e reason that the increase in the
manufacturer’s profit is not easy to detect at the beginning,
combing the proof of Conclusion 6, lies in that d2

2 and 2d1β
satisfy d2

2 > 2d1β, but the difference between d2
2 and 2d1β is

too small, which squeezes the manufacturer’s space to in-
crease profit so that brief profit rise is soon ruined by the
increase in the commission rate.

6.4. Analysis on Whether the Manufacturer Selects Online
Mode. Based on the given parameters’ value, we make
Figure 4(a), showing the change of the manufacturer’s profit
in the online mode and offline mode with the commission
rate. In Figure 4(a), d2

2 < 2d1c holds. In order to contrast, we
reset β � 3.4 and d2 � 5 so that d2

2 ≥ 2d1c holds, and we
make Figure 4(b) similarly.

It can be seen from Figure 4(a) that if d2
2 < 2d1c, the

manufacturer gets much more profit from the online mode
than offline mode when 0< θ< 0.81. Figure 4(b) demon-
strates that if d2

2 ≥ 2d1c, this case holds when 0.30< θ< 1.
Relatively speaking, when the effect of the service level on the
sales is not large (Figure 4(a)), the manufacturer’s profit
experiences continual fall after slight rise with the increase in
commission rate, which is consistent with Figure 3(a).
Figure 3(a) tells that the critical point of commission rate is
0.6. *e manufacturer has more profit than the platform
when the commission rate is smaller than 0.6; on the
contrary when that is larger than 0.6. *us, after the
commission rate goes beyond 0.6, although the manufac-
turer’s profit starts smaller than the platform, its profit is still
higher than the offline mode until the commission rate
reaches 0.81. When the effect of the service level on the sales
is large (Figure 4(b)), d2

2 ≥ 2d1c, and the difference between
d2
2 and 2d1β is big, the manufacturer is given enough space to

raise profit. As can be seen, the increasing interval has been
extended to θ< 0.9.
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Figure 1: *e manufacturer’s carbon emission reduction: (a) change with Φ and 􏽢E; (b) change with α and ϕ.
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6.5. Analysis on Carbon Emission per Unit Product of Online
and Offline Mode. Based on the parameters’ value set at the
beginning of Section 6, we make Figure 5(a) showing the
change of the manufacturer’s carbon emission per unit

product of the online and offline mode with the commission
rate, in which c> (2β/(4d1β − d2

2)) holds. For further
comparison, we provide two more group values of β, c, and
d2. One is β � 0.15, c � 0.2, and d2 � 1 so that c< (1/(2d1))
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Figure 2: *e manufacturer’s profit from the carbon market: (a) change with (Φ/ϕ); (b) change with Φ and 􏽢E.
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Figure 3: Changes of the supply chain’s decision with θ in the online mode: (a) change in profits; (b) change in the platform’s service level;
(c) change in product price; (d) change in product sales.
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Figure 5: Carbon emission per unit product in the online and offline mode: (a) case 1: c> (2β/(4d1β − d2
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is satisfied, and then we make Figure 5(b); another is β � 1,
c � 1.1, and d2 � 2.8, meeting (1/(2d1))≤ c≤ (2β/
(4d1β − d2

2)), and we make Figure 5(c).
Figure 5(a) demonstrates that under the condition

c> (2β/(4d1β − d2
2)), the offline mode produces lower

carbon emission per unit product. As mentioned earlier, this
case corresponds to products relying on offline experiences
and needing much promotion efforts. *e online channel,
although convenient, is not omnipotent and not suitable for
all kinds of product sales. Figure 5(b) depicts the case for
products with low sales cost, in which both the elastic co-
efficient of service cost in the online mode and the pro-
motion effort level coefficient in the offline mode become
smaller, so the influence of the service on sales falls down.
*e e-commerce is applicable for selling this kind of goods.
*e sudden rise of Pinduoduo is similar to this situation. In
Figure 5(c), the supply chains have large space to adjust their
carbon emissions per unit product. *e online mode has the
same carbon emission per unit product as the offline one
when θ � 0.79, before which the offline mode has lower unit
emission and after which the online mode shows its
advantages.

However, all these three figures imply that, no matter
what the case is, the platform will provide good service with
the rise of the commission rate to attract consumers and
raise product sales. *e platform’s behavior has led to good
results so that the online mode could cause a continual
decrease in unit emission. *erefore, we can adjust the
supply chain to the state as we expect by changing the
commission rate between the manufacturer and the
e-commerce platform properly.

7. Conclusions

*is research investigates the low-carbon product manu-
facturer’s supply chain channel decision between the online
and offline mode when there is a carbon trading market. *e
offline supply chain mode consists of one manufacturer and
one retailer, in which the former is the leader. In com-
parison, the online one compromises one manufacturer and
one e-commerce platform, with the former being the fol-
lower. *e manufacturer could get profitable by selling its
low-carbon products in the product market and trading its
carbon quota to cover its emission reduction cost in the
carbon market. We reach the following conclusions with
practical value.

First, the carbon market establishment is conducive to
the manufacturer’s carbon emission reduction, especially for
those sensitive to the carbon price and those with many
emissions currently. *e carbon market trading mechanism
could motivate manufacturers much to reduce carbon
emission. However, some industries with a large carbon
emission base and some manufacturers with a high elastic
coefficient of carbon emission reduction cost are still facing
many challenges. Governments should provide subsidies
moderately to increase their initiative. Furthermore, to be
more conducive to emission reduction, the manufacturers’
necessary condition to be profitable from the carbon market
is that the carbonmarket scale should not be too small.*us,

it comes to that carbon trading market mechanism is not
universally applicable. Only in proper carbon market scale
interval can manufacturers be motivated.

Second, when manufacturers select the supply chain
sales channel between the online mode and offline mode,
they have to, on the one hand, experience the status change
and, on the other hand, weigh their profit gain or loss. In the
online mode, the commission rate represents the manu-
facturer’s power in the supply chain. A low commission rate
makes the manufacturer have more profit than the platform,
while a high one benefits the platform. As manufacturers are
concerned, whether they could select the online mode to
gain more profit depends on the property of products they
are producing. If consumers are not sensitive to the sales
service, manufacturers must fight for a low commission rate;
otherwise, if consumers take the service level seriously, the
e-commerce platform should provide better service. High-
quality service from the platform could help the supply chain
gain more profit as a whole. Hence, even though the
commission rate has risen to a little high level, the manu-
facturer can still enter the online mode.

*ird, which channel is conducive to carbon emission
reduction between the online and offline mode depends on
the product type. For daily goods from large-scale mass
production, the platform can make full use of its conve-
nience to sell more products, making the online mode help
reduce emissions. For goods needing experiencing in per-
son, the offline channel works better than the online one. For
products between these above two types, the platform can
raise the commission rate properly. After getting more
profits, it will improve its service level, making the online
supply chain mode conducive to reducing emissions in the
same way.

However, there are still some limitations in our models
to be further addressed. If consumers prefer low-carbon
products, the low-carbon level of products might affect their
purchase desire, which affects the product demand in the
end [42].*en, to what extent will this influence the demand
and would this change the supply chain member’s decision
behavior? *is research will combine the product market
and the carbon trading market better.

Appendix

A. Proof of Conclusion 1

We get the optimal decision of this model by the backward
induction method. In expression (12), the Hessian matrix of
Πr1 with respect to Pr and Lr is

H1 �

z
2Πr1

zP
2
r

z
2Πr1

zPrzLr

z
2Πr1

zLrzPr

z
2Πr1

zL
2
r

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

�

− 2d1 d2

d2 − 2c

⎡⎢⎢⎢⎣ ⎤⎥⎥⎥⎦. (A.1)

It is easy to see H1 is the negative definite matrix.
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Let (zΠr1/zPr) � 0 and(zΠr1/zLr) � 0. Solve these si-
multaneous equations, and then we can obtain the reaction
functions of Pr and Lr as follows:

P
∗
r �

2Qc + 2d1c − d
2
2􏼐 􏼑Pw

4d1c − d
2
2

,

L
∗
r �

d2 Q − d1Pw( 􏼁

4d1c − d
2
2

.

(A.2)

Substitute them into expression (11) and let
(zΠm1/zPw) � 0 and (zΠm1/zE) � 0; then, we can reach the
manufacturer’s optimal wholesale price and carbon emission
level.

B. Proof of Conclusion 4

(i) It follows from Conclusions 1 and 2 that the man-
ufacturer’s emissions in two modes are

E
∗
1 � E
∗
2 �

2􏽢Eα +Φ
2(α + φ)

. (B.1)

*en, its carbon emission reduction is

ΔE � 􏽢E −
2􏽢Eα +Φ
2(α + φ)

�
2􏽢Eϕ − Φ
2(α + φ)

. (B.2)

Based on the hypothesis in Section 3, φ􏽢E − Φ> 0.
*us, ΔE> 0; that is, E∗1 � E∗2 < 􏽢E.

(ii) It is derived easily from the expression of ΔE that it
increases monotonously with 􏽢E and φ and decreases
monotonously with Φ and α.

C. Proof of Conclusion 5

According to the above conclusions, the manufacturer’s
profit in the carbon market is

I
∗
m1c � I

∗
m2c �
Φ2 + 4α􏽢E(Φ − φ􏽢E)

4(α + φ)
. (C.1)

We take the numerator of this fraction as the function of
Φ,

f(Φ) � Φ2 + 4α􏽢E(Φ − φ􏽢E). (C.2)

*en, f(Φ) is a parabola pointing upward with two
intercepts on the Φ axis, Φ1 � − 2α􏽢E(

���������
((1 + φ)/α)

􏽰
+ 1) and

Φ2 � 2α􏽢E(
���������
((1 + φ)/α)

􏽰
− 1).

Because Φ< 0, we have that the manufacturer’s profit in
the carbon market is negative if
0< (Φ/􏽢E)< 2α(

���������
((1 + φ)/α)

􏽰
− 1) and positive if

(Φ/􏽢E)> 2α(
���������
((1 + φ)/α)

􏽰
− 1).

Moreover, in the carbon market, Φ − φ􏽢E< 0. *is
conclusion holds.

D. Proof of Conclusion 6

(i) P∗ � (2Qβ/(4d1β − d2
2θ)) + (C/(2(1 − θ))).

It is obvious that both (2Qβ/(4d1β − d2
2θ)) and

(C/(2(1 − θ))) increase with θ.
*us, P increases with θ.

(ii) L∗p � (d2Qθ/(4d1β − d2
2θ)).

Since 4d1β − d2
2θ> 0, it is obvious that L∗p increases

with θ.
(iii) Π∗p2 � ((θ[4Q2β(1 − θ)2 − C2d1(4d1β − d2

2θ)])/(4
(1 − θ)2(4d1β − d2

2θ))) � θ[(Q2β/(4d1β − d2
2θ)) −

(C2d1/ (4(1 − θ)2))].
Because Q is a large enough positive number, we
only consider terms with Q2, that is,
(Q2βθ/(4d1β − d2

2θ)), which increases with θ.
(iv) *e manufacturer’s total profit
Π∗m2 � ((d1[4Qβ(1 − θ) − C(4d1β − d2

2θ)]2)/(4(1
− θ)(4d1β − d2

2θ)2)) + ((Φ2 + 4α􏽢E(Φ − φ􏽢E))/
4(α + φ)).
We represent the manufacturer’s profit in the
product market as

Π∗m21 �
d1 4Qβ(1 − θ) − C 4d1β − d

2
2θ􏼐 􏼑􏽨 􏽩

2

4(1 − θ) 4d1β − d
2
2θ􏼐 􏼑

2 . (D.1)

*en,

Π∗m21 �
d1 4Qβ(1 − θ) − C 4d1β − d

2
2θ􏼐 􏼑􏽨 􏽩

2

4(1 − θ) 4d1β − d
2
2θ􏼐 􏼑

2

� d1
4Q

2β2(1 − θ)

4d1β − d
2
2θ􏼐 􏼑

2 −
2CQβ

4d1β − d
2
2θ

+
C
2

4(1 − θ)
⎡⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎦.

(D.2)

Because Q is a large enough positive number, we only
consider terms with Q2, that
is,((4Q2β2(1 − θ))/(4d1β − d2

2θ)2).
Let f(θ) � ((β2(1 − θ))/((4d1β − d2

2θ)2)) , then

df(θ)

dθ
� −

β2 4d1β − d
2
2􏼐 􏼑 − (1 − θ)d

2
2􏽨 􏽩

4d1β − d
2
2􏼐 􏼑

3 . (D.3)

Because when d2
2 < 2d1β, ( df(θ)/dθ )< 0,

(4d1β − d2
2) − (1 − θ)d2

2 ∈ (4d1β − 2d2
2, 4d1β − d2

2),
meaning that Π∗m2 decreases withθ; when d2

2 > 2d1β,
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( 4d1β − d
2
2 ) − ( 1 − θ )d

2
2 ∈ ( 4d1β − 2d

2
2, 0 )

∪ [ 0, 4d1β − d
2
2 ),

(D.4)

indicating that Π∗m2 Π
∗
m2 first increases and then decreases

with θ.

(v) *e supply chain’s profit

Π2 �
4Q

2β2d1(1 − θ)

4d1β − d
2
2θ􏼐 􏼑

2 +
d1C

2
(1 − 2θ)

4(1 − θ)
2 +

Qθ − 2d1C( 􏼁Qβ
4d1β − d

2
2θ

+
Φ2 + 4α􏽢E(Φ − φ􏽢E)

4(α + φ)

�
4Q

2β2d1(1 − θ) + Qθ − 2d1C( 􏼁Qβ 4d1β − d
2
2θ􏼐 􏼑

4d1β − d
2
2θ􏼐 􏼑

2 +
d1C

2
(1 − 2θ)

4(1 − θ)
2 +
Φ2 + 4α􏽢E(Φ − φ􏽢E)

4(α + φ)

�
4d1β − d

2
2θ

2

4d1β − d
2
2θ􏼐 􏼑

2Q
2β +

2Cd1d
2
2θ − 8Cd

2
1β

4d1β − d
2
2θ􏼐 􏼑

2 Qβ +
d1C

2
(1 − 2θ)

4(1 − θ)
2 +
Φ2 + 4α􏽢E(Φ − φ􏽢E)

4(α + φ)
.

(D.5)

Let f(θ) � ((4d1β − d2
2θ

2)/(4d1β − d2
2θ)2), then

df(θ)

dθ
�
8d1d

2
2β(1 − θ)

4d1β − d
2
2θ􏼐 􏼑

3 > 0. (D.6)

Since Q is a large enough positive number, Π2 increases
with θ.

E. Proof of Conclusion 8

*e manufacturer’s profit in the product market is

I
∗
m2p �

d1 4Qβ(1 − θ) − C 4d1β − d
2
2θ􏼐 􏼑􏽨 􏽩

2

4(1 − θ) 4d1β − d
2
2θ􏼐 􏼑

2 . (E.1)

*e platform’s profit in the product market is

Π∗p2 �
θ 4Q

2β(1 − θ)
2

− C
2
d1 4d1β − d

2
2θ􏼐 􏼑􏽨 􏽩

4(1 − θ)
2 4d1β − d

2
2θ􏼐 􏼑

. (E.2)

Since Q is a large enough positive number, we only
compare terms of Q with the highest power (square) during
the comparison of their profit difference in the product
market.We denote them by I

⌢∗
m2p andΠ

⌢∗
p2, respectively; then,

I
⌢∗

m2p �
16d1Q

2β2(1 − θ)
2

4(1 − θ) 4d1β − d
2
2θ􏼐 􏼑

2

�
4d1β(1 − θ)

4d1β − d
2
2θ􏼐 􏼑θ

·
Q

2βθ
4d1β − d

2
2θ

,

Π
⌢∗

p2 �
Q

2βθ
4d1β − d

2
2θ

.

(E.3)

*e necessary condition for I
⌢∗

m2p <Π
⌢∗

p2 is that

d
2
2θ

2
− 8d1βθ + 4d1β< 0. (E.4)

Solve the follow equation with respect to θ

d
2
2θ

2
− 8d1βθ + 4d1β � 0. (E.5)

*en, we have θ � ((4d1β ± 2
�������������

d1β(4d1β − d2
2)

􏽱

)/d2
2).

*erefore, I
⌢∗

m2p <Π
⌢∗

p2 if

4d1β − 2
�������������

d1β 4d1β − d
2
2􏼐 􏼑

􏽱

d
2
2

< θ <
4d1β + 2

�������������

d1β 4d1β − d
2
2􏼐 􏼑

􏽱

d
2
2

.

(E.6)

However,

4d1β + 2
�������������

d1β 4d1β − d
2
2􏼐 􏼑

􏽱

d
2
2

> 1. (E.7)

*us, I
⌢∗

m2p <Π
⌢∗

p2 if ((4d1β − 2
�������������

d1β( 4d1β − d2
2

􏽱

)/d2
2)

< θ< 1.

F. Proof of Conclusion 9

It follows from the above conclusions that

Π∗m1 �
Q − Cd1( 􏼁

2
c

2 4d1c − d
2
2􏼐 􏼑

+
Φ2 + 4α􏽢E(Φ − φ􏽢E)

4(α + φ)
,

Π∗m2 �
d1 4Qβ(1 − θ) − C 4d1β − d

2
2θ􏼐 􏼑􏽨 􏽩

2

4(1 − θ) 4d1β − d
2
2θ􏼐 􏼑

2

+
Φ2 + 4α􏽢E(Φ − φ􏽢E)

4(α + φ)
,

(F.1)

Π∗m1 and Π∗m2 have the same profit in the carbon trading
market, so we only compare their profits in the product
market. And, since Q is a large enough positive number, we
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only compare terms of Q with the highest power (square).
We denote them by Π

⌢∗
m1 and Π

⌢∗
m2, respectively; then,

Π
⌢∗

m1 �
Q

2
c

2 4d1c − d
2
2􏼐 􏼑

,

Π
⌢∗

m2 �
16d1Q

2β2(1 − θ)
2

4(1 − θ) 4d1β − d
2
2θ􏼐 􏼑

2.

(F.2)

Further,

Π
⌢∗

m2 �
16d1Q

2β2(1 − θ)
2

4(1 − θ) 4d1β − d
2
2θ􏼐 􏼑

2 �
4d1β(1 − θ)

4d1β − d
2
2θ􏼐 􏼑θ

·
Q

2βθ
4d1β − d

2
2θ

�
4d1Q

2β2(1 − θ)

4d1β − d
2
2θ􏼐 􏼑

2 �
Q

2
c

2 4d1c − d
2
2􏼐 􏼑

·
8d1β

2
(1 − θ) 4d1c − d

2
2􏼐 􏼑

c 4d1β − d
2
2θ􏼐 􏼑

2

� Π
⌢∗

m1 ×
8d1β

2
(1 − θ) 4d1c − d

2
2􏼐 􏼑

c 4d1β − d
2
2θ􏼐 􏼑

2 .

(F.3)

*e necessary condition to gain more profit in the online
mode is

8d1β
2
(1 − θ) 4d1c − d

2
2􏼐 􏼑

c 4d1β − d
2
2θ􏼐 􏼑

2 > 1. (F.4)

After simplifying the inequality, we have

cd
4
2θ

2
− 8d1β (β + c)d

2
2 − 4d1βc􏽨 􏽩θ + 8d1β

2
d
2
2 − 2d1c􏼐 􏼑< 0.

(F.5)

Let

f(θ) � cd
4
2θ

2
− 8d1β(β + c) d

2
2 − 4d1

βc

β + c
􏼠 􏼡θ

+ 8d1β
2

d
2
2 − 2d1c􏼐 􏼑.

(F.6)

*en, it is a parabola with respect to θ, going upward.
It is obvious that 4d1(βc/(β + c))< 2d1c.

(i) if d2
2 < 4d1(βc/(β + c))< 2d1c

In this case, the axis of symmetry of f(θ) is negative,
its intercept on the vertical axis is negative, and
among its two intercepts on the horizontal axis, one is
positive and another is negative. *us,

θ ∈ 0, min θ2, 1􏼈 􏼉􏼂 􏼃. (F.7)

(ii) If 4d1(βc/(β + c))< d2
2 < 2d1c

In this case, the axis of symmetry of f(θ) is positive,
its intercept on the vertical axis is negative, and

among its two intercepts on the horizontal axis, one
is positive and another is negative. *us,

θ ∈ 0, min θ2, 1􏼈 􏼉􏼂 􏼃. (F.8)

(iii) if 4d1(βc/(β + c))< 2d1c< d2
2

In this case,

Δ � 64d
2
1β

2
(β + c)d

2
2 − 4d1βc􏽨 􏽩

2
− 32d1d

4
2β

2
c d

2
2 − 2d1c􏼐 􏼑

� 32d1β
2 2d1 (β + c)d

2
2 − 4d1βc􏽨 􏽩

2
− d

4
2c d

2
2 − 2d1c􏼐 􏼑􏼚 􏼛.

(F.9)

Let

Δ1 � 2d1 (β + c)d
2
2 − 4d1βc􏽨 􏽩

2
− d

4
2c d

2
2 − 2d1c􏼐 􏼑. (F.10)

*en,

Δ1 � 2d1 (β + c)d
2
2 − 4d1βc􏽨 􏽩

2
− d

4
2c d

2
2 − 2d1c􏼐 􏼑

� 2d1 β d
2
2 − 2d1c􏼐 􏼑 + c d

2
2 − 2d1β􏼐 􏼑􏽨 􏽩

2
− d

4
2c d

2
2 − 2d1c􏼐 􏼑

� 2d1β
2

d
2
2 − 2d1c􏼐 􏼑

2
+ c 4d1β d

2
2 − 2d1β􏼐 􏼑􏽨

− d
4
2􏽩 d

2
2 − 2d1c􏼐 􏼑 + 2d1c

2
d
2
2 − 2d1β􏼐 􏼑

2
.

(F.11)

Hence, Δ1 is a parabola with respect to (d2
2 − 2d1c),

going upward. Its axis of symmetry is
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−
c 4d1β d

2
2 − 2d1β􏼐 􏼑 − d

4
2􏽨 􏽩

4d1β
2

�
c

4d1β
2 d

2
2 − 2d1β􏼐 􏼑

2
+ 4 d1β( 􏼁

2
􏼔 􏼕> 0.

(F.12)

*e discriminant of the quadratic equation corre-
sponding to this parabola is

Δ2 � c
2 4d1β d

2
2 − 2d1β􏼐 􏼑 − d

4
2􏽨 􏽩

2
− 16d

2
1β

2
c
2

d
2
2 − 2d1β􏼐 􏼑

2

� d
8
2c

2
− 8d1d

4
2βc

2
d
2
2 − 2d1β􏼐 􏼑

� d
4
2c

2
d
2
2 − 4d1β􏼐 􏼑

2
> 0,

(F.13)

which means that Δ1 has two intersections on the horizontal
axis. It is easy to obtain the smaller one is

d
2
2 − 2d1c � 4d1c. (F.14)

However, d2
2 < 4d1c; that is, d2

2 − 2d1c< 2d1c. *erefore,
within the range, Δ1 is always positive; that is, Δ> 0. It
follows that f(θ) has two intersections on the horizontal
axis. And, both the axis of symmetry and intercept on the
vertical axis of f(θ) are positive. Its two intercepts on the
horizontal axis are positive. Here, d2

2 ≤ 4d1c, so d2
2c≤ 4d1c

2.
*en,

8d1β (β + c)d
2
2 − 4d1βc􏽨 􏽩 − 2cd

4
2

� 2cd
2
2 4d1β − d

2
2􏼐 􏼑 − 8d1β

2 4d1c − d
2
2􏼐 􏼑

< 8d1c
2 4d1β − d

2
2􏼐 􏼑 − 8d1β

2 4d1c − d
2
2􏼐 􏼑

� 8d1(c − β) 4d1βc − d
2
2(c + β)􏽨 􏽩

< 0,

(F.15)

and 8d1β[(β + c)d2
2 − 4d1βc]< 2cd4

2, namely, θ1 < 1. *us,
θ ∈ [θ1, min θ2, 1􏼈 􏼉]. Based on the above analysis, Conclu-
sion 9 holds.

G. Proof of Conclusion 10

It follows from Conclusion 1 and 2 that the online channel
produces the same carbon emission as the offline one. We
only need to compare the demand in these two modes.

q1 � Q − Cd1( 􏼁d1c � Qd1c − Cd
2
1c,

q2 �
2β

4d1β − θd
2
2

Qd1 −
Cd1

2(1 − θ)
,

2β
4d1β − θd

2
2
∈

1
2d1

,
2β

4d1β − d
2
2

􏼠 􏼡, 0< θ< 1.

(G.1)

Based on the fact that Q is a large enough positive
number, after comparing the expression of q1 and q2, we
have

q1 < q2, if c<
1
2d1

,

q1 > q2, if c>
2β

4d1β − d
2
2
,

(G.2)

q1 > q2 in the beginning and then q1 < q2 if
(1/2d1)≤ c≤ (2β/(4d1β − d2

2)). *us, Conclusion 10 holds.
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Considering the growing phenomenon of consumer returns and channel power struggles in e-commerce supply chains (ESCs),
the ESCmodel is constructed and its equilibrium solutions are calculated and compared. Further, the consumer utility function is
constructed to explore the impact of returns and dominant enterprises on consumer utility. Based on this, the “return cost-sharing
and commission readjusting” contract is designed to maximize both ESC and consumer utility. Finally, the paper validates and
further analyzes conclusions through numerical simulation. +e main conclusions are as follows: higher return rates and return
handling costs will reduce market demand and ESC profits, while higher salvage value of returned products will have a positive
impact on ESC, but the above factors will not affect the online service level under decentralized decisions. +e impact of
consumer’s service quality preferences on manufacturer’s profits and e-commerce platform’s profit is determined by channel
power structure.+e impact of return rate on consumer utility depends on two factors: the decision-makingmodel and the hidden
cost of consumer returns.

1. Introduction

With the high growth of the network economy, more and
more products are sold through online channels, which has
led to the formation of the e-commerce supply chain (ESC).
In recent years, the e-commerce platform (as e-platform) has
emerged as a reliable information center and trading plat-
form in ESC. +rough the e-platform, products are sold
directly by manufacturers to consumers, which broadens the
direct sales model in ESC. +is direct sales model brings
multiple benefits to manufacturers. On the one hand, due to
the low entry barriers and price advantages of e-platforms,
manufacturers’ operational costs can be reduced and their
scale is no longer limited by space [1, 2]. On the other hand,
e-platforms enable manufacturers to reach a larger number
of customer segments [3] and make them obtain consumer
feedback and adjust their corporate strategies timely [4, 5],
which ultimately brings increased economic benefits to
manufacturers. For consumers, the rapid development of

ESC increases their shopping flexibility [6], expands their
shopping options [7], and reduces their travel time and cost
[8]. As a result, more and more manufacturers are entering
e-platforms and more and more consumers are buying
online. FTI consulting forecasts e-commerce sales to exceed
$1 trillion in 2027 [9], which means that ESC has not only
economic and operational advantages but also broad growth
prospects.

However, the development of ESC has exacerbated
consumer returns. Customer returns have always been a
serious problem for traditional supply chains [10, 11], while
online sales have higher return rates than offline store sales
[12–14]. Invesp infographics statistics show that the return
rate for brick-and-mortar stores is 8.89%, while online order
products have a return rate of more than 30% [15]. More
seriously, return rates will be higher in the aftermath of
major promotions, such as “Black Friday” in US and
“Double Eleven” in China [16]. +e above phenomenon is
partly because online shoppers cannot access products,
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which increases the inaccuracy of their predictions for
product value. Alternatively, the e-commerce sales envi-
ronment is very complex, where false information and fake
reviews can induce consumers to make incorrect choices.
Additionally, the return regulations for commodities have
become the primary consideration when consumers shop-
ping online [17–19]. As a result, most e-platforms and
manufacturers deliver return services. +e delivery of return
services can enable manufacturers, especially fashion
manufacturers, to keep abreast of customer feedback and
form a competitive advantage [20, 21], alleviating con-
sumers’ concerns about valuation uncertainty [22], and
increase consumer willingness to buy instantly [23, 24] and
the likelihood of repeat purchases on the platform in the
future [25, 26]. However, serious consumer returns will
inevitably result in loss of profits for manufacturers, influ-
encing pricing and other decisions of ESC participants, and
bring greater risks for the management of ESC operations.
+erefore, incorporating consumer returns into ESC’s de-
cision-making and exploring its impact on ESC members
and systems is a very realistic study that needs to be
developed.

In addition, manufacturers introducing online direct
sales channels will face competition from e-platforms for
channel power. Unlike dual-channel supply chains where
manufacturers set up online sales channels, in ESC, both
manufacturers and e-platforms have channel power [27].
Nowadays, the power of e-platforms is growing, and the
phenomenon of the transfer of the dominant power from
manufacturers to e-platforms has emerged in ESC. For
well-known manufacturers (e.g., Apple, P&G, and Gal-
anz), they still manage to maintain their ESC dominance.
However, for some small- and medium-sized manufac-
turers, they are already at a disadvantage in cooperating
with some powerful e-platforms (e.g., Amazon, JD, and
Taobao) because such platforms have formed a large user
base and have well-developed entry rules. Different
channel power structures will certainly have an impact on
ESCs’ decisions and profits and further influence con-
sumer return behavior and purchase utility. Which
channel power structure is more conducive to the stable
operation of the ESC? How do ESC participants in dif-
ferent channel power structures make decisions to
maximize their profits? Do consumer returns affect ESC
or consumer utility differently under different channel
power structures? +e existing research does not provide
clear answers to these questions. +erefore, this paper
explores the optimal solution to ESC under different
channel power structures and draws conclusions on the
impact of channel power structure on ESC efficiency and
consumer utility.

In the ESC, the increase in returns and the instability of
dominant enterprise have become issues that every ESC
member has to face when they make decisions. To clarify
these issues, the article researches the following aspects:

(1) Considering consumer returns and channel power,
what are the optimal decisions for each ESC
member? What is the impact of returns on ESC?

(2) How does the channel power structure of ESC affect
the decisions of ESC members? Under different
channel powers, do the returns-related variables and
consumer preferences affect ESC differently? Which
channel power structure is most profitable for
members and ESC?

(3) Many consumers are addicted to returning goods, is
the behavior of returning goods beneficial to con-
sumers themselves? How do return rates and con-
sumer’s service quality preferences affect consumer
utility? What are the differences in consumer utility
under different channel powers?

(4) How can return handling costs and commissions be
incorporated into the ESC coordination process?
How to design a new contract to maximize ESC
efficiency and consumer utility?

Based on the serious consumer returns of ESCs and
considering the different channel power structures, the
paper examines the impact of channel structures and con-
sumer returns on ESC. Moreover, the paper establishes an
extended model of consumer utility, studies the impact of
return rates and consumer’s service quality preferences on
consumer utility, and seeks a balance between system per-
formance and consumer utility. Finally, the return handling
costs and commissions are considered, and new coordina-
tion mechanisms are designed to optimize ESC profits and
maximize consumer utility. +e main contributions are
listed as follows:

(1) +e paper considers the independent e-platform as
an ESC decision-maker and examines the influence
of return-related variables on the e-platform’s service
level. Meanwhile, the influence of consumers’ service
quality preference on ESC and market demand is
addressed. +e study finds that, regardless of the
channel power structure, the return rate does not
affect the e-platform’s service level (different from
[28]). Increasing consumer service preferences will
promote sales prices and service level (unlike [29])
and increase market demand and ESC profitability
(unlike [30]). Differently, the effect of consumer
service preferences on the profitability of manufac-
turer and e-platform depends on the channel power
of ESC. Additionally, the paper on salvage value and
return handling cost of returned products is not
limited to the choice of return strategy and pricing
(unlike [11, 31, 32]). +e impact of salvage value and
return handling costs on the e-platform’s service
level, market demand and return volume, ESC
members, and system profits is also discussed.

(2) In the context of consumer returns, the paper ex-
plores the impact of channel structures on ESC.
Some conclusions are similar to the studies of Wang
et al. [33] and Han and Wang [34], but several
previously unavailable findings are found. First, the
dominant manufacturer brings higher product
market demand, which is facilitated by higher service
level at this time. At the same time, the dominant
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manufacturer also leads to a benign increase in
consumer returns. Moreover, increased consumer’s
service quality preferences, regardless of the power
structure, lead to higher profits for the manufacturer,
but e-platform cannot always profit from consumer
service preferences. When manufacturer dominates
ESC, although the e-platform increased service in-
vestment due to the increase in consumer’s service
quality preferences, it could not profit from it.

(3) In the paper, an extension model of consumer utility
is constructed, and the effects of return rates, channel
power structures, and consumer service preferences
on consumer utility are explored. +e conclusions
differ from the existing literature, such as Yan et al.,
[35]; Zhang et al. [36]; Yan et al. [35]; and Ma et al.,
[16]. +e paper found that return behavior does not
always improve consumer utility. +e impact of the
return rate on consumer utility depends on two
factors: the decision-making mode and the con-
sumer’s hidden cost of returns. Moreover, the study
compares consumer utility under different power
structures and finds that centralized decisions can
maximize consumer utility. +e influence of channel
power and consumer service preference on con-
sumer utility depends on consumer price preference
and return rate.

(4) Unlike the coordination mechanisms studied in
previous literature, for ESCs with consumer returns,
the study uses both commissions and return han-
dling costs as adjustment tools to design a new
“return cost-sharing and commission readjusting”
contract. +e contract maximizes ESC efficiency and
consumer utility, which offers a new approach to the
design of the ESC coordination mechanism.

+e remainder of the study is designed below. +e
relevant literature is reviewed in Section 2. ESC model is
described in Section 3. Section 4 presents and analyzes
equilibrium solutions under different models. Section 5
constructs an extension model of consumer utility. Section 6
designs the “return cost-sharing and commission read-
justing” contract to maximize system efficiency and con-
sumer utility. Numerical analysis is given in Section 7 from
different perspectives. Finally, Section 8 summarizes the
paper and depicts management insights.

2. Literature Review

+e paper aims to examine how ESC members under dif-
ferent power structures make decisions and coordinate when
there is significant consumer return behavior in the
e-commerce market. +e study allows for a literature review
of the three streams of consumer returns, channel power
structure, and coordination mechanisms.

+e first stream is consumer returns in supply chains.
Currently, most of the relevant literature focuses on the
study of consumer returns in traditional supply chains
[37–39]. +ere are some scholars who have included
manufacturers’ or retailers’ online sales channels in their

exploration of consumer returns. For example, Li et al. [40]
discussed how consumer returns affect return policies,
product quality, and pricing of the online direct sales
manufacturer. Based on retailers’ online sales channels and
consumer returns, Balakrishnan et al. [41] examined the
effects of consumers’ transition from offline to online
browsing on online pricing and profits. Considering the
return policy, Batarfi et al. [42] demonstrated that a dual-
channel strategy is more beneficial to chains. Ji et al. [43]
paid attention to consumers’ choice of return channels and
investigated the return strategies in the dual-channel supply
chain. Taleizadeh et al. [44] showed that consumer return
decisions depend on the refund amount and product quality.
Targeting cross-channel returns in dual-channel supply
chains, Radhi and Zhang [45] and Radhi and Zhang [3]
studied how the return phenomenon affects product pricing
and sourcing, while He et al. [46] obtained ordering and
pricing strategies for new and renovated products. Further,
the issue of consumer returns has been incorporated into the
research of ESCs where e-platforms are covered. For ex-
ample, Ma et al. [16] found the extent to which return
policies affect pricing and profits in relation to retailers’ unit
purchase costs and market return rates. Cao et al. [32]
accounted for the channel choice of whether retailers should
enter e-platforms and found that the choice mainly depends
on the e-platform’s annual service fee. From the above
literature, few scholars have considered consumer returns in
ESC. Although some scholars consider online sales channels,
most of these channels are controlled by manufacturers or
retailers and no e-platform is included. Among them, Ma
et al. [16] defined an independent e-platform, but they are
targeted at the choice of return policies, which differs sig-
nificantly from the research direction of this study.

+e second stream is the channel power structure in
supply chains. Currently, channel structure’s impact on
channel management [47, 48], pricing [8, 49], and system
performance [50, 51] has been fully explored in supply
chains. +e study highlights a review of the literature on
power structures in ESCs. In ESC’s channel power study,
most of the literature considers manufacturers’ online sales
channels. For example, Taleizadeh et al. [30] developed a
two-echelon ESC composed of two manufacturers and re-
tailers, where both manufacturers have online sales chan-
nels. +is study showed that the channel power structure
determines the maximum profit of ESC. Similarly, Zhao
et al. [52] examined how channel power affects system
profits, but they assumed that only one manufacturer had
the online sales channel. +is study found that leading
manufacturers opening the online sales channel will lose
their own profits. Focusing on the power struggle between
manufacturers and retailers, Ke et al. [53] and Chun and
Park [54] examined how channel structures affect pricing
strategies and manufacturers’ marketing strategies, respec-
tively. +ere are a few pieces of literature that consider
retailers’ online sales channels. For example, Chen et al. [55]
constructed an O2O hybrid dual-channel model and in-
vestigated how channel power affects pricing and financial
performance. Basak et al. [56] explored how showrooming
affects traditional and online retailers under different power
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structures. However, in previous literature, they do not
regard the independent e-platform as a decision-making
subject, much less consider the channel power struggle
between e-platforms and manufacturers. More relevant to
this study, Wang et al. [27] and Liu and Ke [57] researched
the impact of power structures between manufacturers and
e-platforms on product pricing, but neither of them con-
sidered the serious consumer returns in ESC.

+e third stream is the coordination mechanism in
supply chains. For supply chains with consumer returns, Xu
et al. [58] considered different return periods and proposed
differentiated repurchase contracts to achieve supply chain
coordination. Heydari and Ghasemi [59] designed revenue-
sharing contracts and realized risk sharing and profit growth
for reverse supply chain members based on the uncertainty
of return product quality. Wang et al. [38] explored how
suppliers can coordinate supply chains with returns through
options pricing. Further, addressing the more complex issue
of returns in the online channel, Yan and Pei [60] con-
structed an O2O competition model and developed revenue-
sharing contracts to resolve the conflict of returns policies in
dual-channel supply chain. Focusing on loss-averse con-
sumer returns, Gu et al. [61] used revenue and cost-sharing
contracts to achieve dual-channel fresh agricultural product
ESC coordination and captured Pareto improvement areas
for suppliers and e-tailers under coordinated conditions.
Recognizing the infringement of suppliers’ online sales
channels on retailers’ offline sales, Li and Jiang [22] studied
the return strategy and realized a dual-channel supply chain
coordination through the two-part tariff contract. +e above
literature provides the basis for this paper, but they cannot
achieve ESC coordination with independent e-platforms.

For supply chains with online channels, Liu et al. [62]
mitigated courier capacity overload through option cove-
nants in the supply chain of online retailers. Song and He
[63] studied the coordination mechanism of fresh ESC and
showed that the cost-sharing contract for preservation ef-
forts will lead to lower demand, but the cost-sharing rev-
enue-sharing contract can effectively coordinate ESC.
Amrouche et al. [64] considered online retailers and ana-
lyzed the effectiveness of different cooperation mechanisms
(minimum pricing strategy, omnichannel price, and reve-
nue-sharing cooperation) in different ESC environments.
However, this literature does not integrate e-platforms into
coordinated studies of ESC. Incorporating e-platforms into
the decision-making process of ESC, Dong et al. [65] found
that the revenue-sharing pacts can coordinate ESC in de-
mand determination situations, but transfer payments are
required. Zhang et al. [66] found that revenue-sharing pacts
allow the leader-follower structure in e-commerce logistics
systems to be coordinated. Similarly, Zhong et al. [67]
demonstrated that revenue-sharing pacts allow optimizing
the profitability of three-echelon logistics service supply
chains. In contrast to the coordination mechanisms men-
tioned above, carbon cost sharing is used to achieve low-
carbon ESC coordination in Han and Wang [34]. +ese
papers provide a great deal of research for ESC coordination
but do not address the unique profitability mode of
e-platforms, that is, charging commissions, which is the core

of the coordinationmechanism in this paper.+e research of
Wang et al. [33] andWang et al. [68] needs to be highlighted.
+ey used commissions as an adjustment tool, established
cost-sharing joint commission contracts, and coordinated
ESCs with fairness concerns and altruistic concerns. How-
ever, they did not study the flood of consumer returns in the
ESC.

It can be seen from the above literature that the previous
research only considers one or more of the below factors,
such as online sales channels, channel power, customer
returns, service level, and coordination contract. +e paper
synthesizes the above factors and examines the effect of
consumer returns on ESC and consumer utility under dif-
ferent channel powers. Additionally, product pricing and
e-platform service inputs under different power structures
are decided, and an ESC coordination contract is designed in
the return environment. +e specific differences between
this paper and other studies are summarized in Table 1.

3. Model Description

In this study, an ESC consisting of a manufacturer (called
he) and an e-platform (called she) is proposed. In the
Taobao (http://www.taobao.com) platform’s basic operat-
ing mode, consumers’ purchase and return information is
conveyed and confirmed through the platform, but the
actual delivery and return logistics do not go through the
platform.+us, the model is constructed as follows. In ESC,
the manufacturer releases the product information through
e-platform, from which products can be directly sold to
consumers. For consumers, when they want to perform a
return, they can apply for a return through e-platform and
return products directly to the manufacturer. After that, the
manufacturer who received the returned product will re-
fund the full payment to the consumer. Such a sales and
return model is used extensively in JD (not self-managed),
Amazon (FBM), and Pinduoduo. At the same time, the
operational model is in line with the operational framework
of existing research [32, 69, 70]. +e model structure is
shown in Figure 1.

When a manufacturer enters an independent e-platform,
it not only defrays fixed fees such as fixed technical fees and
deposits but also pays commissions based on sales volume.
Moreover, commissions will vary depending on the brand
and type of product. Of course, the services provided by the
e-platform for manufacturers will also be different
depending on the commission. +ese services mainly in-
clude the quantity and time of advertising for products, the
quality of service for quick returns and exchanges, booths in
online stores, sales agency operation, storage services, lo-
gistics services, payment services, after-sales service, and
credit maintenance. It can be seen from the above infor-
mation that the research for commissions is more mean-
ingful than that for the fixed fee paid by the manufacturer.
+erefore, models are simplified in this paper to better
analyze e-platform’s service level. +at is, fixed costs are
ignored, while the unit commission is used as a parameter.
+e notations and assumptions used in the paper are shown
in Table 2.

4 Mathematical Problems in Engineering

http://www.taobao.com


4. Model Formulation and
Equilibrium Solutions

4.1. A Benchmark: Centralized Model. In this section, cen-
tralized decision-making is presented as a benchmark.
Under this model, manufacturer and e-platform make de-
cisions to maximize ESC profits. ESC’s decision function is

max π
p,s

� p D +(w − h)εQ − cQ − ks
2
. (1)

According to equation (1), Hessian matrix of π(p, s) is

derived as H �
z
2π/z2p z

2π/zp zs

z
2π/zs zp z

2π/z2s
􏼢 􏼣 �

− 2β c

c − k
􏼢 􏼣.

Since 2kβ − c2 > 0, the optimal solution of π(p, s) exists. +e
equilibrium solutions can be obtained by zπ/zp � 0 and
zπ/zs � 0, as shown in Table 3.

4.2. Decentralized Models. Due to the accelerated develop-
ment of network economy and communication technology,
channel power of e-platforms is growing. In recent years, a
transfer in ESC dominance from manufacturers to

e-platforms has been observed. Currently, there are two
different channel power structures in the ESC: ESC with
dominant manufacturer and ESCwith dominant e-platform.
+ese channel power structures are modeled and analyzed as
follows:

Manufacturer’s profit:

πm � (p − ρ)D +(w − h)εQ − cQ. (2)

E-platform’s profit:

πe � ρD − ks
2
. (3)

System profit of ESC:

π � p D +(w − h)εQ − cQ − ks
2
. (4)

4.2.1. Decentralized Model with Dominant Manufacturer.
If the manufacturer is more powerful, he will dominate
ESC and become the leader (first mover in decision-

Table 1: Papers that are most related to our research.

Author Online sales channels Channel power Customer returns Service level Coordination contract
Yan and Pei [60] √ √ √
Gu et al. [61] √ √ √
Xu et al. [37] √ √
Radhi and Zhang [45] √ √ √
Radhi and Zhang [3] √ √
He et al. [46] √ √
Wang et al. [38] √ √
Zhang et al. [8] √ √ √
Ma et al. [16] √ (e-platform is included) √
Li and Jiang [22] √ √ √
Taleizadeh et al. [30] √ √
Zhao et al. [52] √ √
Ke et al. [53] √ √
Wang et al. [27] √ (e-platform is included) √ √
Chun and Park [54] √ √
Liu and Ke [57] √ (e-platform is included) √
Wang et al. [33] √ (e-platform is included) √ √
Han and Wang [34] √ (e-platform is included) √ √
Wang et al. [68] √ (e-platform is included) √ √
+is paper √ (e-platform is included) √ √ √ √

Manufacturer
E-commerce 

platform Consumer

Products

Returned
products

Reverse logistics

Forward logistics

Sales informationInformation flow

Return information

Capital flow

Capital flow

Figure 1: +e model structure of ESC.
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making) in working with smaller e-platforms. In this
situation, both manufacturer and e-platform, as an in-
dependent economy, make decisions to maximize their
own benefits. Based on this, manufacturer-led Stackelberg
is formed; that is, manufacturer first determines p

according to the market demand. e-platform then decides
s.

Equilibrium solutions can be solved by the backward
induction method. Due to z2πe/zs2 � − 2k< 0, πe is a con-
cave function of s. By zπe/zs � 0, sm∗ can be obtained.
Substituting sm∗ into πm, since z2πm/zp2 � − 2β< 0, πm is a
concave function of p. Solving zπm/zp � 0, pm∗ can be
solved. +en, the equilibrium solutions of the model can be
obtained, as shown in Table 3.

4.2.2. Decentralized Model with Dominant E-Platform.
When large third-party e-platforms (Tmall, JD, Amazon,
etc.) form ESCs with small- or medium-sizedmanufacturers,
e-platforms generally dominate ESCs. In the decision-
making process, e-platform takes the lead in deciding s,
followed by manufacturer in deciding p. Based on backward
induction method (the solution is the same as 4.2.1), the
optimal decisions can be obtained in Table 3.

4.3. Comparative Analysis. In this section, the comparative
analysis of models is presented for two purposes. On the one

hand, the impact of changes in return-related parameters on
ESC decisions and profits can be obtained. On the other
hand, the impact of the channel power structure on ESC and
the volume of returns can also be explored. Comparing and
analyzing equilibrium solutions, Conclusions 1–5 can be
obtained.

Conclusion 1

(1) pc∗, pm∗, and pe∗ are positively related to ε; Dc∗,
Dm∗, and De∗ are negatively related to ε; Rc∗, Rm∗,
and Re∗ are positively related to ε; πm∗

m , πm∗
e , πe∗

m ,
πe∗

e , πc∗, πm∗, and πe∗ are negatively related to ε.
(2) sc∗ is negatively related to ε, but sm∗ and se∗ are

independent of ε.

See Appendix A for proof.
According to Conclusion 1, one has the following:

(1) In ESC, higher product return rates result in higher
sales prices, lower market demand, and higher
volume of returns, which ultimately results in
lower profits for manufacturer, e-platform, and
ESC system. +is is because the increase in the
return rate causes higher return handling fees for
the manufacturer, which results in higher total
operating costs for him. To compensate for lost

Table 2: Notations description.

Notations Description
p +e sales price of products (decision variable for manufacturer).
c +e unit production cost of products.
ρ +e unit commission paid by manufacturer.
ε +e consumer return rate. According to Ma et al. [16], 0< ε< 1.

h
+e return handling cost of the manufacturer. Referring to Xia et al. [71], assuming h<w, it means that it is profitable for the

manufacturer to process customer returns.

w
+e average salvage value of the returned products, which can be obtained through remanufacturing or secondary market sales.

Based on Chen and Chen [11], w< c.

s
+e service level of e-platform (decision variable for e-platform). According to Shen et al. [72] and Li et al. [73], the service

investment cost can be described as C(s) � ks2, where k(k> 0) is the elasticity coefficient of service investment cost.

D

+e market demand for products. Similar to Xie et al. [74] and Li et al. [75], this study assumes that the demand function is
D � α − βp + cs, in which α(α> 0) represents the maximum demand in the potential market and β(β> 0) and c(c> 0) indicate
consumers’ price preferences and consumers’ service quality preferences, respectively. Moreover, α(1 − ε)> β> c> 0, which
means that it is profitable for manufacturers to enter the market and consumers’ preference for sales price over their preference

for service level.

Q
+e actual sales of products. According to Radhi and Zhang [45] and Reimann [76], the study presumes that the actual sales

volume of product is Q � D/(1 − ε).
R Volume of returns by consumers, and R � Q − D � (εD/1 − ε).
e, m e represents the e-platform and m represents the manufacturer.

c∗, m∗, e∗
c∗ stands for centralized decision-making,m∗ stands for decentralized decision-making led bymanufacturer, and e∗ stands for

decentralized decision-making led by e-platform.
πn

i Profit of decision-maker i under n, i � e, m, n � c∗, m∗, e∗.
πn Total profit of ESC system under n, n � c∗, m∗, e∗.

Remarks

(1) Based on Chang and Yeh [77] and Scheriau, [78], the return handling cost is covered by manufacturer, and manufacturer
implements a full refund policy for consumers.

(2) During the actual operation of ESC, return orders are generally not counted as manufacturer sales.+erefore, the e-platform
calculates sales based on completed and nonreturned orders.

(3) According to Wang et al. [79], the commission is set up earlier than the ESC decision. +e commission appears as an
exogenous variable in the paper.

(4) To make the study meaningful, assume 2kβ − c2 > 0.
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profits from increased costs, the first response
from the manufacturer is to increase the products’
sales price. +is behavior will lead some price-
sensitive consumers to switch to other homoge-
neous products, thereby reducing market demand.
At this point, the change direction of the volume of
returns is not consistent with the market demand
but showing an upward trend. +is indicates that
the increase in returns is primarily caused by
higher return rates, which is a vicious increase in
returns. In addition, while the manufacturer
attempted to increase sales prices to increase
profits, the additional profits generated do not
cover profit losses due to declining market de-
mand, which ultimately leads to lower manufac-
turer profits. Meanwhile, due to the e-platform’
profit determined by the market demand, the
decrease in demand also makes the e-platform
profit decline.

(2) Under decentralized models, the return rate does not
affect service level. +is is because the e-platform’s
service level under decentralized models is deter-
mined by the level of commission, which is estab-
lished when manufacturer enters e-platform and is
not affected by the decision results. Under the
centralized model, the service level declines with
higher return rates, because e-platform and manu-
facturer make decisions to maximize system profits
at this point. When the product return rate increases,
the ESC system, in order to minimize losses, will
reduce the service cost of the e-platform, which will
lead to a lower service level.

Conclusion 2. Optimal decisions are affected by the returned
product’s average salvage value of w as follows:

(1) pc∗, pm∗, and pe∗ are negatively related to w; Dc∗,
Dm∗, and De∗ are positively related to w; Rc∗, Rm∗,
and Re∗ are positively related to w; πm∗

m , πm∗
e , πe∗

m ,
πe∗

e , πc∗, πm∗, and πe∗ are positively related to w.
(2) sc∗ is positively related to w, but sm∗ and se∗ are

independent of w.

+e proof is similar to Conclusion 1.
According to Conclusion 2, one has the following:

(1) In ESC, higher salvage value of returned products
results in lower sales prices, higher market demand,
and volume of returns, which ultimately results in
higher profits for manufacturer, e-platform, and ESC
system.+is is because of the lower salvage value; the
greater the profit loss caused by the return behavior
to the manufacturer, the higher the sales price to
compensate for the manufacturer’s profit loss.
Conversely, the higher the salvage value, the more
the manufacturers cut prices to expand sales vol-
umes. With a stable return rate, an increase in
market demand will also lead to an uptick in the
volume of returns, but this benign rise of returns will

not reduce manufacturer profits. Meanwhile, both
manufacturers and e-platforms will be more prof-
itable due to the increase in the actual sales of
products.

(2) Under decentralized models, the returned prod-
uct’s salvage value has no impact on the service
level of e-platform. Differently, the service level
increases with increasing salvage value in the
centralized model. +is is because, in the actual
ESC operation, the commission is made in advance
of the decision-making, and e-platform has no
motivation to increase service inputs in the de-
cision-making process. But when e-platforms
work closely with manufacturers to reach cen-
tralized decisions, they make decisions to maxi-
mize ESC profits. At this point, the higher salvage
value of the returned products brings higher
profits to ESC, and the ESC system has an incentive
to improve the service level.

Conclusion 3. Optimal decisions are affected by the return
handling cost h as follows:

(1) pc∗, pm∗, and pe∗ are positively related to h; Dc∗,
Dm∗, and De∗ are negatively related to h; Rc∗, Rm∗,
and Re∗ are negatively related to h; πm∗

m , πm∗
e , πe∗

m ,
πe∗

e , πc∗, πm∗, and πe∗ are negatively related to h.

(2) sc∗ is negatively related to h, but sm∗ and se∗ are
independent of h.

+e proof is similar to Conclusion 1.
According to Conclusion 3, one has the following:

(1) In ESC, higher return handling cost leads to higher
sales prices, lower market demand, and volume of
returns, which ultimately results in lower profits for
manufacturer, e-platform, and ESC system. +is
shows that when the return handling cost is higher,
manufacturer will transfer part of the return han-
dling cost to consumers by raising sales price, which
is unfavorable to consumers. +is “cost transfer”
phenomenon will cause a reduction in market de-
mand, which will lead to a nonbenign reduction in
the volume of returns. Further, lower market de-
mand will also lead to lower profits for ESC
members.

(2) Under decentralized models, the return handling
costs have no impact on the service level of e-plat-
form. Differently, the service level decreases with
increasing the return handling costs in the central-
ized model. +is is the same as the genesis of
Conclusions 1 and 2; that is, the service level is only
affected by commissions, which are designated in
advance of decisions. However, under centralized
decision-making, ESCs will reduce the service level
to avoid further profit loss due to lower market
demand and higher production operating costs in
ESC.
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Conclusion 4. Optimal decisions are affected by the con-
sumers’ service quality preferences c as follows:

(1) pc∗, pm∗, pe∗, sm∗, se∗, sc∗, Dc∗, Dm∗, De∗, Rc∗, Rm∗,
Re∗, πc∗, πm∗, and πe∗ are positively related to c.
Meanwhile, (zsc∗/zc)> (zsm∗/zc)> (zse∗/zc).

(2) πm∗
m and πe∗

m are positively correlated with c, and
(zπm∗

m /zc)> (zπe∗
m /zc); πe∗

e is positively correlated
with c, but πm∗

e is not affected by c.

+e proof is similar to Conclusion 1.
According to Conclusion 4, one has the following:

(1) Regardless of decision-making models, increased
consumers’ service quality preferences will result in
the increased sales price, service level, market de-
mand, and volume of returns, ultimately increasing
the profitability of the ESC. +is is due to the direct
link between consumers’ service quality preferences
and the e-platform’s user scale. +us, e-platform
improving her service level can increase the likeli-
hood of consumers buying through e-platform.
Further, the increase in market demand caused a
positive growth in the volume of returns. At the same
time, increased consumer service sensitivity makes
consumers relatively less price-sensitive, so the
manufacturer will raise sales prices to capture ad-
ditional revenue. Ultimately, the profitability of the
ESC system has been enhanced by the expansion of
market demand and increased sales prices. Addi-
tionally, the service level on centralized decision-
making is the most sensitive to the market response,
which is the same as previous conclusions. It should
be noted that the service level when manufacturers
dominate ESC is more catering to consumers’
service quality preferences than that when e-plat-
forms dominate ESC. +is is because ESC domi-
nators prefer to ask followers to make efforts to
improve supply chain performance, rather than to
increase their own input. As a result, the dominant
manufacturer will require the e-platform to increase
service investments in response to increased con-
sumers’ service quality preferences. And when the
e-platform dominates ESC, she prefers to attract
consumers by asking the manufacturer to cut sales
prices.

(2) Under both channel power structures, the im-
provement in consumers’ service preferences can
boost manufacturer’s profit, and higher profit
growth for manufacturer is obtained when he
dominates ESC. However, for the e-platform, she
cannot profit from consumers’ service quality
preferences when the manufacturer dominates ESC.
Only when the e-platform has channel dominance
can she increase revenue from increased consumer’s
service preferences. Combined with Conclusion 4
(1), it can be found that the following e-platform
increases her service investment, but in allocating the

additional profits from the increased consumer’s
service preferences, she can only receive the part
equivalent to her increased service cost, which
cannot achieve the profit increase for the following
e-platform. For the manufacturer, he can profit from
consumer’s service quality preferences under both
power structures. +is is because the manufacturer
does not need to put up money for increased service
level but benefits from increased market demand. Of
course, the larger the manufacturer’s channel power,
the greater his profit from increased consumer’s
service quality preferences.

Conclusion 5. +e results of the equilibrium solution
comparison are as follows:

(1) pc∗ >pm∗ >pe∗, sc∗ > sm∗ > se∗, πm∗
m > πe∗

m , and
πm∗

e < πe∗
e .

(2) Dm∗ >De∗, Rm∗ >Re∗, and πc∗ > πm∗ > πe∗.

See Appendix B for proof.
According to Conclusion 5, one has the following:

(1) Product’s price and e-platform’s service level are
highest in centralized decision-making and lowest
under decentralized decision-making with dominant
e-platform. +at is in accordance with previous
findings [33, 34] that the dominant manufacturers
will use priority decision-making power to make
decisions that maximize their own benefits. +e
manufacturer can use his dominance to raise sales
price and force e-platform to improve service level.
Similarly, when e-platform dominates ESC, e-plat-
form will decrease the service level to reduce her
operating costs. Not only that, but she will also in-
duce manufacturer to cut sales prices, ultimately
achieving the goal of expanding the customer base
and increasing profits.
In summary, the dominant enterprise, whether it is
the manufacturer or the e-platform, will have a de-
cision-making advantage in cooperation, which can
increase their own profits.+erefore, ESC participants
are reluctant to lose dominant power, which will
result in a power struggle between them and even
further lead to the breakdown of partnership and the
disruption of ESC. As an example, China’s liquor
e-platform, Jiuxian (http://www.jiuxian.com), offered
Maotai Liquor at below-market prices without per-
mission, prompting dissatisfaction among Maotai
manufacturers, who eventually stopped selling their
products on Jiuxian (http://it.southcn.com/9/2014-
03/29/content_96281574.htm). Apparently, the strife
between Maotai manufacturers and Jiuxian stems
from the struggle for dominant power.

(2) Market demand and the volume of returns are higher
in the manufacturer-dominated decentralized
model. +e increased service level is an important
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reason for higher market demand when the manu-
facturer dominates ESC. Meanwhile, when product
return rates are stable, elevated demand will increase
the volume of returns, but this benign increase in
returns has no negative impact on either ESC
members or system profits. +erefore, the system is
more profitable when the manufacturer dominates
ESC. Additionally, the centralized model prevents
double marginal effects, so the system profit reaches
the highest under this model.

5. Extension: Consumer Utility Analysis

We have also noticed that more and more consumers are
forming return habits [16]. Is the act of returns necessarily
beneficial to consumer themselves? Do ESC’s different de-
cision-making models and power structures affect consumer
utility? How does the e-platform’s service level affect con-
sumer utility? To address the above issues, an extended
model of consumer utility is proposed in this paper.

Suppose that when the customer determines to purchase
the product, he will first make a judgment about the
product’s basic utility θv, and then he needs to pay pi∗(i �

c, m, e) through the e-platform for the product, where
θ(0≤ θ≤ 1) represents the probability of suitable products
and v(v≥ 0) is per-unit-of-product valuation, which is

consistent with the assumptions of Zhang et al. [21] and Yan
et al. [35].

+e service level affects consumer utility by affecting the
consumer shopping experience [80, 81]. +erefore, drawing
on Yan et al. [35], the positive impact of service level on
consumer utility is cs.

Meanwhile, returns will incur implicit costs to con-
sumers, including psychological costs of consumer
waiting times for online shopping, price losses resulting
from missed promotions, time costs for repurchasing, and
so on. Following Wang and Huang [82] and Zhang et al.
[83], the paper assumes that t(t≥ 0) is the unit implicit
cost of the consumer’s return (hereafter called consumer
return cost).

Based on assumptions in Section 3, the manufacturer
will provide a full refund to consumers who file a return
request and will bear the corresponding return costs. In the
hypothesis of Ma et al. [16], there are two parts to the
consumer utility created by unsuitable products: the first
part is the refund ε(1 − θ)pi∗ generated by the returned
goods and the other part is the residual value (1 − ε)(1 − θ)g

of the unreturned goods (where g represents the average
revenue gained from the resale of the unsuitable goods and
0<g< v). At this point, the consumer return cost is
expressed as ε(1 − θ)t in the utility function, and the con-
sumer utility is

U
i∗

� θv − p
i∗

+ ε(1 − θ) p
i∗

− t􏼐 􏼑 +(1 − ε)(1 − θ)g + cs
i∗

, i � c, m, e. (5)

In this paper, as a simplified model, it is assumed that
consumers will choose to return the product when they
think it is not suitable; namely,

U
i∗

� (1 − ε)v − p
i∗

+ ε p
i∗

− t􏼐 􏼑 + cs
i∗

, i � c, m, e. (6)

By comparing the consumer utility under the above
decision-making models, the following conclusions can be
obtained.

Conclusion 6. +e impact of the return rate ε on consumer
utility depends on the decision mode and consumer’s return
cost t (the consumer’s return cost thresholds for centralized
model, manufacturer-led decentralized model, and e-plat-
form-led decentralized model are ti∗

0 , i � c, m, e).

(1) Under centralized model, when t< tc∗
0 , the consumer

utility first grows and then declines as ε increases,
with the maximum consumer utility obtained at
ε � ε0, where tc∗

0 � [2kα − (2kβ − c2)( h + v − w) −

2kβv](1 − ε) 2 − (c + h − w)βc2/ (4kβ − c2) (1 − ε)2.
When t> tc∗

0 , the consumer utility decreases with the
increase of ε.

(2) Under decentralized model, when t< ti∗
0 , the con-

sumer utility increases with ε. When t> ti∗
0 , the

consumer utility decreases with ε, where tm∗
0 � c2ρ +

2k[α + β(w + ρ − h − 2v)]/4kβ and te∗
0 � c2ρ + 4

k[α + β(− h − 2v + w + ρ)]/8kβ.

(3) tc∗
0 > tm∗

0 > te∗
0 .

See Appendix C for proof.
According to Conclusion 6, one has the following:

(1) Under the centralizedmodel, if consumer return cost
is low, consumer’s utility first rises and then falls as
return rate increases. On one hand, it is shown that
return behavior is not always beneficial to consumers
in the context of centralized decision-making
achieved by ESC. Consumers can only profit from
return behavior if the return rate is below a defined
level. On the other hand, this indicates that con-
sumers have an incentive not to engage in malicious
returns. And when the ESC achieves coordination,
consumers will voluntarily maintain the return rate
at a certain level to maximize their own utility. If
consumer return cost is higher, the return behavior
will reduce the consumer’s utility. At this point, ESC
members should ensure the authenticity of product
descriptions on the platform and guarantee product
quality to minimize consumer returns, which can
reduce the loss of customer utility.

(2) Under decentralized models, when consumer return
cost is low, consumer utility is positively related to
product return rate, and conversely, consumer utility
is negatively related to return rate. Returns can in-
crease consumers’ fault tolerance when purchasing
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goods and give them shopping security. However,
when the consumer return cost is high, consumers
will suffer a loss of utility from their return behavior.
As an example, during China’s Double 11 Shopping
Festival, the Taobao will offer a 7-day no-excuse
return service and freight insurance. However, many
consumers still feel a loss of utility from returns,
which is due to the high consumer return cost at that
time. On the one hand, the dramatic increase in
orders during the Double 11 period has caused lo-
gistics delays, exacerbating the hidden costs of
consumer logistics waiting. On the other hand, after
the return of the product, consumers can no longer
enjoy the Double 11 promotional activities, which
also increases the return cost of consumers.

(3) Consumers are most likely to benefit from returns
when decisions are made centrally, and consumers
are more likely to benefit from returns in decen-
tralized decision where manufacturer dominates
ESC than where e-platform dominates ESC. +is is
because ESC is most efficient under the centralized
model, wheremembers respond quickly to consumer
returns and the service reaches the highest. In ad-
dition, consumers are more likely to profit from
returns when manufacturers dominate ESCs com-
pared to e-platforms, which is caused by higher
service levels at this time.

Conclusion 7. When 2β + ε − 1> 0, Um∗, Ue∗, and Uc∗ are
positively related to c. When 2β + ε − 1< 0, Um∗, Ue∗, and
Uc∗ are negatively related to c.

+e proof is similar to Conclusion 6.
On the one hand, if the product return is low, higher

consumer’s service quality preferences will enhance con-
sumer utility when consumers have a high price preference.
+is reflects a positive link between the two types of con-
sumer preferences, and an ESC with a lower return rate
should meet consumer demands in terms of both price and
service. Additionally, when the volume of returns is high,
increased consumer’s service quality preferences can have a
positive impact on consumer utility even if consumers have
lower price preferences.+is is because ESC has a full refund
policy; consumers who return goods cannot get a utility
boost from the price, only from the service in the purchase.
At this point, the higher the consumer’s service quality
preference, the greater the consumer utility.

Conclusion 8. Uc∗ >max Um∗, Ue∗{ }. When 2β + ε − 1> 0,
Um∗ >Ue∗.

+e proof is similar to Conclusion 5.
Consumer utility is highest under the centralized

model, while consumer utility under different channel
powers of decentralized models depends on both con-
sumers’ price preferences and return rate. +is is because
under the centralized model, ESC members work together
to enhance the consumer’s shopping experience to
compensate for the utility loss. For decentralized models,
when return rate is stable and consumer’s price preference

is high, greater consumer utility is obtained when man-
ufacturer dominates ESC. +is is due to higher return
prices (selling prices) in the manufacturer-dominated
ESC model, which allows consumers to derive more utility
from the act of returns. When consumer’s price prefer-
ence is stable and return rate is high, greater consumer
utility is obtained when manufacturer dominates ESC.
+is is because the benefits for returning consumers are
mainly derived from the service of the e-platform, while
service level is higher when manufacturer dominates ESC
by Conclusions 4 and 5.

It can be concluded from Conclusions 1–8 that cen-
tralized decision-making can simultaneously maximize ESC
efficiency and consumer utility. However, centralized de-
cision-making needs to be achieved through the coordi-
nation mechanism. +erefore, in Section 6 of this paper, the
return handling costs and commissions are considered, and
new coordinationmechanisms are designed to optimize ESC
profits and maximize consumer utility.

6. Coordination Mechanism

In this section, the “return cost-sharing and commission
readjusting” contract is designed to deliver Pareto im-
provements in decentralized decisions. +e concept of
contract is that the manufacturer pays higher commissions
to the e-platform to cement the ESC partnership and in-
crease the e-platform’s profitability. Meanwhile, the
e-platform proactively shares a portion of manufacturers’
return handling costs to reduce the financial pressure on
manufacturers from consumer returns. In the “return cost-
sharing and commission readjusting” contract, assume that
manufacturer pays commission ρ and e-platform shares the
return processing costs in proportion u.

Manufacturer profit function:

πm � p D − ρD + wεQ − cQ − (1 − u)hεQ. (7)

E-platform profit function:

πe � ρD − ks
2

− uhεQ. (8)

Conclusion 9. Under the “return cost-sharing and com-
mission readjusting” contact, if (ρ, u) satisfies
ρ � (1 − φ)p + (1 − φ)(wε − c)/1 − ε + φks

2/D
u � (1 − φ)

􏼨 , 0<φ< 1,

the contract can achieve ESC coordination, in which φ is the
coordination factor, which indicates the bargaining power of
manufacturer. +e larger φ, the more the profit manufac-
turer shares after coordination and the less the profit
e-platform shares and vice versa.

See Appendix D for proof.
To ensure the effectiveness of coordination, the feasible

conditions of the compact are explored as follows:

(1) Under the decentralized model with the dominant
manufacturer, the condition for acceptance of
“return cost-sharing and commission readjusting”
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contract by manufacturer and e-platform is as fol-
lows: the profit of both parties after coordination is
not less than their profit before coordination; that is,
πm ≥ πm∗

m , πe ≥ πm∗
e must be guaranteed.+e collation

gives that the effective range of φ is
(πm∗

m /πc∗)≤φ≤ 1 − (πm∗
e /πc∗). So φ meets

φ ∈
4kβ − c

2
􏼐 􏼑 c

2ρ + 2kα􏼐 􏼑(1 − ε) + 2kβ(wε + ρε − hε − c − ρ)􏽨 􏽩
2

16k
3β[α(1 − ε) + β(wε − hε − c)]

2
⎡⎢⎢⎢⎣ ,

1 −
4kβ − c

2
􏼐 􏼑(1 − ε)ρ[α(1 − ε) + β(wε + ρε − hε − c − ρ)]

2k[α(1 − ε) + β(wε − hε − c)]
2

⎤⎦.

(9)

(2) Under decentralized decision-making with domi-
nant e-platform, coordinated profits of ESC partic-
ipants are no less than their precoordination profits;
that is, πm ≥ πe∗

m , πe ≥ πe∗
e must be guaranteed. +e

collation gives that the effective range of φ is
(πe∗

m /πc∗)≤φ≤ 1 − (πe∗
e /πc∗). So φ also meets

φ ∈
c
2ρ + 4kα􏼐 􏼑(1 − ε) + 4kβ(wε + ρε − hε − c − ρ)􏽨 􏽩

2
4kβ − c

2
􏼐 􏼑

64k
3β[α(1 − ε) + β(wε − hε − c)]

2
⎡⎢⎢⎢⎣ ,

1 −
ρ2c2

+ 8kαρ􏼐 􏼑(1 − ε) + 8kβρ(wε + ρε − hε − c − ρ) 4kβ − c
2

􏼐 􏼑(1 − ε)

16k
2
[α(1 − ε) + β(wε − hε − c)]

2
⎤⎦.

(10)

Proposition 1. u is negatively correlated with φ.
;e proof is similar to Conclusion 1.

Under the coordination mechanism, as u increases,
the proportion φ of the system profits shared by manu-
facturer will decrease, and the proportion 1 − φ of the
system profits shared by e-platform will increase. +at is,
the higher the return handling costs borne by the
e-platform, the higher her share of the ESC profits.
+erefore, by using the contract of “return cost-sharing
and commission readjusting,” the e-platform’s initiative
and enthusiasm to share the manufacturer’s return
handling costs will be greatly improved, and the e-plat-
form’s commitment to return costs has increased her own
profits. For manufacturer, the e-platform’s behavior of
sharing the return cost eases the financial burden on the
manufacturer, which strengthens his willingness to co-
operate with e-platform. +e above fully illustrate the
practicality of the “joint commission return cost-sharing”
contract.

7. Numerical Analysis

7.1. Numerical Analysis of Models

7.1.1. Numerical Analysis of Optimal Decisions. To further
analyze equilibrium solutions, numerical examples are
used in this section. Based on Shen and Wang [84] and
Wang et al. [68], this paper assumes that α � 500, β � 1,
c � 0.5, k � 0.5, c � 100, w � 60, h � 10, and ρ � 20. +is
subsection discusses the effect of return rate on ESC
decisions and profit, taking ε as the dependent variable
and ε ∈ [0.2, 0.8]. +e results for different models are
presented in Figures 2–4.

Conclusions 1–5 can be verified by Figures 2–4, and the
following conclusions can also be drawn:

(1) As the return rate increases, sales price, market
demand, the volume of returns, and profits for
manufacturer, e-platform, and system change
more and more rapidly. +is is because when the
return rate increases, the manufacturer compen-
sates for lost profits by raising sales price. +e
higher the return rate, the more the profit that
needs to be made up through higher prices, but the
fewer the consumers that are bearing the higher
prices. +is causes the sales price to rise sharply,
which results in a steep decline in market demand.
Ultimately, this vicious cycle leads to a drastic
increase in lost profits for the manufacturer, the
e-platforms, and the ESC system.

(2) Compared to decentralized decisions, the slightly
higher sales price but much higher service level
under the centralized model leads to market demand
and ESC profits reach highest under centralized
decisions. Furthermore, as the return rate rises, the
gap between centralized and decentralized decisions
on demand and ESC profits gradually shrinks, which
is caused by consumer returns shrinking the profit
space of ESC.

From the conclusions and numerical simulation results,
it can also be concluded that the manufacturer-led decen-
tralized decision is better than e-platform-led decentralized
decision. +at is, the power structure dominated by
e-platform under decentralized decision is not conducive to
the operation of ESC. But in reality, there are many powerful
e-platforms with channel power, such as Amazon (http://
www.amazon.com), ebay (http://www.ebay.com), and Tmall

12 Mathematical Problems in Engineering

http://www.amazon.com
http://www.amazon.com
http://www.ebay.com


(http://www.Tmall.com).+e reasons for this situation are as
follows.

+e rapidly developing Internet economy has gradually
made e-platforms because of reliable information centers and
trading platforms. Currently, many powerful e-platforms have
formed a loyal customer base, which becomes their advantage
in the channel competition. In addition, the role of e-platforms
is gradually coming to the fore as manufacturers can greatly
reduce the intermediate costs of sales through e-platforms for
direct sales. For manufacturers, most of them cannot afford to
build their own online sales channels due to high costs and long
construction cycles, so they have to choose to enter e-platforms
to cater to online consumers.

However, the increased dominance of e-platform is
detrimental to ESC’s long-term growth. +erefore, the fol-
lowing manufacturers should enhance their channel power
through certain strategies, such as enhancing their brand
power, building a good corporate image, strengthening
communication with e-platforms, and seeking ways to grasp
market information. From Conclusion 5, when the manu-
facturer takes control of the channel, the volume of product
returns is higher, although the system operates more effi-
ciently. +erefore, for manufacturers in control of the
channel, improving quality management systems, enhancing
product compatibility and ease of use, and working to reduce
the volume of product returns are urgent issues to be
addressed.

Meanwhile, the study also finds that higher return rates
can set off a vicious cycle that hurts both consumers and
ESCs. +erefore, manufacturers and e-platforms need to
cooperate closely to ensure that product return rates are kept
within a low range. For manufacturers, on the one hand,
they need to control the production, storage, and trans-
portation of their products more carefully to prevent
product quality problems. On the other hand, they also need
to stabilize sales prices within a reasonable range to meet
consumers’ price preferences. For e-platforms, they need to
enhance service levels to improve consumer utility during
shopping and return process. As an example, e-platforms
such as Tmall and JD provide protection services such as

“lightning delivery” and “online dispute resolution platform
for transactions.”

7.1.2. Numerical Analysis of Consumer Utility.
Considering consumer utility, assume that α � 400, β � 1,
c � 2, k � 2, c � 100, w � 60, h � 10, ρ � 20, v � 150, and
ε ∈ [0.2, 0.8]. With t � 50 and t � 100, respectively, con-
sumer utility varies with return rate as shown in Figure 5.

Further, assume α � 500, k � 2, c � 100, w � 60, h � 10,
ρ � 20, v � 1000, and t � 20, taking c as the dependent
variable and c ∈ [0.1, 0.3]. Suppose 2β + ε − 1< 0 (taking
β � 0.3; ε � 0.1) and 2β + ε − 1> 0 (taking β � 1; ε � 0.1),
respectively; consumer utility varies with consumer’s service
quality preferences as shown in Figure 6.

Conclusions 6–8 are validated in Figures 5 and 6, and it
can be seen that consumer utility is influenced by the
consumers’ return costs and the consumers’ service quality
sensitivity. Consumer utility is more significantly influenced
by consumers’ service quality sensitivity when manufacturer
dominates ESC. Moreover, consumer utility is consistently
highest under centralized model, and the gap of consumer
utility between centralized model and decentralized models
is large. +us, centralized decision-making is beneficial for
both ESCs and consumers.

7.2. Numerical Analysis of the Coordination Mechanism.
Assuming α � 500, β � 1, c � 0.5, k � 0.5, c � 30, w � 60,
h � 10, ρ � 20, and ε � 0.3, the following results can be
obtained by calculation:

(1) Under the decentralized model with the dominant
manufacturer, before coordination of “return cost-
sharing and commission readjusting,” the commission
is ρ � 20, manufacturer’s profit is πm∗

m � 53725, and
e-platform’s profit is πm∗

e � 4586. After coordination,
the range of change in commission, manufacturer’s
profit, and e-platform’s profit is ρ ∈ (53.67, 78.03),
πm∗

m ∈ (53659, 60202), and πm∗
e ∈ (5235, 11779),

pc∗
pm∗

pe∗

ε

300

350

400

0.2 0.4 0.6 0.8

(a)

sc∗
sm∗

se∗

ε

0

50

0.2 0.4 0.6 0.8

100

(b)

Figure 2: Changes in Decision Variables with ε. (a) Changes in sales price. (b) Changes in service level.
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Figure 3: Changes in market demand and volume of returns with ε. (a) Changes in market demand. (b) Changes in volume of returns.
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Figure 4: Changes in profits with ε. (a) Changes in ESC’s profit. (b) Changes in manufacturer’s profit. (c) Changes in E-platform profit.
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Figure 5: Changes in consumer utility with ε. (a) t � 50. (b) t � 100.
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Figure 7: Comparison before and after coordination with dominant manufacturer. (a) Changes in commission. (b) Changes in profits.
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respectively. As the coordination coefficient
φ(φ ∈ (0.82, 0.92)) increases, the change in commis-
sion and member profits before and after coordination
is shown in Figure 7.

(2) Under the decentralized model with dominant
e-platform, before coordination, commission,
manufacture’s profit, and e-platform’s profit are
ρ � 20, πe∗

m � 53147, and πe∗
e � 4598, respectively.

After coordination, the range of change in com-
mission, manufacturer’s profit, and e-platform’s
profit is ρ ∈ (53.67, 78.03), πm∗

m ∈ (53659, 60202),
and πm∗

e ∈ (5235, 11779), respectively. As the
coordination coefficient φ(φ ∈ (0.82, 0.92)) in-
creases, the change in commission and member
profits before and after coordination is shown in
Figure 8.

+e following conclusions can be drawn from Figures 7
and 8.

As coordination factor φ increases, the commissions
paid by manufacturer to e-platform, although gradually
decreasing, are always higher than that before coordi-
nation. By adjusting commissions, ESC achieves a re-
distribution of profits, which demonstrates the feasibility
of using commissions as a profit adjustment tool for
coordination mechanisms. In addition, the profits of the
e-platform after coordination, while decreasing with the
increase of φ, are always higher than her profits before
coordination. Likewise, manufacturers have earned
higher profits through coordination.

8. Conclusions

Considering the serious return problems of ESCs and
considering the different channel power structures, ESC
composed of a manufacturer and an e-platform is con-
structed. +e paper examines the impact of channel struc-
tures and consumer returns on ESC. Moreover, this paper

establishes an extended model of consumer utility, studies
the impact of return rates and consumer service preferences
on consumer utility, and seeks a balance between system
performance and consumer utility. Finally, the return
handling cost and commissions are considered, and new
coordination mechanisms are designed to optimize ESC
profits and maximize consumer utility. +e main conclu-
sions are listed as follows:

(1) Consumer return rates, salvage value of returned
products, and return handling cost all have signifi-
cant impacts on ESC. In ESC, higher product return
rates result in higher sales prices, lower market
demand, and higher volume of returns, which ul-
timately results in lower profits for manufacturer,
e-platform, and ESC system. Second, the higher the
salvage value, the lower the sales price, the greater the
market demand, and the more profitable the ESC.
Additionally, higher return handling costs can result
in higher sales price and lower market demand,
which adversely affects ESC.

(2) In centralized decision-making, the service level is
inversely proportional to consumer return rates and
the return handling costs and proportional to the
salvage value of returned products. Under decen-
tralized decisions, return rate does not affect service
level of e-platform (different from [28]). Increasing
consumers’ service preferences will promote product
prices and service level (unlike [29]) and increase
market demand and ESC profitability (unlike [30]).
Moreover, the effect of consumers’ service prefer-
ences on the manufacturer’s profits and the e-plat-
form’s profit depends on the channel power
structures. Under both channel power structures, an
increase in consumers’ service quality preferences
can increase manufacturer’s profit, and the increase
in profits is greater when manufacturer dominates
ESC. However, for the e-platform, she cannot profit
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Figure 8: Comparison before and after coordination with dominant E-platform. (a) Changes in commission. (b) Changes in profits.
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from consumers’ service quality preferences when
the manufacturer dominates ESC.

(3) Under different power structures, the profits of the
dominant enterprise are higher than the following
enterprise.+is is because the dominant enterprises will
use priority decision-making power to make decisions
that maximize their own benefits. Additionally, when
the manufacturer dominates ESC, market demand and
system profit are relatively high because the dominant
manufacturer forces the e-platform to increase service
level.

(4) +e impact of the return rate on consumer utility
depends on two factors: the decision-making mode and
the consumers’ hidden cost of returns. Under cen-
tralized decision-making, ESC efficiency optimization
and consumer utility maximization can be achieved
simultaneously. Under the different channel powers of
decentralized decision-making, the impact of channel
structure and consumer’s service quality preference on
consumer utility is determined by consumer’s price
preference and return rate. When return rate is stable
and consumer’s price preference is high, consumer’s
service quality preference will have a positive impact on
consumer utility. At this time, the consumer utility is
higher when the manufacturer dominates ESC.

(5) For ESCs with consumer returns, the paper uses both
commissions and return handling costs as adjust-
ment tools to design a new “return cost-sharing and
commission readjusting” contract. +e more
e-platform pays for the handling costs, the higher the
profit she earns after coordination. +e contract
maximizes ESC efficiency and consumer utility.

+rough the conclusions of the paper, the following
management insights can be presented:

(1) For manufacturers, the first step is to invest more
in the technology for handling returned products
to reduce the unit cost of returns, which not only
meets environmental requirements but also in-
creases the profitability of ESC. Second, manu-
facturers need to control the production, storage,
and transportation of their products more care-
fully to prevent product quality problems, which
can increase their channel power. Moreover,
whether or not manufacturers dominate ESCs,
they should not compensate for their lost profits
by increasing sales prices, because this approach
leads to a decrease in market demand, resulting in
greater profit loss and a vicious cycle.

(2) For e-platforms, first, their service level should not be
completely limited by the size of the commissions
but should cater to consumer’s service quality
preferences to increase platform traffic and revenue.
Particularly for products with high return rates,
improvements in the service levels can have a sig-
nificant impact on the increase in consumer utility.
Second, when e-platforms dominate ESCs, they
should not require manufacturers to significantly

reduce their prices to attract consumers (a common
phenomenon during online shopping festivals). On
the contrary, e-platforms should strengthen coop-
eration with manufacturers, which can not only
enhance their own and manufacturers’ profits but
also increase the utility of platform users, forming a
win-win situation.

However, the paper only examines a single-stage ESC
composed of a manufacturer and an e-platform. In real
life, manufacturers often remanufacture and resell their
returned products after receiving them, while consumers
can also resell used products directly through the plat-
form. How these behaviors affect ESC decisions and
consumer utility and how coordination mechanisms can
be designed to accommodate more complex operational
situations will be explored in subsequent research.

Appendix

A. Proof of Conclusion 1

Proof. Under centralized model,

zp
c∗

zε
�

(c + h − w) 2kβ − c
2

􏼐 􏼑

4kβ − c
2

􏼐 􏼑(1 − ε)2
> 0,

zs
c∗

zε
� −

(c + h − w)βc

4kβ − c
2

􏼐 􏼑(1 − ε)2
< 0,

zD
c∗

zε
� −

2k(c + h − w)β2

4kβ − c
2

􏼐 􏼑(1 − ε)2
< 0,

zR
c∗

zε
�
2kβ[α(1 − ε) + 2βε(w − h) − βc(1 + ε)]

4kβ − c
2

􏼐 􏼑(1 − ε)3
> 0,

zπc∗

zε
� −

2kβ(c + h − w)[α(1 − ε) + βε(w − h) − βc]

4kβ − c
2

􏼐 􏼑(1 − ε)3
< 0.

(A.1)

+e same can be proved,
(zpm∗/zε)> 0, (zsm∗/zε) � 0, (zDm∗/zε)< 0,

(zRm∗/zε)> 0, (zπm∗
m /zε)< 0, (zπm∗

e /zε)< 0, (zπm∗/zε)< 0;
(zpe∗/zε)> 0, (zse∗/zε) � 0, (zDe∗/zε)< 0, (zRe∗/zε)> 0,
(zπe∗

m /zε)< 0, (zπe∗
e /zε)< 0, and (zπe∗/zε)< 0. □

B. Proof of Conclusion 5

Proof

(1) pc∗ − pm∗ � (2kc2α + c4ρ − 2kc2βρ − 8k2β2ρ)(1 −

ε) + 2kc2βε(w − h) − 2kc2βc/4kβ(4kβ − c2) (1 − ε)> 0,

pm∗/pe∗ � 2c2ρ(1 − ε) + 4k[α(1 − ε) − β(wε + ρε − hε −

c − ρ)]/c2ρ(1 − ε) + 4k[α(1 − ε) − β(wε + ρε − hε − c −

ρ)] > 1; therefore, pc∗ >pm∗ >pe∗.
+e same can be proved, sc∗ > sm∗ > se∗.
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(2) Dc∗ − Dm∗ � (2kc2α + 8k2β2ρ + c4ρ − 6kc2βρ)(1 −

ε) + 2kc2βε(w − h) − 2kc2βc/4k(4kβ− c2)(1 − ε)> 0,
Dm∗ − De∗ � (c2ρ/8k)> 0; therefore, Dc∗ >Dm∗ >De∗.

+e same can be proved, Rc∗ >Rm∗ >Re∗, πm∗
m > πe∗

m ,
πm∗

e < πe∗
e , πc∗ > πm∗ > πe∗. □

C. Proof of Conclusion 6

Proof. (1) Under centralized model,

zU
c∗

zε
�

2kα − 2kβ − c
2

􏼐 􏼑(h + t + v − w) − 2kβ(t + v)􏽨 􏽩(1 − ε)2 − c
2β(c + h − w)

4kβ − c
2

􏼐 􏼑(1 − ε)2
, (C.1)

when

t
c∗
0 <

2kα − 2kβ − c
2

􏼐 􏼑(h + v − w) − 2kβv􏽨 􏽩(1 − ε)2 − (c + h − w)βc
2

4kβ − c
2

􏼐 􏼑(1 − ε)2
.

(C.2)

By solving (zUc∗/zε) � 0,

ε0 �
2kα − (h + t + v − w) 2kβ − c

2
􏼐 􏼑 − (t + v)2kβ +

�������������������������������������������������
βc

2
(c + h − w) 2kα − (h + t + v − w) 2kβ − c

2
􏼐 􏼑 − (t + v)2kβ􏼐 􏼑

􏽱

2k(α − (h + 2t + 2v − w)β) +(h + t + v − w)c
2

(C.3)

can be obtained.
When

t
c∗
0 >

2kα − 2kβ − c
2

􏼐 􏼑(h + v − w) − 2kβv􏽨 􏽩(1 − ε)2 − (c + h − w)βc
2

4kβ − c
2

􏼐 􏼑(1 − ε)2
,

(C.4)

(zUc∗/zε)< 0.
(2) Under decentralized model,

zU
m∗

zε
�
2k[α − β(h + 2t + 2v − w − ρ)] + c

2ρ
4kβ

(C.5)

when

t
m∗
0 <

c
2ρ + 2k[α + β(w + ρ − h − 2v)]

4kβ

zU
m∗

zε
> 0.

(C.6)

when

t
m∗
0 >

c
2ρ + 2k[α + β(w + ρ − h − 2v)]

4kβ
,

zU
m∗

zε
< 0,

zU
e∗

zε
�
4k[α − β(h + 2t + 2v − w − ρ)]c

2ρ
8kβ

(C.7)

when

t
e∗
0 <

c
2ρ + 4k[α + β(− h − 2v + w + ρ)]

8kβ
,

zU
e∗

zε
> 0

(C.8)

when

t
e∗
0 >

c
2ρ + 4k[α + β(− h − 2v + w + ρ)]

8kβ
,

zU
e∗

zε
< 0.

(C.9)

(3) tm∗
0 − te∗

0 � (c2ρ/8kβ)> 0. Similarly, tc∗
0 − tm∗

0 > 0.
+erefore, tc∗

0 > tm∗
0 > te∗

0 . □

D. Proof of Conclusion 9

Proof. Under the “return cost-sharing and commission
readjusting” contact, when (ρ, u) satisfies

ρ � (1 − φ)p +
(1 − φ)(wε − c)

1 − ε
+
φks

2

D

u � (1 − φ)

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

, 0<φ< 1,

(D.1)
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whether the manufacturer dominates ESC or the e-platform
dominates ESC, both subjects make decisions to maximize
their own profits. At this point,

πm � p D − ρD + wεQ − cQ − (1 − u)hεQ � φπ,

πe � ρD − ks
2

− uhεQ � (1 − φ)π.
(D.2)

It can be seen that the decision functions of manufac-
turer and e-platform under both power structures are affine
functions of system profit. +erefore, ESC coordination can
be achieved. □
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