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+e information asymmetry between the pension service integrator and the pension service providers will affect the efficiency of
the whole supply chain, and information sharing can solve this problem to a certain extent. To achieve information sharing,
mutual trust is the first condition and mutual trust is also one of the important means of endogenous incentives. In this paper, the
trust incentive coefficient is embedded in the principal-agent model. Considering the service capability coefficient, the com-
munication degree coefficient, and the information sharing degree coefficient of the pension service providers, the trust incentive
model of the supply chain of the pension service is constructed, the model is solved, and the conclusion is drawn. Finally, the
correctness of the conclusion is verified by the numerical simulation using SAS software. +e final results show that, under the
condition of information asymmetry, the trust incentive coefficient of the pension service integrator to the pension service
providers is positively correlated with the effort coefficient, the service capability coefficient, the communication coefficient, and
the information sharing degree coefficient of the pension service providers, while it is positively correlated with the effort cost
coefficient, the output sharing coefficient, and the risk aversion coefficient of the pension service providers. +e variance of
number and external environmental variables is negatively correlated. +is research has shown that the trust is a means of
incentive for pension service providers to share information. +is research has a certain practical significance for improving the
service efficiency of the pension services supply chain and optimizing the level of pension services.

1. Introduction

With the development of the social economy, the needs of
the elderly group are becoming more and more diversified.
+e traditional institutional and family-style care for the
aged can no longer meet the needs of the large elderly group;
therefore, many industries related to the elderly service
industry have been promoted, and the pension service in-
dustry has been fully activated. In recent years, the thought
of service supply chain management has brought a new
perspective to themanagement reform of the pension service
industry. Different from the traditional mode, the service
integrator is introduced into the service supply chain, and
the service integrator outsources some service modules to
some professional service providers. +e structure of the
pension service supply chain model includes the following:
the service providers that provide the support service, the

service integrator that acts as the core enterprise in the
supply chain to integrate and develop the pension service
resources, the customer-oriented service integrator that
accepts the services provided by the service providers, and
the network with other relevant support units, and the
existing pension service resources into the core services, and
ultimately delivered to the customers. With the help of the
Internet and the big data technology, the supply chain of
pension services is guided by the diversified and personal-
ized needs of the elderly service demanders, integrating the
logistics, capital flow, information flow, and service flow in
the process of pension services, connecting all kinds of
pension service providers, pension service integrators, and
pension service demanders, so as to provide the real-time,
efficient and low-cost pension services for the demanders.
+e supply chain of pension service is a kind of functional
network chain structure. Although the pension service has
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developed into a relatively clear chain structure, there are
still some problems to be solved in the process of providing
services. In the pension service supply chain, the pension
service integrator and the pension service providers con-
stitute the principal-agent relationship. In the actual oper-
ation process, both sides make independent decisions based
on their own interests, resulting in the consequences of the
pension service information asymmetry, and it leads to
adverse selection and some moral hazard problems and
damages the overall performance of the pension service
supply chain. +erefore, solving this problem can help
improve the service quality and overall operation efficiency
of the pension service supply chain, provide more high-
quality services for the elderly, and improve their satisfac-
tion, which is of great research value. In addition, it has been
proved that the supply chain performance can be improved
greatly by the supply chain coordination and the estab-
lishment of operational contract mechanism among supply
chain members. +erefore, how to achieve the supply chain
coordination of pension services, optimize the distribution
of benefits, and provide the high-quality and efficient
pension services is the focus of this paper.

2. Literature Review

2.1. Mode of the Pension Service. In recent years, most of the
researches on the mode of the pension service are empirical
studies. Wei and Zang used the multistage sampling method
to conduct a questionnaire survey among 3260 elderly
people aged 60 years or over in 44 communities in 16
subdistricts in six districts in Xiamen [1]. Alders, Peter et al.
analyzed the differences in the number of people choosing
institutional care between 1996–1999 and 2009–2012 to
explain why the institutional care has become lower and the
community care has become higher [2]. Based on the dif-
ference between urban and rural areas, Liangwen Zhang
et al. used the multistage sampling method and constructed
the Andersen Model to investigate 7192 elderly over 65 years
old living at home and analyzed the present situation of the
occupancy rate in nursing institutions and its influencing
factors [3].WenBingMei et al. used the questionnaire survey
and the fuzzy analytic hierarchy process to establish a
complete evaluation system of the elderly-friendly com-
munity public environmental indicators and explore what
are the important indicators of the aging-friendliness of a
community public environment [4]. Fetherstonhaugh et al.
investigated some home care workers in Australia from
November 2018 to January 2019, using a qualitative de-
scriptive design and the semistructured face-to-face and
telephone interviews, analyzed the problems in the provision
of home care to the older persons, and proposed some
corrective measures [5]. Henderson et al. investigated 922
people who worked in nursing homes using both qualitative
and quantitative methods to analyze the missing tasks in
nursing homes and the causes [6]. Puustinen et al. collected
some dates about 71 home care during the spring of 2018,
analyzed these data with descriptive statistical method,
analyzed the inconsistency between the client needs and the
care services, and put forward some relevant solutions [7].

Schonfelder et al. conducted interviews with 16 professional
caregivers to investigate how professional caregivers in
home care for the elderly in Norway relate their professional
tasks to the social care [8]. Suwa et al. investigated and
analyzed the views of Japan, Ireland, and Finland on the
participation of robots in home care for the elderly by means
of questionnaires [9]. Cleland et al. conducted 41 in-depth,
semistructured interviews with people over 65 years of age
receiving community-based geriatric care in three Austra-
lian states to study the quality of community-based geriatric
care [10].

2.2. Service SupplyChain. At present, the research on service
supply chain mainly focuses on product service supply
chain, logistics service supply chain, port service supply
chain, medical service supply chain, and cloud service supply
chain.

Choudhury et al. reviewed the research methods of
service supply chain and suggested that the future research
should focus on four main areas of service supply chain,
namely, environmental protection measures, market rela-
tions, information technology integration, and adoption of
industry-specific case studies [11]. Johnson and Mena [12]
redefined the supply chain with service flow as product
service supply chain, and many scholars also discussed the
supply chain management in the context of service [13].
Beuren et al. argued that introducing services into supply
chain networks can help many manufacturers find oppor-
tunities to change customer consumption patterns and in-
tegrated products and services to build process models for
product service supply chains [14]. At the same time, a large
number of scholars also study the product service supply
chain, mainly concentrated in the product before and after
sales [15]. Yongtao Peng constructed a product service
supply chain network and studied the effects of product and
service capacity constraints and product service integration
rate on network equilibrium [16].

Han et al. constructed the revenue sharing model of port
and shipping service supply chain based on system opti-
mization and studied the revenue sharing decision-making
problem of port and shipping service supply chain with
government subsidy mechanism [17]. Liu et al. constructed a
decision model of dual overconfidence behavior and studied
the effects of dual overconfidence behavior and demand
renewal on supply chain decision-making by using the
method of empirical research [18].

Zhao used the Game+eory to study the coordination of
the supply chain of geriatric medical service in a two-
channel environment and analyzed the decision-making and
interaction between the pension service integrator and the
pension service providers in competition and cooperation
[19]. De Vrie and Huijsman attempted to integrate the
supply chain domain with the health services domain and
defined five major research areas of supply chain manage-
ment in medical institutions [20].

Lu et al. studied the collaborative supply decision
problem of basic service units in cloud service supply chain
[21]. Xue and Ge applied the theory of quality cost to the
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research of logistics service supply chain and put forward the
method of constructing logistics service supply chain and
cost optimization based on cloud genetic algorithm [22].

He et al. constructed a supply chain of low-carbon
services, taking into account corporate social responsibility,
consisting of a service providers responsible for carbon
reduction and carbon services and a service integrator re-
sponsible for low-carbon advertising, and established three
differential game models to explore the optimal decisions
[23]. Based on the Structural Equation Model, Yingjie Ju
discussed the relationship between integrated quality, value
cocreation, and the elasticity of logistics service supply chain,
analyzed the regulating function of digital technology, and
studied the integration of supply chain from a new per-
spective [24]. Based on the complex network theory, Ma
et al. constructed an improved structure model of logistics
service supply chain, reconstructed the operation mecha-
nism of logistics service supply chain, determined the vul-
nerable nodes in logistics service, and clarified the vulnerable
mechanism of logistics service center [25]. Based on the
structure of logistics service supply chain, Guangsheng
Zhang et al. analyzed the evolution of risk and the reactions
of major actors [26]. Wang et al. established a nonlinear
mixed integer multiobjective optimization model for service
providers selection and order assignment in mass custom-
ization logistics service mode and designed an improved
genetic algorithm based on the multilayer coding technique
to solve the model [27]. Li et al. constructed an evolutionary
game model to explore the dynamic selection process of
enterprise information synergy strategy in logistics service
supply chain [28]. Liu et al. studied the impact of loss
aversion preference on purchasing decision of service ca-
pacity with renewed demand in a logistics service supply
chain consisting of a logistics service integrator and func-
tional logistics service providers [29]. Ju et al. established a
structural equation model and discussed the factors that
affect the performance sustainability of integrators based on
their opportunistic behavior [30]. Dai et al. constructed a
supply chain logistics service model of blockchain and
studied the application of block supply chain technology in
logistics service supply chain management from three di-
mensions: object domain, function domain, and attribute
domain [31]. Liu et al. studied the order allocation problem
of a logistics service supply chain with one logistics service
integrator and two competing functional logistics service
providers and proposed an incentive contract [32].

2.3. Incentive Mechanism of Supply Chain. Wang et al.
studied a green supply chain consisting of a risk averse
downstream retailer and a risk averse upstream supplier and
designed the incentive mechanism to improve the product
green degree under the compensation contract of the target
green degree [33]. Yu et al. proposed a supply chain agent
incentive negotiation mechanism to improve the supply
chain agent strategy [34]. Lin et al. studied the cooperation
mechanism of the supply chain of the four-party (the third
party logistics supplier, the bank, the B2B platform operator,
and the small and medium-sized enterprises) [35]. Wang

et al. proposed a kind of incentive method of knowledge
sharing based on supervisionmechanism and established the
basic incentive model and optimization model of knowledge
sharing in industrial building supply chain based on the
principal-agent theory [36]. Based on the perspective of
sustainable development of supply chain, Jeong et al. studied
the effect of quantity incentive contracts on environmental
performance, market performance, and profit performance
of small and medium enterprises [37].

To sum up, most scholars studied the product supply
chain and logistics supply chain, few scholars applied the
supply chain theory to the elderly service, and the research
results of information sharing incentive in the service supply
chain were extremely few. In this paper, the trust degree of
the service integrator to the supplier is quantitatively
expressed, and the service ability, interaction degree coef-
ficient, information sharing degree coefficient, and so on are
considered, and the incentive problem of information
sharing between service integrator and service providers in
service supply chain is studied. Under the situation that the
aging of population is becoming more andmore serious, this
research has certain theoretical and practical significance.

3. Problem Description and Basic Assumptions

Generally, in the pension services supply chain, the service
ability and effort level of pension service providers are not
easy to be observed by pension service integrator, but their
service performance can be observed by the pension service
integrator. +erefore, the information asymmetry often
occurs in the pension service supply chain, which will bring a
series of adverse selection and moral hazard problems, and
the existence of these problems will affect the interests of the
whole pension service supply chain. +is paper attempts to
use the principal-agent theory to analyze the principal-agent
relationship between the pension service integrator and the
providers and constructs an incentive model of information
sharing based on mutual trust between them in the pension
service supply chain under asymmetric information, so as to
encourage the pension service providers to improve the level
of pension service and efforts. At the same time, it can
achieve the purpose of balancing the interests of each node
enterprise and standardizing and restricting the behavior of
each node enterprise. +is paper makes the following as-
sumptions for the model:

Hypothesis 1. +e information about pension service be-
tween the pension service integrator and the pension service
providers is not asymmetric. A trust incentive coefficient t
given by the pension service integrator to the pension service
providers is set (0≤ t≤ 1), and the coefficient is the trust
degree of the pension service integrator to the pension
service providers. +e larger t is, the higher the trust degree
of the pension service integrator to the pension service
providers is.

Hypothesis 2. +e service ability coefficient of the pension
service providers is Sc (the coefficient is a parameter to
measure the service ability of the pension service providers),
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the effort degree coefficient of the pension service providers
is L1 (the coefficient is a parameter to measure the level of
effort pension service providers), and the effort cost coef-
ficient of the pension service providers is C1 (the coefficient
is a parameter to measure the cost that the pension service
providers produces in the process of providing the service),
where SC> 0, L1≥ 1 (L1 � 1 means that the pension service
providers have not made any effort), and C1> 0.

Hypothesis 3. +e communication degree coefficient be-
tween the pension service providers and the pension service
integrator is i (the coefficient is a parameter to measure the
good communication between the providers and the inte-
grator), the effort degree coefficient paid by the pension
service providers is L2 (the coefficient is a parameter to
measure the degree of effort for the integrator in order to
maintain good communication with the integrator) in order
to achieve good communication, and the corresponding
effort cost coefficient is C2 (the coefficient is a parameter to
measure the cost of maintaining good communication be-
tween the providers and the integrator), where 0≤i≤ 1 (i� 0
means that there is no communication between the pension
service providers and the pension service integrator at all,
i� 1 means that the communication between the pension
service providers and the pension service integrator is
perfect, L2≥1 (1 means that the pension service providers
have not made any efforts), and C2> 0.

Hypothesis 4. +e information sharing degree coefficient
between the pension service providers and the pension
service integrator is Sd (the coefficient is a parameter to
measure the degree of information sharing between the
providers and the integrator), the corresponding effort
degree coefficient is L3, and the effort cost coefficient is C3
(the coefficient is a parameter to measure the cost of in-
formation sharing between the providers and the integra-
tor), where 0≤ Sd≤ 1 (Sd � 0 means that the pension service
providers do not share any information with the pension
service integrator, SD� 1 indicates that the pension service
providers can directly and completely share information
with the pension service integrator, L3≥1 (L3 �1 indicates
that the pension service providers have not made any efforts
in information sharing), and C3> 0.

Hypothesis 5. +e external environment variable is θ, and θ
obeys N(0, δ2); θ represents the output determined by the
uncertainty factors of the external environment, such as
changes in market demand and changes in pension service
policies.

Assumption 1. +e output of pension service provider is O
(this variable is a parameter to measure the benefit degree of
pension service providers after their efforts), andOmeets the
following requirements:

O L1, L2, L3(  � ScL1 + iL2 + SdL3 + θ. (1)

Assumption 2. +e fixed income of the pension service
provider is m, which has nothing to do with the output; the
output sharing coefficient is n (since the income of the
pension service provider is partly derived from the resources
of the pension service integrator, it is necessary to share part
of the income with the pension service integrator), which
satisfies 0≤ n≤ 1; the linear contract signed between the
pension service integrator and the pension service provider
is

y(O) � m +(n + t)O. (2)

Assumption 3. +e effort cost of pension service providers is
C (this variable is a parameter to measure the total cost spent
by pension service providers):

C L1, L2, L3(  �
C1

2
L
2
1 +

C2

2
L
2
2 +

C3

2
L
2
3. (3)

Hypothesis 6. +e actual income of the pension service
provider is a, and the retained income is a0; assuming that
the risk of the pension service integrator is neutral, and the
risk aversion of the pension service provider, and assuming
that the risk aversion coefficient of the pension service
provider is ρ, ρ> 0, then its utility function should
beu(a) � e− ρa.

Assumption 4. +e pension service integrator’s trust in the
pension service provider will also generate costs, which are
recorded as Ct(t). Because when the pension service inte-
grator trusts the efforts and service level of the pension
service provider too much, the efforts of the pension service
integrator to the pension service provider will produce some
more than rational expectations, which may increase the
opportunistic behavior of the pension service provider.

Ct
′(t)> 0，Ct

″(t)> 0, Ct(0) � 0. (4)

4. Trust Incentive Model of Pension Service
Supply Chain

+e model of trust motivation in this paper is based on the
research model of He et al. [38]. +e original model is
described as follows.

+e expected revenue of the service integrator is as
follows:

EU(o − r(o)) � − a +[1 − (b + g)] pcf5 + if6 + scf7( .

(5)

+e actual revenue of the service provider is as follows:

m � r(o) − c f5, f6, f7( 

� a +(b + g) pcf5 + if6 + scf7 + θ(  −
d5

2
f
2
5 −

d6

2
f
2
6 −

d7

2
f
2
7.

(6)
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Determined equivalent benefits of service providers are
as follows:

EU(m) −
1
2
ρ(b + g)

2δ2 � a +(b + g) pcf5 + if6 + scf7( 

−
d5

2
f
2
5 −

d6

2
f
2
6 −

d7

2
f
2
7 −

1
2
ρ(b + g)

2δ2.

(7)

+is model has been used many times in supply chain
construction in other fields and has achieved good results. In
this paper, the model is applied to the construction of the
pension service supply chain, which also has a certain
theoretical and practical significance. Compared with the
existing models, the innovation of this paper lies in the
addition of a new variable; that is, Ct(t) represents the trust
cost. On the basis of the above assumptions, this paper
proposes the trust incentive model of the pension service
supply chain as follows:

+e actual revenue of the service provider is as follows:

a � y(O) − C L1, L2, L3(  � m + n + tScL1

+ iL2 + SdL3 + θ −
C1

2
L
2
1 −

C2

2
L
2
2 −

C3

2
L
2
3.

(8)

Determined equivalent benefits of service providers are
as follows:

EU(a) −
1
2
ρn + t

2δ2 � m + n + tScL1 + iL2 + SdL3

−
C1

2
L
2
1 −

C2

2
L
2
2 −

C3

2
L
2
3 −

1
2
ρn + t

2δ2.

(9)

+e expected revenue of the service integrator is as
follows:

EU(O − y(O)) � − m +[1 − n + t]ScL1 + iL2 + SdL3 − Ct(t).

(10)

Equation (9) calculates the partial derivative of L1, L2,
and L3 respectively, and obtains the incentive compatibility
constraint (IC) of the service provider as follows:

L1 �
(n + t)Sc

C1
, (11)

L2 �
(n + t)i

C2
, (12)

L3 �
(n + t)Sd

C3
. (13)

+e trust incentive model of pension service integrator
to the pension service providers can be expressed as follows:

max − m +[1 − n + t]ScL1 + iL2 + SdL3 − Ct(t) 

s.t m + n + tScL1 + iL2 + SdL3 −
C1

2
L
2
1 −

C2

2
L
2
2 −

C3

2
L
2
3 −

1
2
ρn + t

2δ2 ≥ a0 (IR)

L1 �
(n + t)Sc

C1
, L2 �

(n + t)i

C2
, L3 �

(n + t)Sd

C3
(IC).

(14)

In the above model, IR is the participation constraint of
pension service providers, and IC is the incentive com-
patibility constraint of pension service providers. When the
expected return of the pension service provider is less than
its retained return, the game between the pension service
integrator and the pension service provider will end im-
mediately. In the optimal case, the equation of participation
constraint of the pension service provider is established,
from which we can get

m � a0 − n + tScL1 + iL2 + SdL3

+
C1

2
L
2
1 +

C2

2
L
2
2 +

C3

2
L
2
3 +

1
2
ρn + t

2δ2.
(15)

Combining formulas (11)–(13) and (15), and making the
objective function of formula (14) to calculate the partial
derivative of t, the result can be obtained:

t �
S
2
cC2C3 + i

2
C1C3 + S

2
dC1C2

S
2
cC2C3 + i

2
C1C3 + S

2
dC1C2 + ρδ2C1C2C3

− n. (16)

From equation (11),

t �
C1L1

Sc

− n. (17)

From equation (12),

t �
C2L2

i
− n. (18)

From equation (13),

t �
C3L3

Sd

− n. (19)

Formulas (17)–(19) calculate the partial derivatives of L1, L2,
and L3, respectively, and obtain
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zt

zL1
�

C1

Sc

> 0, (20)

zt

zL2
�

C2

i
> 0, (21)

zt

zL3
�

C3

Sd

> 0. (22)

Conclusion 1. According to formulas (20)–(22), the trust
incentive coefficient given by the pension service integrator
is positively related to the effort degree coefficient of the
pension service provider. +e greater the trust incentive
coefficient is, the harder the pension service provider is.

Equation (16) calculates the partial derivatives of Sc, i, Sd,
C1, C2, C3, δ2, n, and ρ, respectively, and obtains

zt

zSc

�
2Scρδ

2
C1C

2
2C

2
3

S
2
cC2C3 + i

2
C1C3 + S

2
dC1C2 + ρδ2C1C2C3

2 > 0, (23)

zt

zi
�

2iρδ2C2
1C2C

2
3

S
2
cC2C3 + i

2
C1C3 + S

2
dC1C2 + ρδ2C1C2C

2
3
≥ 0, (24)

zt

zSd

�
2Sdρδ

2
C
2
1C

2
2C3

S
2
cC2C3 + i

2
C1C3 + S

2
dC1C2 + ρδ2C1C2C

2
3
≥ 0, (25)

zt

zC1
� −

ρδ2C1C2C3 i
2
C3 + S

2
dC2 

S
2
cC2C3 + i

2
C1C3 + S

2
dC1C2 + ρδ2C1C2C

2
3
≤ 0, (26)

zt

zC2
� −

ρδ2C1C2C3 S
2
cC3 + S

2
dC1 

S
2
cC2C3 + i

2
C1C3 + S

2
dC1C2 + ρδ2C1C2C

2
3
< 0, (27)

zt

zC3
� −

ρδ2C1C2C3 S
2
cC2 + i

2
C1 

S
2
cC2C3 + i

2
C1C3 + S

2
dC1C2 + ρδ2C1C2C

2
3
< 0, (28)

zt

zδ2
� −

ρC1C2C3 S
2
cC2C3 + i

2
C1C3 + S

2
dC1C2 

S
2
cC2C3 + i

2
C1C3 + S

2
dC1C2 + ρδ2C1C2C

2
3
< 0, (29)

zt

zn
� − 1< 0, (30)

zt

zρ
� −

δ2C1C2C3 S
2
cC2C3 + i

2
C1C3 + S

2
dC1C2 

S
2
cC2C3 + i

2
C1C3 + S

2
dC1C2 + ρδ2C1C2C

2
3
< 0. (31)

Conclusion 2. It can be seen from equations (23)–(25) that
the trust incentive coefficient given by the pension service
integrator to the pension service provider is positively re-
lated to the service ability coefficient, communication degree
coefficient, and information sharing degree coefficient of the
pension service provider; that is, the more the pension
service integrator trusts the pension service provider, the
better the service ability of the pension service provider will
be, and the pension service provider will also be more willing

to actively communicate and interact with pension service
integrator, and the pension service providers will be more
willing to share information with the pension service
integrator.

Conclusion 3. It can be seen from equations (26)–(28) that
the trust incentive coefficient given by the pension service
integrator to the pension service provider is negatively re-
lated to the effort cost coefficient of the pension service
provider; that is, the more trust the pension service inte-
grator gives to the pension service provider, the higher the
efficiency of the work of the pension service provider is, and
the lower the effort cost is. On the contrary, the less trust the
pension service integrator gives to the pension service
provider, the lower the work efficiency of the pension service
provider is, and the greater the effort cost is.

Conclusion 4. It can be seen from equations (29)–(31) that
the trust incentive coefficient given by the pension service
integrator to the pension service provider is negatively re-
lated to the variance, output sharing coefficient, and risk
aversion coefficient of the external environment variables of
the pension service provider; that is, the more the pension
service integrator trusts the pension service provider, the less
the uncertainty of the external environment of the pension
service provider is, and the easier it is for the pension service
integrator to control the pension service provider. +e more
trust the pension service integrator gives to the pension
service provider, the lower the risk aversion coefficient of the
pension service provider is. +e larger the trust incentive
coefficient of pension service integrator to pension service
providers, the smaller the output sharing coefficient of
pension service providers.

5. Numerical Simulation of Trust Incentive in
the Pension Service Supply Chain

(i) +rough numerical simulation, it is verified that
the effort level of pension service providers is
positively related to the trust incentive coefficient
of pension service providers. Assuming C1 � 20,
Sc � 280, and n� 0.2, substitute the values of C1, Sc,
and n into equation (17), and use SAS software to
draw the graph. +e result is shown in Figure 1.

(ii) It can be seen from Figure 1 that the trust incentive
coefficient given by the pension service integrator
to the pension service providers is positively re-
lated to the efforts of the pension service providers,
which verifies the correctness of Conclusion 1. In
the same way, through numerical simulation to
verify that the trust incentive coefficient t is pos-
itively related to the service provider’s effort L1 and
L2, it can also verify the correctness of Conclusion
1.

(iii) +rough the numerical simulation, it is verified
that the service ability of the pension service
providers is positively related to the trust incentive
coefficient of the pension service integrator.
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Suppose that C1 � 20, C2 � 0.2, C3 � 0.4, i� 0.5,
Sd � 0.6, n� 0.2, ρ� 0.5, and σ2 �1, the values of the
above parameters are substituted into equation
(16), and the SAS software is used for drawing. +e
results are shown in Figure 2.

(iv) It can be seen from Figure 2 that the trust incentive
coefficient given by the pension service integrator to
the pension service providers is positively related to
the service ability coefficient of the pension service
providers, which verifies the correctness of Con-
clusion 2.

(v) +rough numerical simulation, it is verified that
the communication ability of the pension service
providers is positively related to the trust incentive
coefficient of the pension service providers. Sup-
pose that C1 � 20, C2 � 0.2, C3 � 0.4, Sc � 280,
Sd � 0.6, n� 0.2, ρ� 0.5, and σ2 �1, the values of the
above parameters are substituted into equation
(16), and the SAS software is used for drawing. +e
results are shown in Figure 3.

(vi) It can be seen from Figure 3 that the trust incentive
coefficient given by the pension service integrator
to the pension service providers is positively re-
lated to the communication degree of the pension
service providers, which verifies the correctness of
Conclusion 2.

(vii) +rough numerical simulation, it is verified that
the degree of information sharing of pension
service providers is positively related to the trust
incentive coefficient of pension service providers.
Suppose that C1 � 20, C2 � 0.2, C3 � 0.4, Sc � 280,
i� 0.5, n� 0.2, ρ� 0.5, and σ2 �1, the values of the
above parameters are substituted into equation
(16), and the SAS software is used for drawing. +e
results are shown in Figure 4.

(viii) It can be seen from Figure 4 that the trust incentive
coefficient given by the pension service integrator
to the pension service providers is positively

related to the information sharing degree of the
pension service providers, which verifies the cor-
rectness of Conclusion 2.

(ix) +rough numerical simulation to verify that the
trust incentive coefficient given by the pension
service integrator to the pension service providers
is positively related to the effort cost coefficient of
the pension service providers, suppose that
Sc � 280, i� 0.5, Sd � 0.6, C2 � 0.2, C3 � 0.4, n� 0.2,
ρ� 0.5, and σ2 �1, the values of the above pa-
rameters are substituted into equation (16), and the
SAS software is used for drawing. +e results are
shown in Figure 5.

(x) It can be seen from Figure 5 that the trust incentive
coefficient given by the pension service integrator
to the pension service providers is negatively re-
lated to the service effort cost coefficient of the
pension service providers, which verifies the cor-
rectness of Conclusion 3. Similarly, through nu-
merical simulation, we can verify C2 � 0.2 and
C3 � 0.4, which is also negatively related to the trust
incentive coefficient, and also can verify the cor-
rectness of Conclusion 3.

(xi) +rough numerical simulation, it is verified that
the trust incentive coefficient given by the pension
service integrator to the pension service providers
is negatively related to the risk aversion coefficient
of the pension service providers. Suppose that
Sc � 280, i� 0.5, Sd � 0.6, C1 � 20, C2 � 0.2, C3 � 0.4,
n� 0.2, and σ2 �1, the values of the above pa-
rameters are substituted into equation (16), and the
SAS software is used for drawing. +e results are
shown in Figure 6.

(xii) It can be seen from Figure 6 that the trust incentive
coefficient given by the pension service integrator
to the pension service providers is negatively re-
lated to the risk aversion coefficient of the pension
service providers, which verifies the correctness of
Conclusion 4.

3 7 11 15
L1

1.0

0.5

0.0

t

Figure 1: Relationship between effort L1 and trust incentive coefficient t.
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(xiii) +rough numerical simulation, it is verified that
the variance of the external environment variables
of the pension service providers is negatively

related to the trust incentive coefficient. Suppose
that Sc � 280, Sd � 0.6, i� 0.5, C1 � 20, C2 � 0.2,
C3 � 0.4, n� 0.2, and ρ� 0.5, the values of the above
parameters are substituted into equation (16), and
the SAS software is used for drawing. +e results
are shown in Figure 7.

(xiv) It can be seen from Figure 7 that the trust incentive
coefficient given by the pension service integrator
to the pension service providers is negatively re-
lated to the variance of the external environment
variables of the pension service providers, which
verifies the correctness of Conclusion 4.

(xv) +rough the numerical simulation, it is verified
that the trust incentive coefficient given by the
pension service integrator to the pension service
providers is negatively related to the output
sharing coefficient of the pension service pro-
viders. Suppose that Sc � 280, Sd � 0.6, i� 0.5,
ρ� 0.5, and σ2 �1, the values of the above pa-
rameters are substituted into equation (16), and the
SAS software is used for drawing. +e results are
shown in Figure 8.
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0.60

t

0 500 1000
Sc

Figure 2: Relationship between service ability coefficient SC and trust incentive coefficient t of pension service providers.
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Figure 3: Relationship between communication degree coefficient i and trust incentive coefficient t of pension service providers.
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Figure 4: Relationship between information sharing degree co-
efficient Sd and trust incentive coefficient t of pension service
providers.
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Figure 5: Relationship between effort cost coefficient C1 and trust incentive coefficient t of pension service providers.
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Figure 6: Relationship between risk aversion coefficient ρ and trust incentive coefficient t of pension service providers.
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Figure 7: Relationship between variance of external environment variables δ2 and trust incentive coefficient t.
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It can be seen from Figure 8 that the trust incentive
coefficient given by the pension service integrator to the
pension service providers is negatively related to the output
sharing coefficient of the pension service providers, which
verifies the correctness of Conclusion 4.

6. Conclusion

+is paper studies the incentive strategies adopted by the
pension service integrator under asymmetric information to
encourage the pension service providers to share the pension
service informationwith them and strive to improve the level of
pension service. In this paper, the trust coefficient is embedded
in the incentive model, the trust incentivemodel of the pension
service supply chain is constructed, and the model is calculated
and solved, and the correctness of the conclusion is verified by
the numerical simulation. +e results show that, under the
condition of asymmetric information, the degree of trust in-
centive given by the pension service integrator to the pension
service providers is positively related to the degree of effort,
service ability, communication, and information sharing of the
pension service providers. +e degree of trust incentive given
by the pension service integrator to the pension service pro-
viders is negatively related to the effort cost, output sharing
proportion, risk aversion degree, and variance of external
environment variables of the pension service providers.

Based on the above conclusions, several implications are
drawn as follows:

(i) +e pension service integrator should choose the
pension service providers with strong service ability
and good communication ability to share infor-
mation and, at the same time, give them enough
trust, so that they can give full play to their abilities;

(ii) +e pension service integrator should adopt dif-
ferentiated trust incentive strategies for the pension
service providers. For pension service providers
willing to share information and risk, pension
service, the integrator should give them full trust.
For those with high risk aversion coefficient and low

information sharing degree, the pension service
providers give less trust;

(iii) +e pension service integrator should balance the
income incentive and the trust incentive, that is,
balance between giving pension service providers a
certain degree of trust and output sharing share,
which can not only give full play to the role of trust
incentive, but also effectively control the loss of
opportunistic behavior caused by excessive trust;

(iv) +e pension service integrator should strengthen
the communication and exchange with the pension
service providers, establish a smooth and perfect
information sharing platform, and enhance the
ability of information receiving and sending be-
tween the pension service integrator and the pen-
sion service providers.

6.1. Research Expectations. In this paper, a trust incentive
model of the supply chain for the elderly service is constructed,
and the practicability of the model and the correctness of the
conclusion are verified by simulation.+e establishment of this
model is based on a series of assumptions, but the model has
not been tested by empirical evidence. +erefore, the next step
of this research will be to do empirical studies by collecting
relevant data to verify the usefulness of the model.
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When the outbreak of COVID-19 began, people could not go out. It was not allowed to provide agricultural machinery services in
different places across regions to reduce the flow and gathering of people. Improvement of utilization efficiency of agricultural
machinery resources is required through scientific scheduling of agricultural machinery. With seizing the farming season and
stabilizing production as the goal, this paper studied the scientific scheduling of tractors within the scope of town and established
agricultural machinery operation scheduling model with the minimization of total scheduling cost as the optimization objective.
Factors such as farmland area, agricultural machinery, and farmland location information and operating time window are
considered in this model to improve the accuracy of the agricultural machinery operation scheduling model.)e characteristics of
multiple scheduling algorithms are analyzed comprehensively. )e scheduling requirements of agricultural machinery operation
to ensure spring ploughing are combined to design the agricultural machinery scheduling algorithm based on the SA algorithm.
With Hushu Street, Jiangning District, Nanjing City, as an example, a comparative experiment is conducted on the simulated
annealing algorithm (SA) designed in this paper and the empirical algorithm and genetic algorithm (GA).)e results suggest that
the total cost of the scheduling scheme generated by the SA algorithm is 19,042.07 yuan lower than that by the empirical
scheduling algorithm and 779.19 yuan lower than that by the genetic algorithm on average. Compared with the GA algorithm, the
transfer distance, waiting cost, and delay cost of the SA algorithm are reduced by 11.6%, 100%, and 98.1% on average, indicating
that the transfer distance of agricultural machinery in the scheduling scheme generated by the SA algorithm is shorter, so is the
waiting and delay time. Meanwhile, it can effectively obtain the near-optimal solution that meets the time window constraint, with
good convergence, stability, and adaptability.

1. Introduction

China’s agriculture has a small average household oper-
ation scale, high agricultural multiple cropping index,
tight farming time, and other problems. )e operation
capacity of agricultural machinery cannot meet produc-
tion needs during busy periods. )e regional shortage of
agricultural machinery can be solved by cross-regional
operation of agricultural machinery in regular years. )e
cross-regional operation area of agricultural machinery
for three major food crops in China reached 20,478

thousand hectares, accounting for 21% of the sown area in
2019 [1].

Due to the outbreak of COVID-19, global production
and life in 2020 paused; companies suspended production
and businesses shut down for a while. According to the
epidemic development level, epidemic prevention measures
such as shutting down countries, cities, and villages have
been continuously introduced. People have to stay at home
to protect themselves and avoid adding burdens to society.
As a result, cross-regional operations of agricultural ma-
chinery were suspended, adding fuel to the fire of insufficient
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regional agricultural machinery operation. However, as the
foundation of the national economy, agriculture is different
from the secondary and tertiary industries. It is character-
ized by strong seasonality, and missing the production
season will lead to huge losses. )erefore, governments of
various countries have carried out massive measures to seize
the farming season and stabilize production while fighting
against the epidemic at the same time. Agricultural ma-
chinery management departments at all levels in China
vigorously carry out agricultural machinery scheduling
according to the impact of the epidemic to ensure spring
ploughing.

For major catastrophic accidents, scholars have con-
ducted extensive studies, mainly focusing on the distribution
of supplies. In large-scale emergencies, the problems and
challenges that arise in the management of emergency re-
source supply chains are significantly different from those in
ordinary commercial applications [2–5]. To respond to such
disasters effectively, governments and management orga-
nizations must consider multiple and unique aspects of
emergency operations, such as resource scarcity and disaster
uncertainty [6–8]. In addition, reducing the number of
casualties and deaths in disaster-stricken areas depends, to a
large extent, on the early arrival and rapid deployment of
resources for emergency operations. Failure to allocate
sufficient resources in time has always been the root cause of
adverse effects in case of disaster [9–15].

In addition, unexpected events must be considered in
emergencies because there can be multiple uncertain and
unpredictable factors [16, 17]. Due to the lack of historical
data and possible dissemination ways, it is difficult to set the
exact parameters for this problem.)e variables that must be
considered to obtain a better response rate include key
requirements, competition priority, time urgency, and
availability of necessary resource allocation. However, po-
tential transportation and condition restrictions have hin-
dered the provision of emergency services [13, 18–20].
Emergency dispatch coordinators and decision-makers of-
ten make wrong decisions during natural disasters. )e
reason is that they rely excessively on their previous expe-
rience, are overconfident in their ability to make helpless
decisions, and use simple decision heuristics [21, 22]. No
relevant literature reports have been found regarding
emergency scheduling in agricultural production.

Given that farmers could not organize agricultural
production effectively at home in areas with COVID-19
outbreaks, an agricultural machinery operation scheduling
model with the minimization of total scheduling cost as the
optimization objective was established in this paper. With
seizing the farming season and stabilizing production as the
goal and the scheduling of tractors within the scope of town
as the research object, influencing factors such as farmland
area, agricultural machinery, farmland location information,
and operating time window time were fully considered based
on in-depth analysis of various agricultural machinery op-
eration costs. )e model solving method was designed
through the improved SA algorithm.)e tractor production
scheme and scheduling path within the town are obtained to
meet the requirements of the farmland operating time

window, achieve the objective of total cost minimization,
and accomplish the task of ensuring spring ploughing with
high efficiency and cost-effectiveness.

2. Problem Description

In areas with the outbreak of COVID-19, it is not allowed to
provide agricultural machinery services in different places
across regions to reduce the flow and gathering of people. In
areas with relatively less agricultural machinery, they can
only try to improve the utilization efficiency of agricultural
machinery resources through scientific scheduling so as not
to miss any or fewer farming hours. All villages uniformly
report production demand information to the town’s ag-
ricultural station. )e agricultural station organizes farmers
who own agricultural machinery within the town to carry
out production service operations. )e service fee is settled
by the town’s agricultural station with each village in a
unified manner. Agricultural machinery service households
(AMSH) and farmers do not need to meet or do deals. )e
specific process is shown in Figure 1.

Farmers report the location, area, and operating time
window of the farmland run by them to their village
committee. Agricultural machinery service households re-
port all tractor models, locations, and operating efficiency
to their village committee. )e village committee collects
the order information based on the farmland location and
time window and reports it to the town (township) agri-
cultural station. )e town’s agricultural station uniformly
formulates a scheduling scheme and sends it to the agri-
cultural machinery service household. )e tractors depart
from their locations to the responsible areas according to
the established scheme and route, providing farming ser-
vices in turn.

3. Tractor Scheduling Model

)e tractor scheduling issue can be expressed as follows:
there are m individual entrepreneurs owning agricultural
machinery. To avoid the gathering of machinery operators
and farmers, the township government divides the whole
township into n small operation areas according to the
working needs. )e farmland area of the i-th area is si,
i � 1, 2, . . ., n. )e tractors should arrive within a certain
time range [ETi, LTi], that is, arrive no earlier than ETi and
leave no later than LTi. When the tractor arrives earlier
than ETi, the waiting cost of agricultural machinery is
caused by personnel wages and the profit loss of idle
machinery. When the tractor arrives later than LTi, it
causes timely loss of crops.)e route arrangement is made
by solving the tractor operation with the lowest cost that
meets the demand for spring ploughing within the
township scope. )e costs of spring ploughing operation
include the cost of tillage and that of field transfer; the
fixed cost of tractors is not considered yet. )e specific
model is as follows.

)e operation area number is 1, 2, ..., N, and the parking
yard number of farmers that own agricultural machinery is
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N+ 1, N+ 2, ..., N+M. )e operation area and the parking
yard numbers are both denoted by i and j.

i: the operation area and the parking yard numbers,
i� 1, 2, ..., N, N+ 1, N+ 2, ..., N+M
j: the operation area and the parking yard numbers,
j� 1, 2, ..., N, N+ 1, N+ 2, ..., N+M
k: tractor number, k� 1, 2, . . ., K
dij: distance between points i and j
xijk: decision variable for tractor field transfer,
indicating whether the k-th tractor travels from
point i to point j. If so, xijk is 1; otherwise, its value is
0
yik: decision variable for tractor operation, indicating
that if tractor k operates in operation area i, its value is
1; otherwise, its value is 0
si: area of the farmland in the i-th operation area
sik: operation area completed by tractor k in the i-th
operation area
tijk: time taken by the k-th tractor to travel from point i
to point j, equal to distance (dij) divided by speed (vk)
tik: time taken by tractor k to complete the tillage in the
operation area i, equal to the operation area (sik) di-
vided by the efficiency (wk)
�tik: moment when tractor k arrives at the operation area
i
tik: moment when tractor k completes the task of tillage
and soil preparation in the operation area i
PEk: waiting cost to be paid due to tractor k arriving
earlier than ETi
PLk: penalty for timeliness loss to be paid due to tractor
k completing work later than LTi
ρk: cost per kilometer traveled by tractor k for the field
transfer
φk: operating cost per unit area of tractor k

3.1. Objective Function

minZ � 
K

k�1


N+M

i�1


N+M

j�1
ρkxijkdij + 

K

k�1


N

i�1
φkyiksik

+ 
K

k�1


N

i�1
PEkyik max ETi − �tik, 0( 

+ 
K

k�1


N

i�1
PLkyik max tik − LTi, 0( .
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3.2. Constraints
xijk

�tjk − �tik ≥ 0, i, j � 1, 2, . . . , N, N + 1, . . . , N + M;

k � 1, 2, . . . , K,

(2)
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Figure 1: Flow chart of township agricultural machinery scheduling.
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N+M

j�1
xijk � yik, i � 1, 2, . . . , N; k � 1, 2, . . . , K. (8)

In the model, equation (1) is the objective function,
which indicates the minimal total cost required to complete
all spring ploughing tasks in the township area, including
field transfer costs, operating costs, and penalties for
timeliness loss. Inequality (2) constrains the tractor traveling
sequence; that is, when transferring from point i to point j,
the time of arrival at point jmust be later than that at point i.
Equation (3) shows the relationship between the tractor
arrival time and the operation completion time. Inequality
(4) stipulates that the number of tractors dispatched from
the parking yard of individual entrepreneurs owning agri-
cultural machinery cannot exceed the total number of
tractors. Equation (5) stipulates that all plots in the operation
area must be tilled. Equation (6) shows the relationship
between tractor operation time and efficiency. Equation (7)
indicates that if tractor kworks at point j, then tractor kmust
move from point i to point j. Equation (8) indicates that if
tractor k works at point i, tractor k must move to other
points j after finishing work at point i.

4. Design of Scheduling Algorithm Based on
Simulated Annealing (SA)

Agricultural machinery scheduling to ensure spring
ploughing during an epidemic is a typical NP-hard problem.
As the operation space size ((n−1)!) shows a factorial in-
crease, the exact solution cannot be obtained through the
exhaustive method [23], dynamic programming [24, 25],
linear programming [26], branch and bound [27, 28], and
other precise algorithms for large-scale problems. With the
development of computers, many intelligent optimization
algorithms have emerged in the field of artificial intelligence,
such as the genetic algorithm [29–31], tabu search algorithm
[32], ant colony algorithm [33], particle swarm optimization
algorithm [34], simulated annealing algorithm [35, 36],
online-learning algorithm [37], adaptive polyploid memetic
algorithm [38], many-objective evolutionary algorithm [39],
and salp swarm algorithm [40]. Among them, the idea of
simulated annealing algorithm (SA) is derived from simu-
lating the cooling process of solid annealing, that is, heating
the solid to a sufficiently high temperature, then allowing it
to cool down slowly to balance the internal energy, avoid
falling into local minimum effectively, and eventually tend to
a global optimum.

4.1. Solution Coding. Based on the characteristics of the
agricultural machinery job scheduling problem and related
research, the solution coding can adopt a two-layer coding
method, as shown in Figure 2.

)e first-level code is the sorting of farmland, and the
order of farmland in the entire coding is the service order of
farmland orders. As shown in Figure 2, F1∼Fn are farmland
operation orders, and the operation areas are sorted
according to the starting work time ETi to study the serial

and parallel issues between the operation areas. )e oper-
ation is executed sequentially in the serial operation areas
and in a parallel way in the parallel operation areas. )e
second-level code is the order of tractors in the farmland.
For example, the tractor operating in the F1 farmland is
M11, M12, andM13, and the tractor operations in the same
farmland are in no particular order. )e number of tractors
required for the farmland operating site is the local code
length of the farmland operating site. Assuming that Fi in the
i-th area is coded, the maximum quantity of agricultural
machinery required for Fi is Ki � si/minwk(LTi − ETi), and
MiKi represents theKi-th tractor in the i-th area. Now, partial
coding is performed on Fi.

4.2. Initial Solution Settings. )e initial solution is the
starting point of algorithm iteration. )e selection quality of
the initial solution can improve the computational efficiency
of the algorithm and enhance the reliability of the final
solution. In this paper, the following three directions are
mainly considered in setting the initial solution of the al-
gorithm: (1) priority is given to the operation area with an
early harvest time window; (2) the minimum number of
tractors that can meet the production capacity requirements
are arranged in each area; (3) when tractors are allocated to
the operation area, idle tractors or those that can reach the
target area faster are arranged first.

According to the above coding strategy, the initial so-
lution of the SA algorithm is generated.)e specific steps are
as follows:

Step 1: establish the task set of the operation area and
schedule the work sequence according to the direction I
to build the operating agricultural machinery depot set
Step 2: determine whether the task set of the operation
area is empty. If so, go to step 5; otherwise, go to step 3
Step 3: allocate tractors to area tasks according to di-
rections II and III
Step 4: go to Step 2
Step 5: the initial scheduling scheme matching is
completed

4.3. Domain Generation Rules. )e neighborhood genera-
tion rule in the SA algorithm is crucial. When the initial
solution is generated, what rules are used to generate a new
solution is related to whether the whole algorithm can be
effectively performed to achieve the goal. For this issue, it is
about how to generate a new scheme based on an existing
scheduling scheme for further judgment. )e commonly
used neighborhood generation strategy of 2-opt mapping is
used in this paper to generate a new scheduling scheme. Two
vertices p and q are randomly selected. Assuming p< q,
tractor code (p, p+1,. . ., q−1, q) is reversed. )e details are
shown in Figure 3.

4.4. Acceptance Probability of New Solutions. Acceptance
probability is the probability of accepting a new feasible
solution Pnew (another state) to replace the current feasible
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solution Pold (current state). It is not fixed but decreases as
the temperature parameter T drops. Metropolis criterion is
generally adopted:

1, Z Pnew( <Z Pold( ,

exp −
Z Pnew(  − Z Pold( 

T
 , Z Pnew( >Z Pold( .

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(9)

4.5. Temperature Attenuation Function. )e temperature
attenuation function is also known as the cooling strategy.
)e common exponential cooling strategy selected in this
paper is Tm+1 � αTm. In the formula, α is the temperature
attenuation index, 0> α< 1, and m is the number of tem-
perature drops.

4.6. Stop Criterion. A reasonable stop criterion can not only
ensure that the algorithm converges to an approximate
solution but also make the final solution global to some
extent. )e SA algorithm includes inner- and outer-loop
stops. In this paper, the fixed iteration step size is adopted for
the inner loop, and the temperature reaching the termi-
nation threshold is adopted for the outer loop to exit the
iteration.

4.7. Algorithm Flow. According to the tractor production
scheduling model and solution coding, the simulated
annealing algorithm process is designed as shown in
Figure 4.

(1) Randomly generate an initial solution X0, let
Xbest �X0, and calculate the objective function value
Z (X0); set the initial temperature T(0)�T0 and the
number of iterations i� l.

(2) Do while T>Tmin.

For i� 1 to m (m is the number of cycles, which is
related to the township scale).
For the current optimal solution Pbest neighborhood
function, generate a new solution Pnew, calculate the
new objective function value Z(Pnew), and calculate
the increment ΔZ�Z(Pbest)- Z(Pnew) of the objective
function value.
If ΔZ< 0, then Zbest �Znew; if ΔZ> 0, then p�

exp(−ΔZ/T).
If c� random [0, 1]< p, Pbest�Pnew; otherwise,
Pbest remains unchanged.
end for.
i� i+ 1.
End Do.

5. Example Verification

In this paper, Hushu Street, Jiangning District, Nanjing City,
is taken as an example. Located at the junction of Jiangning,
Jurong, and Lishui, Hushu Street is a typical suburban town,
where mainly grains, vegetables, and fruits are planted, with
a relatively complicated planting structure. In the season for
spring ploughing before the epidemic, Hushu will attract
agricultural machinery from the surrounding counties and
cities to carry out operation services. However, due to the
impact of the epidemic this year, agricultural machinery
from other places cannot enter Hushu Street, and spring
ploughing production can only be ensured through scientific
scheduling of local agricultural machinery. We divided the
farmland in Hushu Street into 13 operation areas on Google
Earth (blue markers in Figure 5) and marked four agri-
cultural machinery cooperatives in Hushu Street (red
markers in Figure 5); distribution and area of farming sites
are shown in Supplementary Table 1, distribution and
machine information of agricultural machinery cooperatives
is shown in Supplementary Table 2; distance matrix between

F1 F2 … Fn

M11 M12 M13 M21 M22 M23 M24 Mp Mp+1 … Mq–1 Mq Mn1 Mn2 Mn3

F1 F2 Fn

M11 M12 M13 M21 M22 M23 M24 Mn1 Mn2 Mn3

…

… …

…

Mq Mq–1 … Mp+1 Mp

…

… …

Figure 3: 2-opt mapping diagram.

F1 F2 … Fn

M11 M12 M13 M21 M22 M23 M24 Mp Mp+1 … Mq–1 Mq Mn1 Mn2 Mn3

…

… …

Figure 2: Solution coding.
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farming sites and cooperatives is shown in Supplementary
Table 3. )e tractors of the cooperatives were all 80
horsepower. )e average operating efficiency is 0.5 hm2/h,
the operating cost is 300 yuan/hm2, the average transfer speed
is 35 km/h, the transfer cost is 2 yuan/km, the waiting cost is
42 yuan/h, and the timely loss cost coefficient 5.4 yuan/h.

5.1. Example Calculation Results. In the actual production
scheduling, farm management personnel usually adopt the
three strategies mentioned in Section 4.2 for agricultural
machinery and farmland matching and generate empirical
scheduling solutions, which can be further optimized using
the optimization algorithm in this paper. To further illustrate
the superiority of the algorithm designed in this paper, the
GA algorithm commonly used in the research of similar
agricultural machinery scheduling issues is applied to
comparison experiments. On a personal computer with Intel
Core i5 CPU 3.0GHz, 8.0 GB memory, and Windows 10
operating system, Matlab R. 2018a software programming is
used to implement three algorithms to solve real cases 20
times, respectively. )e calculation results are shown in
Table 1.

Table 1 shows that compared with the empirical
scheduling algorithm, GA and SA algorithms can reduce the
total cost of agricultural machinery significantly. )e total
cost of the scheduling scheme generated by SA designed in

Figure 5: Distribution map of example operation areas.
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Figure 4: Algorithm flowchart.
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this paper is 19,042.07 yuan lower than that by the empirical
scheduling algorithm and 779.19 yuan lower than that by GA
on average. Compared with GA, the transfer distance,
waiting cost, and delay cost of SA are reduced by 11.6%,
100%, and 98.1% on average, indicating that the transfer
distance of agricultural machinery in the scheduling scheme
generated by SA is shorter, so is the waiting and delay time.

Figure 6 shows the total cost of solving real cases 20 times
by GA and SA, respectively. It can be seen that the total cost
of the scheduling scheme obtained by SA is generally lower
than that by GA. )e standard deviation of the 20
scheduling schemes obtained by SA is 35.78, while that of
various scheduling schemes obtained by GA is 1424.08,
indicating that the solution obtained by SA has superior
quality and higher stability. )is is because SA uses the
initial solution generation algorithm, with a good start for
the optimization process. Moreover, based on the Me-
tropolis criterion, the SA algorithm can avoid being
trapped in local minima and implement full optimization,
whereas the GA algorithm is prone to get stuck in local
minima when handling such complex scheduling prob-
lems. )e experimental results suggest that the agricultural
machinery operation scheduling model based on the SA
algorithm in this paper can satisfy the time window con-
straints with the lowest total cost and meet the spring
ploughing scheduling demand in practice.

)e scheduling algorithm based on SA designed in this
paper can be used to solve the agricultural machinery
transfer paths of various agricultural machinery coopera-
tives, as shown in Figure 7. Among them, the transfer paths
of some agricultural machinery in the same cooperative are
overlapped, such as agricultural machinery No. 1, 2, and 3 in
the cooperative N1, and agricultural machinery No. 10 and
11 in the cooperative N2. In addition, the cooperation of
different cooperatives in agricultural machinery to complete
orders is observed. For example, order 13 is jointly completed
by agricultural machinery No. 4 and 15, which suggests that
the algorithm designed in this paper can implement unified
scheduling of agricultural machinery in the same cooperative
and collaboration among different cooperatives to meet the
needs of multimachinery coordinated scheduling of multiple
cooperatives in reality. Meanwhile, it can be seen intuitively
from the transfer path diagram 6 that the order tasks assigned
to each agricultural machinery have spatial proximity, indi-
cating the rationality of the experimental results.

)e scheduling Gantt chart of the tractor is shown in
Figure 8. )e bars in the chart represent the operation
scheme of each fleet, including the operation order number,
operation start time, and operation ending time, which can
be used for specific guidance of actual production
scheduling.

5.2.AlgorithmConvergence. )e change in the optimal value
of each cost in the operation process is shown in Figure 9.
)e total cost, the total length of transfer path, waiting
time, and delay time decrease as the number of iterations
increases. )e total cost can converge to a stable value
when the number of iterations is increased to about 350;
the delay and waiting time can converge to 0 within 50
iterations. )e calculation results suggest that the algo-
rithm can achieve stable convergence with relatively
search performance.

5.3. Algorithm Stability andAdaptability. )e stability of the
algorithm is an important index for evaluating whether the
scheduling algorithm can stably obtain a scheduling
scheme with relatively good quality. It is usually measured
by parameters such as mean, standard deviation, and co-
efficient of standard deviation [41]. At the same time, a case
set containing 13, 26, 39, 52, and 65 orders is constructed
based on the case data of Hushu Street to test the adapt-
ability of the SA algorithm designed in this paper to the
application scenarios with relatively larger order scales. )e
algorithm is run 10 times for each case set. Statistical
comparison is performed on the mean, standard deviation,
and standard deviation coefficient of the computing time
and total cost of different cases to test the stability and
adaptability of the algorithm. )e experimental results are
shown in Table 2.

Table 1: Scheduling schemes solved by 3 algorithms.

Scheduling algorithm Total cost (yuan) Transfer cost (yuan) Waiting cost (yuan) Delay cost (yuan)
Empirical scheduling algorithm 642,565.23 291.4 19,317.12 498
Scheduling algorithm based on GA 623523.16 310.54 161.45 593.17
Scheduling algorithm based on SA 622743.97 274.43 0 11.54
)e solution of the scheduling algorithm based on SA and GA is the mean of 20 operations.
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Figure 6: Total cost of solving real cases 20 times by different
algorithms.
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Table 2 shows that when the number of orders in the
case increases, the standard deviation is not multiplied, and
the coefficients of standard deviation are all less than 10−5.
)e experimental results suggest that the algorithm
designed in this paper has relatively good stability. When
the number of orders increases to 52, the computing time is
not significantly increased but still remains within 30
seconds. )e results suggest that the algorithm designed in

this paper can adapt to larger-scale case operations.
However, when the number of orders increases, the
computing time is not significantly increased. )e main
reason is that when the number of orders increases, the
operation area per order will decrease, and the quantity of
agricultural machinery allocated to each order will de-
crease, which objectively reduces the complexity of the
problem.
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Figure 9: Iterative graph of various parameters: (a) total cost; (b) path transfer distance; (c) waiting time; (d) delay time.

Table 2: Experimental table of algorithm stability and adaptability.

Number of
orders

Optimization objective function value Computing time
Mean
(yuan)

Standard
deviation

Coefficient of standard
deviation Mean (s) Standard

deviation
Coefficient of standard

deviation
13 622747.21 37.683 6.05∗10−6 19.1828948 5.455 0.2843
26 622754.32 51.056 8.19∗10−5 28.22606211 5.306 0.1879
39 622719.42 23.058 3.70∗10−5 23.4133504 6.220 0.2656
52 622773.65 15.248 2.44∗10−5 23.6478746 5.439 0.2300
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6. Conclusions

(1) )e agricultural machinery scheduling in the major
epidemic to ensure spring ploughing is taken as the
research object to analyze various costs of agri-
cultural machinery scheduling and establish agri-
cultural machinery operation scheduling model
with the minimum total scheduling cost as the
optimization objective. Factors such as farmland
area, agricultural machinery, and farmland location
information and operating time window are con-
sidered in this model to improve the accuracy of
the agricultural machinery operation scheduling
model.

(2) Agricultural machinery scheduling to ensure spring
ploughing during an epidemic is a typical NP-hard
problem. )rough the comprehensive analysis of the
characteristics of multiple scheduling algorithms,
combined with the scheduling requirements of ag-
ricultural machinery operation to ensure spring
ploughing, agricultural machinery scheduling algo-
rithm based on the SA algorithm is designed. )e
farmland and tractor coding method is determined
by two-level multilayer coding. )e neighborhood
generation strategy of 2-opt mapping is used to
generate a new scheduling scheme, and the new
solution acceptance mechanism is determined based
on the Metropolis criterion. )e fixed compensation
is used for the inner loop of the algorithm, and the
iteration ends when the threshold temperature is
reached.

(3) With Hushu Street, Jiangning District, Nanjing City,
as an example, a comparative experiment is con-
ducted on the SA algorithm designed in this paper
and the empirical and GA algorithms. )e results
suggest that the total cost of the scheduling scheme
generated by the SA algorithm designed in this
paper is 19,042.07 yuan lower than that by the
empirical scheduling algorithm and 779.19 yuan
lower than that by the genetic algorithm on average.
Compared with the GA algorithm, the transfer
distance, waiting cost, and delay cost of the SA
algorithm are reduced by 11.6%, 100%, and 98.1%
on average, indicating that the transfer distance of
agricultural machinery in the scheduling scheme
generated by the SA algorithm is shorter, so is the
waiting and delay time. Meanwhile, it can effectively
obtain the near-optimal solution that meets the
time window constraint, with good convergence,
stability, and adaptability.

(4) )is paper does not consider unexpected situations
such as infection of tractor drivers and road
blockades that may occur during the epidemic. In
future research, we will focus on the impact of
unexpected conditions on agricultural machinery
scheduling and carry out research on agricultural
machinery dynamic scheduling.
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We confine our interest to the O2O (online-to-offline) supply chain system consisting of an online retailer and an offline retailer.
Given that the brand they sell may encounter a brand crisis that will damage the goodwill, we formulate an O2O supply chain
model with the impact of random crisis to explore the countermeasures of retailers when facing a potential crisis. After analysis,
we find the following: (1)(e crisis happened earlier with the increase of hazard rate and retailers should lower their investment in
the precrisis stage. (2) (e existence of crisis divides the whole planning period into two phases and make retailers have different
phase preference in different scenarios. In a word, retailers will pay more attention to the postcrisis stage with the increase of
hazard rate and damage rate and therefore invest more in the postcrisis stage. (3) Crisis will decrease the investment level of
retailers and therefore make the goodwill and profits lower than when there is no crisis.

1. Introduction

It is evitable for any company to encounter a brand crisis in
the operation process. On the one hand, the crisis may be
related to quality issues. For example, Volkswagen recalled
almost four hundred thousand defective vehicles in China
for its potential risk in DSG gearbox in 2013. Samsung
suffered a tremendous loss in sales due to many reported
explosion events of Galaxy note 7 for a fatal defect in the
battery. On the other hand, the brand crisis may be triggered
by illegal behavior or failing to fulfill social responsibility.
See what happened to GE when their financial scandal was
disclosed. Sometimes, the crisis is not due to the company’s
certain behavior but, for example, caused by the negative
image of the endorser of the brand. (is kind of event that
occurs randomly and unexceptionally will inflict damage on
the goodwill, sale, and profitability of the company.

Hence, farsighted companies cannot afford to ignore the
likelihood and possible consequence of the crisis when
making their decisions especially when the O2O pattern is
gaining prevalence and the crisis may cause wider influence.
O2O supply chain is a novel business pattern integrating

both online and offline channels to provide consumers with
a product as well as a superior shopping experience and cater
for various channel preferences. Hence, in the O2O pattern,
the products are sold simultaneously through online and
offline channels and both channels will suffer from the crisis.
In this sale system, the online retailer will popularize the
products by means of advertisement on the online platform
and the offline retailer will offer service to further win
customers. However, the goodwill accumulated by their
marketing tools may be damaged by the crisis mentioned
and therefore make the investments of retailers less efficient.
Hence, the retailers are forced to consider the following
questions: (1) what they should do to respond to the crisis
and (2) how should they adjust their investments when the
hazard rate or the damage rate rises. To answer these
questions, we formulate and analyze an O2O supply chain
model with a random brand crisis in order to provide in-
sights to retailers envisioning crisis.

(ree streams of literature are closely related to our
research: (1) study of dual-channel or O2O supply chain and
showrooming; (2) study of stochastic differential game; and
(3) study of brand crisis. (e first related stream concerns
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the study of dual-channel and O2O supply chain. Dum-
rongsiri et al. [1] incorporate the service into the study of
dual-channel supply as a marketing tool to gain the pref-
erence of customers and their analyses show that the service
in the offline channel can benefit both online and offline
channels. Yan and Pei [2] study the influence of offline
service strategy on the decision-making of supply chain
members and their results show that the elevation of offline
service can help to lower wholesale price and enhance the
total performance of the supply chain system. Dan et al. [3]
concentrate on the service and pricing strategies of supply
chain members and their results show that offline service
exerts tremendous influence on pricing strategy and cus-
tomers’ channel loyalty also dictates. (e studies mentioned
above all note that offline service has a crucial role in the
dual-channel supply chain but they fail to incorporate the
showrooming effect into their study. He et al. [4] consider
the phenomenon into their modeling of the channel de-
mand. Showrooming, by definition, is the phenomenon that
customers use the offline store to browse and experience the
products but finally buy online according to [5–7]. Essen-
tially, the existence of this effect forces the demand generated
by offline service to transfer from offline channel toward the
online channel. Given that this phenomenon is ubiquitous,
we incorporate this effect into our model. In this paper, we
assume that the online and offline channels sell homoge-
neous products and wemainly focus on the decision-making
problem of retailers when they envision the brand crisis. (e
goodwill established by advertising and service will be
damaged in the crisis and the dynamic of goodwill is dif-
ferent from that before the crisis. Hence, we introduce the
stage state variable to depict pre- and postcrisis stages and
use the modified Nerlove-Arrow model to describe the
evolution of goodwill during the whole planning period.
Based on the studies above, we formulate the basic O2O
model with the showrooming effect as a foundation to
further study the effect of the crisis.

In the study of the stochastic differential game, Prasad
and Sethi [8] focus on the stochastic cooperative advertising
strategies. Jiang et al. [9] and Fu et al. [10] tackle the pol-
lution control problems based on the stochastic differential
game. All of these researches study the uncertainty by in-
troducing the Wiener process to explore and analyze the
optimal strategies. However, the Wiener process is desirable
to depict small and discrete shocks whose net impacts, on
average, are zero. But the crisis occurs randomly and dis-
continuously and its average impact on goodwill is not zero.
Hence, the Wiener process is undesirable to represent the
discrete crisis event. Hence, in this paper, we use the random
occurrence process to depict this kind of uncertainty caused
by a rarely happening crisis. We then incorporate this
process into the dynamic O2O pattern to study the optimal
strategies of retailers when facing the crisis.

Another stream of literature is about the study of brand
crisis. Heerde et al. [11] find that the crisis not only damages
the reputation and brand equity of the company but also will
attenuate the effectiveness of its marketing effort. (is is
because the occurrence of the crisis may let the customers
feel betrayed and may have the image of customers formed

before the change. Meanwhile, his opponents may take
advantage of the crisis and add fuel to the fire. Similarly,
MacKenzie and Lutz [12] argue that if the customers lose
faith in the brand, they will also become dubious to its
advertising. Ahluwalia [13] also holds that once the negative
publicity of the brand is exposed to customers, they will
become more resistant to the advertising trying to convince
them. Furthermore, unsatisfactory customers may share
their unpleasant experiences with other customers andmake
them less friendly to the brand according to Ouardighi et al.
[14]. Zhao et al. [15] prove that the sensitivity of customers to
the brand will be lowered after the crisis. In a word, the crisis
will make it hard for the company to retain and win cus-
tomers. Hence, we take this point into consideration when
formulating the model by making the influence parameters
after the crisis lower than those before the crisis.

Based on the researches mentioned above, we formulate
a dynamic O2O supply chain model with a stochastic crisis
to explore the decision problems of the retailers when facing
a potential crisis. (e rest of the paper is arranged as follows:
we formulate the model and offer corresponding assump-
tions in Section 2; we solve and analyze the optimal strategies
in Section 3; we conduct comparison analysis in Section 4;
we use a numerical example to analyze and exhibit the
outcomes deduced before; Section 5 concludes the whole
paper.

2. Model Formulation

2.1. Channel Demand with Showrooming Effect. (is paper
studies an O2O supply chain system composed of an online
retailer and an offline retailer. (e online retailer utilizes
the e-commercial platform to advertise the products
through nationwide advertising, the level of which is
represented by AE(t). While the offline retailer is closer to
consumers and therefore will offer local service, the level of
which is represented by SR(t), to further win consumers’
preference. Hence, the brand goodwill is affected by both
online retailer’s advertising and offline retailer’s service
strategies and the dynamics of brand goodwill can be
described as follows:

_G(t) � cAE(t) + ζSR(t) − δG(t),

G(0) � G0 > 0,
(1)

where G(t) represents the goodwill of the brand and G0 > 0
represents the initial goodwill level. c> 0 and ζ > 0 measure
the influence of advertisement and service on goodwill,
respectively. δ > 0 represents the decay rate of goodwill.
Equation (1) depicts the dynamics of goodwill and manifests
the influence of supply chain members’ strategies. (e
reason why we use the dynamic model is that it can capture
the dynamic process of recognition of customers to a certain
brand. It takes time for consumers to finally accept and
purchase the product, while the static model fails to depict
the process. Furthermore, the other important reason for
using the dynamic model is that it can also model the impact
of the crisis. (e goodwill may drop and evolve in a different
way after the crisis.
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(en, we will establish the demand for online and offline
channels based on the showrooming phenomenon.
According to the analysis above, the showrooming effect
refers to the situation that consumers browse and experience
goods in brick-and-mortar stores but buy them online af-
terward. Inspired by Mehra et al. [7], we divide the con-
sumers into three groups to analyze the demand of both
channels. (e first group, denoted by D1(t), refers to the
consumers who choose to buy products online directly. (e
second group denoted by D2(t) refers to the consumers who
experience the products in offline stores but finally purchase
them online.(e third group, denoted by D3(t), refers to the
consumers who choose to buy products in the offline store
after experiencing the products. (e significance of cate-
gorizing consumers is to reveal the essence of the show-
rooming effect-a critical factor affecting the division of
demand between channels. (e more influential the effect is,
the more consumers choose to browse offline and buy
online. (e amount of three groups combines to determine
the channel demand.

Since the first group of consumers do not visit the offline
stores, the quantity of them is only related to advertising and
the level of goodwill. However, since not all consumers are
attracted by advertising and goodwill buys products online
directly, we assumed that the first group of consumers ac-
count for α of the total numbers caused by advertising and
goodwill.(e other 1 − α proportion of consumers choose to
experience products offline first and then make decisions.
(e second and third groups will first go to offline stores to
experience products, so their quantities are also affected by
the service efforts of offline retailers. However, the second
type of consumers ultimately chooses to buy online, while
the third type of consumers chooses to buy in the offline
store. Assume that the proportion of the second type and the
third type of consumers is π and 1 − π, respectively.
(erefore, according to the above analysis, the number of
three groups of consumers is

D1(t) � α βAE(t) + θG(t) ,

D2(t) � π(1 − α) βAE(t) + θG(t)  + πηSR(t),

D3(t) � (1 − α)(1 − π) βAE(t) + θG(t)  +(1 − π)ηSR(t),

(2)

where β> 0, η> 0, and θ> 0 measure the efficacy of ad-
vertising, service, and goodwill on demand, respectively. α
denotes the channel preference parameter and π denotes the
showrooming parameter. (e specific composition of
channel demand is shown in the following figure.

Adding D1 and D2, we can get the demand of online
channel DE.

DE � [1 − (1 − α)(1 − π)] βAE(t) + θG(t)  + πηSR(t).

(3a)

(en the demand for offline retail channel DR is

DR � (1 − α)(1 − π) βAE(t) + θG(t)  +(1 − π)ηSR(t).

(3b)

Wemake μ � (1 − α)(1 − π) in the following analysis for
clarity.

In addition, by observing the expressions of DE(t) and
DR(t), we can find that the total demand of the market is
determined by three aspects which are goodwill, advertising,
and service. We can also find that the value of online channel
preference and showrooming parameters jointly determines
the distribution of the total demand between online and
offline channels and the change of the parameters actually
reflects the transfer of demand between channels. Obviously,
the demand for the online channel will increase if the two
parameters increase.

2.2. Occurrence Process of Crisis. Next, we will incorporate
the crisis occurrence into our study. For the sake of sim-
plicity, we assume that the crisis just happens once at a
random moment T with hazard rate χ. (e occurrence
process of crisis can be described by the following model:

lim
Δt⟶0

P t≤T< t + Δt|T≥ t{ }

Δt
� χ. (4)

(e conditional probability in equation (4) means the
probability that a crisis does not occur before time t but
occurs within the time interval [t, t + Δt). Let f(t) and F(t)

be probability density function and probability distribution
function, respectively. (en the conditional probability in
equation (4) can be written as

lim
Δt⟶0

P t≤T< t + Δt|T≥ t{ }

Δt

� lim
Δt⟶0

((F(t + Δt) − F(t))/[1 − F(t)])

Δt
�

_F(t)

1 − F(t)
� χ.

(5)

By solving the differential equation above, we can get
f(t) � χe− χt and F(t) � 1 − e− χt. Hence, we can find that the
probability of the crisis occurring before time T turns out to
be P t≤T{ } � 1 − e− χT. Apparently, the greater the hazard
rate χ is, the greater the P t≤T{ } is, indicating that the crisis
occurs earlier. Meanwhile, we can also find that the expected
value of occurrence time is E(t) � (1/χ). In addition, we can
infer from equation (4) that the probability of crisis is ob-
jective. Once certain products are launched, supply chain
members cannot control their value but only have to accept
them passively. (is assumption is consistent with the re-
search of (irumalai and Sinha [16] which believes that the
potential risk of serious events such as brand crisis actually
existed before the product was launched. (erefore, supply
chain members must estimate the possibility of crisis ob-
jectively and make the corresponding adjustment to prop-
erly respond to the potential crisis.

(e existence of crisis divides the whole planning period
into two phases which are precrisis and postcrisis phases.
Since the crisis will damage the goodwill at the occurrence
time, the goodwill will be no longer continuous during the
planning period.
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G T
+

(  � (1 − ϕ)G T
−

( ), (6)

where ϕ represents the damage rate of goodwill. G(T+) and
G(T− ) represent the goodwill levels just after and right
before the crisis event, respectively. A higher damage rate
implies more loss in goodwill accumulated before crisis.
Furthermore, the occurrence of the crisis may weaken the

influence of marketing activities on the goodwill and
therefore make them less efficient on the establishment of
the goodwill. (us, the dynamics of goodwill evolve in
different ways in precrisis and postcrisis phases which can be
described as follows:

_G1(t) � c1AE(t) + ζ1SR(t) − δ1G1(t), G1(0) � G0, 0≤ t<T,

_G2(t) � c2AE(t) + ζ2SR(t) − δ2G2(t), G2 T
+

(  � (1 − ϕ)G1 T
−

( ), T≤ t,

⎧⎨

⎩ (7)

where c1 ≥ c2, ζ1 ≥ ζ2, and δ1 ≤ δ2 which indicate that, in the
postcrisis phase, the influences of advertising and service on
goodwill are lower than those before the crisis and the degree
of consumers’ forgetting is higher than that before the crisis.
According to the research of [11, 17, 18] on crisis and its
impact, the consumers tend to be dubious toward the brand
advertising after the crisis and companies are more difficult
to gain the potential buyers due to bad propaganda, indi-
cating that the efficacy of marketing efforts will be lower after

the crisis, based on which, we suppose that c1 ≥ c2 and
ζ1 ≥ ζ2. Meanwhile, their opponents may take advantage of
the crisis by negative propaganda to canvass consumers
originally loyal to the business-facing crisis. Hence, the
consumers may become easier to abandon the brand and we
assume that δ1 < δ2.

(erefore, the expected profits of online retailers and
offline retailers in the planning period are given by

JE,R AE1 SR1( , AE2 SR2(   � E 
T

0
e

− rt ρE,RDE,R − CE,R dt + e
− rT

VE,R2(G) . (8)

Calculating the expectations above, we can get

JE,R AE1 SR1( , AE2 SR2( , χ  � 
∞

0
e

− (r+χ)t ρE,RDE,R − CE,R  + χVE,R2(G) dt, (9)

where VE2(G) and VR2(G) are the value functions of supply
chain members in the postcrisis stage. AE1(SR1) is the ad-
vertising (service) level before the crisis and AE2(SR2) is the
advertising (service) level after the crisis. ρE,R and DE,R

represent the marginal profits and channel demand of both
players. We assume that the marginal profits of both
members are constant for the reason that, in the perfect
competitive market, the companies are only price takers
instead of price settlers, making themarginal profit constant.
Previous literature, such as Lu et al. [19] and Saha et al. [20],
also takes this assumption. CE,R represent advertising and
service cost and the cost are assumed to be of quadratic form
which should be (1/2)kEA2

E and (1/2)kRS2R, where kE and kR

are positive constant cost parameters.
According to equation (9), the expected profits of online

and offline retailers are not only functions of the advertising
and service strategies but also functions of the hazard rate χ.
It is also worth noting that the discount rate changes from r

to r + χ, indicating that the retailers pay more attention to
the current rather than the future profits since according to
Jørgensen and Zaccour [21], the discount rate measures the
time preference of players and the larger the discount rate is,

the more impatient the players are. (us, a differential game
model of online and offline retailers with the brand crisis is
constructed by (4)–(9).

3. Equilibrium Strategies

3.1. EquilibriumStrategies inPostcrisisRegime. According to
the analysis above, the brand crisis not only damages the
goodwill of the brand but also makes the efficacy of ad-
vertising and service strategies on goodwill lower than
before. (erefore, the problems to be solved in precrisis
and postcrisis regimes are different from the other. In
order to maximize the expected profits in the whole
planning period, retailers have to set the optimal strategies
at every moment in the precrisis and postcrisis regimes
according to Rubel et al. [22]. We use superscript IM to
represent this pattern. According to the method provided
in [23–27], we will first solve the optimization problem in
the postcrisis stage. Let VIM

E (G) and VIM
R (G) be the value

functions of both players, respectively. Hence, the opti-
mization problem of the online retailer in the postcrisis
stage is as follows:
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max
AIM

E2

J
IM
E2 � 

∞

0
e

− (r+χ)t ρE (1 − μ) βA
IM
E2 + θG  + πηS

IM
R2  −

1
2
kE A

IM
E2 

2
 dt

s.t. _G(t) � c2AE2(t) + ζ2SR2(t) − δ2G(t), G T
+

(  � (1 − ϕ)G T
−

( ).

(10)

(e optimization problems of offline retailer in the
postcrisis stage are as follows:

max
SIM

R2

J
IM
R2 � 

∞

0
e

− (r+χ)t ρR μ βA
IM
E + θG  +(1 − π)ηS

IM
R1  −

1
2
kR S

IM
R 

2
 dt

s.t. _G(t) � c2AE2(t) + ζ2SR2(t) − δ2G(t), G T
+

(  � (1 − ϕ)G T
−

( ).

(11)

Proposition 1. 2e optimal strategies of online and offline
retailers in the postcrisis regime are

A
IM∗
E2 �

ρEβ(1 − μ) + c2n1

kE

,

S
IM∗
R2 �

ρRη(1 − π) + ζ2m1

kR

.

(12)

2e optimal value functions of both players in the post-
crisis regime are

V
IM
E2 (G) � n1G + n,

V
IM
R2 (G) � m1G + m2.

(13)

where

n1 �
ρEθ(1 − μ)

r + δ2( 
,

n2 �
n1ζ2 + ρEηπ( S

IM∗
R2

r
+

ρEβ(1 − μ) + c2n1 
2

2rkE

,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

m1 �
ρRθμ
r + δ2( 

,

m2 �
ρRβμ + m1c2( A

IM∗
E2

r
+

ρRη(1 − π) + ζ2m1 
2

2rkR

.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(14)

(e proof of Proposition 1 is shown in Appendix.
We can find from Proposition 1 that the optimal ad-

vertising strategy of online retailers consists of two parts
which are (ρEβ(1 − μ)/kE) and ((c2ρEθ(1 − μ))/kE(r + δ2)).
(e first term derives from the fact that advertising strategies
can directly increase the online channel demand.(e second
term is due to its indirect influence on demand by con-
tributing to the goodwill. Similarly, the optimal strategy of
offline retailers is also composed of two parts. By analyzing
the influence of important parameters on the optimal

advertising and service strategy, we can have the following
results.

Corollary 1. 2e impacts of key parameters on the optimal
strategies can be given by

zA
IM∗
E2

zπ
> 0,

zA
IM∗
E2

zα
> 0,

zA
IM∗
E2

zρE

> 0,

zA
IM∗
E2

zβ
> 0,

zA
IM∗
E2

zθ
> 0,

zS
IM∗
R2

zπ
< 0,

zS
IM∗
R2

zα
< 0,

zS
IM∗
R2

zρR

> 0,

zS
IM∗
R2

zη
> 0,

zS
IM∗
R2
zθ
> 0.

(15)

We can find the following from Corollary 1: (1) (e
increase of π or α indicates that some part of demand is
transferred from offline channel to online channel. Hence,
when π or α increases, the offline retailer should reduce the
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optimal service strategy while online retailers should in-
crease the advertising strategy. Actually, the showrooming
effect parameter π and online channel preference parameter
α jointly determine the distribution of demand between
channels and the changes of the two parameters reflect the
transfer of demand between channels. (is phenomenon is
due to the definition of demand as illustrated in Figure 1 and
consistent with intuition. (2) (e marginal profit can
stimulate retailers to invest more in advertising and service
that contribute to improving the goodwill and demand.
(erefore, the marginal profit, an indicator of profitability, is
crucial in determining the optimal strategies. Both players
should pay attention to the improvement of marginal profit.
(3) (e influence parameters of advertising and service on
demand also affect the optimal strategies. (e increase of
influence parameters implies the increase of efficiency of
advertising and service investment. Hence, when the

parameters increase, both online and offline retailers should
enhance their investment. (4) Since both online and offline
retailers’ strategies are able to boost goodwill which is di-
rectly relevant to demand, the increase of influence pa-
rameter of goodwill on demand will stimulate investment of
both players. Actually, the increase of this parameter
manifests the elevation of the efficacy of their efforts which
underlies their motivations in augmenting investment.

3.2. Equilibrium Strategies in Precrisis Regime. When online
and offline retailers decide the optimal strategy before the
crisis, they should consider the situation after the crisis so as
to maximize the expected profits during the whole planning
period. (erefore, the optimization problem that the online
retailer should solve before the crisis is as follows:

max
AIM

E1

J
IM
E1 � 

∞

0
e

− (r+χ)t ρE (1 − μ) βA
IM
E1 + θG  + πηS

IM
R1  −

1
2
kE A

IM
E1 

2
+ χV

IM
E2 [(1 − ϕ)G] dt

s.t. _G(t) � c1AE1(t) + ζ1SR1(t) − δ1G(t), G(0) � G0.

(16)

(at of offline retailers is

max
SIM

R1

J
IM
R1 � 

∞

0
e

− (r+χ)t ρR μ βA
IM
E1 + θG  +(1 − π)ηS

IM
R1  −

1
2
kR S

IM
R1 

2
+ χV

IM
R2 [(1 − ϕ)G] dt

s.t. _G(t) � c1AE1(t) + ζ1SR1(t) − δ1G(t), G(0) � G0.

(17)

Proposition 2. 2e optimal strategies of online and offline
retailers in the precrisis regime are

A
IM∗
E1 �

ρEβ(1 − μ) + c1k1

kE

,

S
IM∗
R1 �

ρRη(1 − π) + ζ1h1

kR

.

(18)

(e optimal value functions of online and offline re-
tailers in the precrisis regime are

V
IM
E1 (G) � k1G + k2,

V
IM
R1 (G) � h1G + h2.

(19)

(e dynamic of goodwill during the whole planning
period is

G
IM

(t) �

G0 −
c1A

IM∗
E1 + ζ1S

IM∗
R1

δ1
 e

− δ1t
+

c1A
IM∗
E1 + ζ1S

IM∗
R1

δ1
, t ∈ [0, T],

(1 − ϕ)G(T) −
c2A

IM∗
E2 + ζ2S

IM∗
R2

δ2
 e

− δ2(t− T)
+ G

IM
∞ (t), t ∈ (T,∞),

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(20)
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where

G
IM
∞ (t) �

c2A
IM∗
E2 + ζ2S

IM∗
R2

δ2
,

k1 �
ρEθ(1 − μ) + χn1(1 − ϕ) 

r + χ + δ1( 
,

k2 �
ρE(1 − μ)β + k1c1 

2

2kE(r + χ)
+

ρEηπ + k1ζ1( S
IM∗
R1 + χn2 

(r + χ)
,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

h1 �
ρRθμ + χm1(1 − ϕ) 

r + χ + δ1( 
,

h2 �
ρRη(1 − π) + ζ1h1 

2

2kR(r + χ)
+

ρRβμ + h1c1( A
IM∗
E1 + χm2 

(r + χ)
.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(21)

(e proof of Proposition 2 is shown in Appendix.
It can be seen from Propositions 1 and 2 that the online

and offline retailers should set their optimal strategies
according to the different business conditions before and
after the crisis. (erefore, the optimal strategies in the
precrisis for both sides are also a function of the crisis
occurrence rate χ and the goodwill loss rate ϕ, showing that if
online and offline retailers should evaluate the probability of
crisis and its negative impact on goodwill at the beginning of
making strategies to get the maximum expected profit in the
whole planning period. (e optimal strategies of both sides
are composed of two parts, the structures and some prop-
erties of which are similar to those in postcrisis. For example,
precrisis and postcrisis advertising strategies are both de-
creasing functions of the decay rate δ and the cost coefficient
kE but increasing functions of the influence coefficient β and

θ. By analyzing the influence of parameters on the optimal
strategies of online and offline retailers, we can have the
following conclusion.

Corollary 2. 2e impacts of key parameters on the optimal
strategies can be given by

zA
IM∗
M1

zδ1
< 0,

zA
IM∗
M1

zδ2
< 0,

zA
IM∗
M1

zχ
< 0,

Phase I
(go offline or not?)

Experience offline 1 – α

Buy directly online α

Buy offline 1 – π

Buy online π

Phase II
(buy online or not?)

Bu
y 

on
lin

e

Buy offline

D3 = (1 – π )[(1 – α)(βAE  + θG) +ηSR]

D2 = π[(1 – α)(βAE  + θG) + ηSR]

D1 = α(βAE  + θG)

Showrooming

Figure 1: Demand for online and offline channels.
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zA
IM∗
M1

zϕ
< 0,

zS
IM∗
R1

zδ1
< 0,

zS
IM∗
R1

zδ2
< 0,

zS
IM∗
R1
zχ
< 0,

zS
IM∗
R1

zϕ
< 0.

(22)

We can find the following from Corollary 2: (1) (e
precrisis strategies are not only decreasing functions of the
precrisis decay rate δ1 but also decreasing functions of the
postcrisis decay δ2, which indicates that both retailers should
take into consideration the impact of the crisis on the business
environment when deciding strategies at the beginning of the
period. (2) (e precrisis optimal advertising and service
strategies are decreasing function of hazard rate χ and goodwill
loss rate ϕ. Hence, retailers should adjust their decisions
according to the variation of the crisis. When the hazard rate
increases, retailers should reduce their investment before the
crisis happens. According to the analysis in Section 2.2, the
greater the hazard rate is, the greater the probability P t≤T{ } �

1 − e− χT (probability of occurring before the time T) will be,
whichmeans that the crisis occurs earlier, and the accumulated
goodwill will not be kept for a long time. Since the goodwill will
suffer due to the crisis, part of the investment before the crisis
will disappear with the loss of goodwill. Hence, if the crisis is
closer or more destructive, the retailers should reduce the
investment before the crisis and leave more funds for the
recovery of goodwill after the crisis. In addition, although the
goodwill level decreases only after the crisis, the expectation of
the crisis affects the decision-making before the crisis. (is is
because the reverse induction principle requires both parties to
anticipate the situation after the crisis and then reversely de-
duce the global optimal dynamic strategies. (erefore, when
confronting the possible crisis, retailers should fully consider
the impact of the crisis and make the corresponding actions to
maximize the profit maximization based on the global con-
sideration of both pre- and postcrisis stages.

4. Comparisons and Analyses

(is section will compare and analyze the optimal strategies
of members to further reveal the impact of the potential
crisis on member’s decisions. Firstly, comparing the strat-
egies with no crisis with those with a potential crisis, we can
have Proposition 3. And comparing the strategies of retailers
before and after the crisis, we will have Proposition 4.
Obviously, the situation without a crisis is the situation with
a hazard rate χ � 0. Let χ � 0 in Proposition 2; we will have

the optimal strategies with no crisis represented by super-
script AVG.

Proposition 3. 2e comparison results of the optimal
strategies with or without crisis are as follows:

A
AVG∗
E >A

IM∗
E1 ,

A
AVG∗
E >A

IM∗
E2 ,

S
AVG∗
R > S

IM∗
R1 ,

S
AVG∗
R > S

IM∗
R2 .

(23)

According to Proposition 3, retailers tend to lower their
investment when facing a potential crisis. According to the
analysis of Corollary 2, the precrisis advertising and service
strategies are all the decreasing functions of hazard rate χ and
when χ � 0; we will have AAVG∗

E � AIM∗
E1 and SAVG∗

R � SIM∗
R1 .

Hence, if χ > 0, there must be AAVG∗
E >AIM∗

E1 and SAVG∗
R >

SIM∗
R1 . 2eir envision of the crisis will reduce their precrisis
advertising and service investment. Moreover, the occurrence
of the crisis will also change the business environment (c1 ≥ c2,
ζ1 ≥ ζ2, and δ1 ≤ δ2), which will make retailers lower their
investment after the crisis compared with the situation with
no crisis.

Proposition 4. 2e comparison results of the optimal
strategies of online and offline retailers before and after the
crisis are as follows:

A
IM∗
E1 − A

IM∗
E2 �

≥0,
c2

c1
≤ω,

<0,
c2

c1
>ω,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

S
IM∗
R1 − S

IM∗
R2 �

≥0,
ζ2
ζ1
≤ω,

<0,
ζ2
ζ1
>ω,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(24)

where ω � ((r + (1 − ϕ)χ + δ2)/(r + χ + δ1)).

From Proposition 4, we can find that retailers should
consider their influence parameters of their strategies when
deciding how to allocate their investment between pre- and
postcrisis regimes. (ere is a threshold ω. If (c2/c1)≤ω,
online retailers should reduce their postcrisis advertising
investment, while if (c2/c1)>ω, online retailers should
increase their postcrisis investment. (e service strategy of
offline retailer shares similar property.

(is result reflects the regime reference in decision-
making, which is essentially consistent with the conclusion
of the previous analysis. According to the analysis in Section
2.2, we can find that when the hazard rate χ is small, retailers
tend to pay more attention to the precrisis stage but if the
crisis rate χ is large, they should put more emphasis on the
postcrisis stage. Derive ω with regard to χ and we can get
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zω
zχ

� −
r + δ2 − (1 − ϕ) r + δ1( 

r + χ + δ1( 
2 < 0. (25)

When the hazard rate χ decreases, the threshold ω will
increase and the probability that (c2/c1) is less than ω will
increase. Hence, the probability that the retailers reduce
their investment after the crisis will increase and the precrisis
stage is more important for retailers. Particularly, if χ⟶ 0,
then ω⟶ ((r + δ2)/(r + δ1))≥ 1 and (c2/c1)≤ω is defi-
nite, which means that retailers do not have to consider the
postcrisis stage. (is because χ⟶ 0 means that the crisis
time is infinitely pushed back and the precrisis stage du-
ration is infinite. When the hazard rate χ increases, ω will
decrease, indicating that the probability that (c2/c1) is
greater than ω will increase and the retailers will be more
likely to increase their investment after the crisis. Further, we
can get the value range of the threshold ω.

1 − ϕ<ω<
r + δ2
r + δ1

. (26)

Essentially, the stage preference of retailers is due to the
different efficiency of investment in different stages. If the
hazard rate χ is very large, the crisis will occur very early.
(en the input of players before the crisis will be wasted soon
because of the loss of goodwill. Hence, it is better to reduce
the investment. However, if the crisis seriously affects the
influence parameters of retailers’ strategies on goodwill, then
it is necessary to weigh the relationship between (c2/c1) and
ω. Particularly, if c2(ζ2)⟶ 0, indicating that the influence
of member’s strategies on goodwill can be ignored after the
crisis, then more resources should be channeled to the
precrisis regime to improve the level of goodwill even if the
crisis will damage goodwill. In a word, the potential crisis
will make the retailers have stage preference, and the hazard
rate, goodwill loss rate, and the influence of members’
strategies on goodwill determine the efficiency of investment
in different regimes. (e following special scenarios can be
obtained by further analysis.

4.1. Scenario 1. If c1 � c2, ζ1 � ζ2, and δ1 � δ2, then
AIM

E1 ≤AIM
E2 and SIM

R1 ≤ SIM
R2 ∀χ > 0.

In this scenario, even if the crisis will immediately
damage the goodwill, it will not cause other long-term effects
(such as reduce the influence parameters of strategies on the
goodwill or increase consumers’ forgetting effect). Hence,
the goodwill has the identical evolution rules before and after
the crisis. In this situation, retailers should increase their
investment after the crisis so that the damaged goodwill can
be recovered as soon as possible. As a consequence, retailers’
investment in the second stage is higher than that in the
precrisis stage regardless of the hazard rate and the degree of
goodwill loss. Furthermore, the investment in the postcrisis
stage is equal to that with no crisis; namely, AIM

E2 � AAVG
E and

SIM
R2 � SAVG

R .

4.2. Scenario 2. If (c2/c1)≤ 1 − ϕ and (ζ2/ζ1)≤ 1 − ϕ, then
AIM

E1 ≥AIM
E2 and SIM

R1 ≥ SIM
R2 ∀χ > 0.

Different from Scenario 1, the crisis will not only reduce
the influence of advertising and service but also increase the
forgetting effect consumers, and in this situation, the long-
term impact of the crisis outweighs its direct impact, which
makes the investment of retailers in postcrisis regime less
efficient than in the precrisis regime. Hence, the retailers
need to pay more attention to the precrisis stage and allocate
more resources before the crisis. In addition, it is also worth
noting that the impact of the reduction of the impact of
advertising and services is greater than that of the increase of
the forgetting effect (because in this scenario, we have
(c2/c1)≤ω, but in situation 1, when c1 � c2 and δ1 � δ2, we
will have ω< 1).

4.3. Scenario 3. If 1 − ϕ< (c2/c1)≤ ((r + δ2)/(r + δ1)) and
1 − ϕ< (ζ2/ζ1)≤ ((r + δ2)/(r + δ1)), then AIM

E1 ≥AIM
E2 for

χ ≤ χ, SIM
R1 ≥ SIM

R2 for χ ≤ χ, AIM
E1 <AIM

E2 for χ > χ, SIM
R1 < SIM

R2
forχ > χ, where

χ �
c1 r + δ2(  − c2 r + δ1( 

c2 − (1 − ϕ)c1
,

χ �
ζ1 r + δ2(  − ζ2 r + δ1( 

ζ2 − (1 − ϕ)ζ1
.

(27)

Similar to Scenario 2, the crisis will make it more difficult
for advertisement and service to attract consumers andmake
the goodwill decay faster detrimental to the long-term
profits of retailers. But the direct impact of the crisis is
greater than its long-term impact (((c1 − c2)/c1)< ϕ).
Hence, in this scenario, the investment allocation issues
depend on the value of the hazard rate. If χ < χ, an online
retailer will increase the advertising investment in the
precrisis stage, and when χ < χ, offline retailers will increase
the service investment in the precrisis stage. Since the hazard
rate is relatively small, the crisis occurs later and the precrisis
stage will be longer. Generally, the direct impact of the crisis
will make retailers tend to invest more in the postcrisis stage
and the long-term impact of the crisis will make retailers
tend to invest more in the precrisis stage. (erefore, when
making decisions, retailers should consider the role of their
strategies in the whole planning period.

5. Numerical Analysis

In this section, we use numerical analysis to further verify
and exhibit former conclusions. We analyze the impact of
random crisis on optimal strategies and profits of both
retailers. (e basic parameters are set as follows: G0 � 0;
r � 0.1; c1 � 1; c2 � 0.8; ζ1 � 0.2; ζ2 � 0.15; δ1 � 0.2;
δ2 � 0.25; α � 0.3; π � 0.4; kE � 1; kR � 1; ρE � 6; ρR � 6;
β � 0.2; θ � 0.2; η � 0.2; T � 5; χ � 0.5; ϕ � 0.5.

5.1. Impact of Crisis on Retailers’ Strategies. Firstly, we an-
alyze the impact of the crisis on the strategies of both re-
tailers at the beginning of the period. Figures 2–4 manifest
the impact of hazard rate and goodwill loss rate on online
retailers’ advertising strategies.

Mathematical Problems in Engineering 9



Figures 2 and 3 verify the conclusion of Corollary 2.
When the crisis will occur, the hazard rate and the loss rate
are crucial factors that should be taken into consideration
when the online retailer makes the advertising strategy. And
the retailer should properly respond to the changes of the
parameters and make corresponding adjustments to achieve
the maximum expected profit in the planning period. It can
be seen from Figures 2 and 3 that when the hazard rate

increases, online retailers should reduce their advertising
investment, and when the loss rate of on goodwill increases,
online retailers should also reduce their advertising in-
vestment. Figures 4 and 5 analyze the impact of the crisis on
offline retailer’s service strategy.

Similar to the online retailer’s advertising strategy, the
offline retailer should also reduce their service investment no
matter the hazard rate or loss rate increases. Hence, when the
crisis may occur, the envision of the crisis will affect the
determination of the retailers’ strategies. (is is because the
purpose of both advertising and service is to increase
goodwill and expand sales, but the occurrence of the crisis
will make the accumulated goodwill suffer and therefore
waste the investment of retailers. (is point has important
management insight. In managerial practice, if the crisis will
not happen, the retailers’ strategies are only based on their
own situation and market environment. But in actual op-
erational activity, the brands sold by retailers have odds to
confront the brand crisis and therefore have the goodwill
injured. Hence, retailers should have certain knowledge of
the products they sold and the manufacturers of products to
analyze the probability of crisis and the impact on goodwill.
For example, if the manufacturer does not do well in quality
control and often receives consumer’s complaints or the
manufacturer has business behaviors that does not conform
to business ethics, the retailers really need to know about
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Figure 2: Advertising before crisis.
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these situations. Because these hidden dangers may occur at
any time which will lead to a crisis against the brand. (e
more the hidden dangers in the operation process are, the
greater the probability of crisis will be. Retailers should
adjust their advertising and service inputs to respond to the
potential risk.

5.2. Impact of Crisis on Goodwill. (e impact of the crisis on
goodwill is shown in Figures 6–8. Figure 6 compares the
goodwill with crisis to that without crisis. Figure 7 analyzes
the impact of hazard rate on goodwill and Figure 8 analyzes
the impact of loss rate.

According to the analysis of Corollary 2, when the se-
verity of the crisis increases, both online and offline retailers
should reduce their precrisis advertising and service in-
vestment. In Figure 6, even if the crisis has not yet occurred
T< 5, the goodwill is still lower than that without the crisis.
When the crisis happened T � 5, the goodwill suddenly
loses. In addition, according to the analysis of Proposition 3,
the advertising and service strategies of retailers after the
crisis are also lower than those without crisis and the growth
rate of goodwill in the postcrisis stage is still lower than that
without crisis. Figure 7 analyzes the impact of hazard on
goodwill. It can be seen that the higher the hazard rate is, the
lower the level of goodwill will be. (is is because the in-
vestment will decrease with the increase of hazard rate,
leading to a lower level of goodwill. In addition, since the
strategies of retailers after the crisis are no longer affected by
the crisis but only related to the retailers themselves and the
market, the strategies after the crisis are the same regardless
of the situation of the crisis. Hence, in Figure 7, the goodwill
in three cases converges to the same level. Figure 8 analyzes
the impact of loss rate on goodwill. We can also find that the
higher the loss rate is, the lower the level of goodwill will be,
not only because the loss rate will reduce the investment of
both sides but also because of the higher damage of the crisis.

5.3. Impact ofCrisis onRetailers’ Profits. Figures 9–11 analyze
the impact of the crisis on the profits of online retailers, and
Figures 12–14 analyze the impact of the crisis on the profits
of offline retailers.

(e impact of the crisis on profits is complex. On the one
hand, according to the previous analysis, the envision of the
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crisis will make both retailers reduce their advertising and
service investment, which will not only lead to the reduction
of goodwill but also directly affect demand. On the other
hand, the occurrence of the crisis will lead to changes in
market conditions, which will jointly lead to lower profit
levels before and after the crisis than when there is no crisis.
Specifically, both of the hazard rate and the loss rate will have
an impact on the profits. If the loss rate is fixed and the
hazard rate increases, the profits of both sides will decrease
with the increase of the hazard rate. Similarly, if the hazard
rate remains unchanged, the profits of both sides will de-
crease with the increase of the loss rate. Hence, the impact of
the crisis is ultimately reflected in the impact on profits.

(erefore, when the brand may encounter brand crisis,
retailers should consider the overall profit before and after
the crisis to maximize the expected profit.

5.4. Strategies before andafterCrisis. Proposition 4 compares
and analyzes the strategies of retailers before and after the
crisis and considers three special situations which will be
further presented and analyzed in the following figures.

Figures 15–17 show the advertising strategies before and
after the crisis in three scenarios and Figures 18–20 show the
service strategies before and after the crisis in three sce-
narios. In the first scenario, although the crisis will reduce
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the goodwill, it will not affect the long-term profitability of
the retailers. For example, the occurrence of the crisis is not
due to the responsibility of the brand. Hence even though
the crisis will cause short-term loses, it will not affect the
trust of consumers in the brand. We assume that c1 � c2,
ζ1 � ζ2, and δ1 � δ2 in this scenario. And according to
Propositions 1 and 2, the advertising strategy in the post-
crisis stage is the same as that with no crisis; hence, in
Figure 15, the curves of AE and AE2 coincide. But the crisis
will happen and will damage the goodwill, which causes the
investment before the crisis to be lower than that after the
crisis.
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Figure 16 depicts the scenario of (c2/c1)≤ 1 − ϕ. At this
time, even if χ⟶∞, online retailers still need to invest
more before the crisis (zω/zχ)< 0, and limχ⟶∞ω � 1 − ϕ.
(c2/c1)≤ 1 − ϕ shows that the crisis severely weakens the

influence of advertisement. Hence, the long-term impact of
the crisis outweighs its short-term impact and the crisis will
make the investment in the postcrisis stage less efficient than
that in the precrisis stage. So, the retailer should increase the
investment before the crisis and reduce the investment after
the crisis. Figure 17 depicts the scenario of (c2/c1)> 1 − ϕ.
Compared with Scenario 2, the short-term impact of the
crisis is greater than the long-term impact. Retailer should
reduce the investment before the crisis unless the hazard rate
is less than the threshold χ. (is indicates that although the
crisis will have a greater short-term impact and waste part of
the precrisis investment, the retailer should still pay more
attention to the precrisis stage as long as the hazard rate is
small enough and the time of the crisis is late enough.
Similarly, the relationship of service strategies before and
after the crisis in the three scenarios presents similar con-
clusions as shown in Figures 18–20. We can find from the
figures above that, in any of the scenarios, the level of
strategy without crisis is the highest resulting in the highest
level of goodwill as illustrated in Figure 6. Moreover, when
making decisions before and after the crisis, retailers should
always consider which stage of investment is more effective
and therefore determine the allocation strategy.

6. Conclusions

In the O2O supply chain system, products are sold simul-
taneously through online and offline retail channels. To
improve the level of goodwill and expand the market de-
mand, online retailers will carry out advertising activity
relying on their online platforms.(e offline retailer is closer
to consumers and therefore offers a good service experience
to win consumers. However, the brand they sold may en-
counter brand crisis and the occurrence of the crisis will lead
to the loss of goodwill accumulated by advertising and
services. Hence, the purpose of this paper is to study the
strategies of both online and offline retailers when facing a
potential crisis and analyze the impact of the crisis. Firstly,
we describe the dynamics of goodwill under the influence of
crisis by introducing stage state variables. Secondly, we
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construct the benchmark model of O2O supply chain with
consideration of the showrooming effect. After solving and
analyzing the optimal strategies and profits with and without
crisis, we find the following:

(1) When facing a possible crisis, online and offline
retailers should anticipate the risk in advance and
take the hazard rate and the loss rate into account
when deciding the advertising and service strategies.
And when the hazard rate and loss rate increase, both
retailers should reduce their precrisis investment.
Moreover, the increase of hazard rate implies that the
crisis is closer and the increase of the loss rate in-
dicates a higher damage degree of the goodwill.
Hence, if the hazard rate increases, the goodwill
accumulated due to retailers’ investment will be kept
for a shorter time which is equivalent to wasting
retailers’ investment and retailers are unable to fully
benefit from the goodwill. (is why retailers should
reduce their investment when the hazard rate in-
creases. Similarly, when the loss rate of goodwill
increases, retailers should also reduce the precrisis
investment.

(2) (e existence of crisis divides the planning period
into two stages: precrisis stage and postcrisis stage
and the efficiency of retailers’ investment in different
stages is different. If the efficiency of investment in
the precrisis stage is high, retailers should increase
the investment before the crisis and reduce the in-
vestment after the crisis otherwise. (is forces re-
tailers to decide the allocation of investment in two
stages according to different situations which results
in stage preference.

(3) Due to the envision of crisis, online and offline re-
tailers should reduce their advertising and service
input before the crisis, and due to changes in the
market environment in the postcrisis stage, the
advertising and service levels are still lower than
those with no crisis. Hence, if the crisis is likely to
occur, the goodwill level will be lower in the whole
planning period, and so are the profits. Retailers
should consider the overall profit before and after the
crisis when making strategies at the beginning of the
period to maximize the expected profit. Besides,
when the severity of the crisis increases, they should
reduce investment rather than increase investment.
In a word, in managerial practice, retailers need to
have a certain understanding of the products they
sold and the manufacturers of the products so as to
know the probability of crisis and the impact on
goodwill. If there are many hidden dangers in the
operation process, the probability of a crisis is large
and then retailers should make corresponding
countermeasures to reduce the loss when selling
products.

Appendix

Proof of Propositions 1 and 2

Proof. According to the reverse induction principle, we
should firstly solve the optimal strategies and profits of
retailers in the postcrisis stage. Hence, the optimization
problem to be solved by the online retailer after the crisis is

max
AIM

E2

J
IM
E2 � 

∞

0
e

− rt ρE (1 − μ) βA
IM
E2 + θG  + πηS

IM
R2  −

1
2
kE A

IM
E2 

2
 dt

s.t. _G(t) � c2A
IM
E2 (t) + ζ2S

IM
R2 (t) − δ2G(t), G T

+
( ≠ (1 − ϕ)G T

−
( ),

(A.1)

and the optimal problems to be solved by the offline retailer
after the crisis are

max
SIM

R2

J
IM
R2 � 

∞

0
e

− rt ρR μ βA
IM
E2 + θG  +(1 − π)ηS

IM
R2  −

1
2
kR S

IM
R2 

2
 dt

s.t. _G(t) � c2A
IM
E2 (t) + ζ2S

IM
R2 (t) − δ2G(t), G T

+
( ≠ (1 − ϕ)G T

−
( ).

(A.2)

(en, the HJB equations of both retailers are
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rV
IM
E2 (G) � max

AIM
E2

ρE (1 − μ) βA
IM
E2 + θG  + πηS

IM
R2  −

1
2
kE A

IM
E2 

2
+

zV
IM
E2 (G)

zG
c2A

IM
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R2 − δ2G  ,

rV
IM
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SIM
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IM
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kR S
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2
+

zV
IM
R2 (G)

zG
c2A

IM
E2 + ζ2S

IM
R2 − δ2G  .

(A.3)

By solving the optimization problems on the right side of
the HJB equation, we can have

A
IM
E2 �

ρE(1 − μ)β
kE

+
c2

kE

zV
IM
E2 (G)

zG
,

S
IM
R2 �

ρR(1 − π)η
kR

+
ζ2
kR

zV
IM
R2 (G)

zG
.

(A.4)

By substituting the results above into the HJB equations,
we can get

rV
IM
E2 (G) � max

AIM
E2
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(A.5)

According to the form of the HJB equation, we assume
the value functions of retailers to be

V
IM
E2 (G) � n1G + n2,

V
IM
R2 (G) � m1G + m2.

(A.6)

Hence, we can get the value of the coefficients of the
value function
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(A.7)
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(e optimization problem of both retailers after the
crisis is solved. (en, the optimization problem to be solved
by the online retailer before the crisis is

max
AIM
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(A.8)

and the optimization problem to be solved by the offline
retailer before the crisis is

max
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−

( ).

(A.9)

(rough the same method, we can have

V
IM
E1 (G) � k1G + k2,

V
IM
R1 (G) � h1G + h2,

(A.10)

where
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(en, we will have the trajectory of goodwill during the
whole planning period
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Carbon tax policy has been shown to be an effective incentive for the reduction of carbon emissions, and it also profoundly
influences supply chain cooperation. )is paper explores the interaction between carbon taxes and green supply chain coop-
eration. Specifically, we analyze the impact of a carbon tax on green supply chain coordination and further optimize the carbon tax
to achieve a win-win situation for both the supply chain and the environment. Because consumer’s behavior has a significant
impact on green product demand, we consider the problems above under two types of consumer’s behavior characteristics:
consumer’s environmental awareness and consumer’s reference behavior. A game-theoretic model is employed to describe a green
supply chain consisting of a manufacturer and a retailer, combining important factors such as the carbon tax rate, green in-
vestment coefficient, and degree of reference effect. )en, we obtain the optimal carbon tax rate by balancing the total tax revenue
and product greenness. A revenue-sharing contract is introduced to achieve green supply chain coordination, and the impact of
the carbon tax on coordination is analyzed. )e results show the following. (1) )e carbon tax rate and the difference between the
power of the manufacturer and retailer are the main factors determining green supply chain coordination. (2) Maximum
greenness can be achieved when development costs are higher, while the maximum tax revenue is obtained when the development
cost is lower, but with the loss of greenness. (3) If the power of the manufacturer is low, coordination can be achieved under the
optimal carbon tax. If the power of the manufacturer is at a medium level, coordination can be achieved by increasing the carbon
tax; as a result, increased greenness will be realized, but with the loss of tax revenue. However, when the power of the manufacturer
is strong, coordination cannot be achieved. (4) Price reference behavior can promote supply chain coordination, but consumer’s
environmental awareness cannot.

1. Introduction

With the degradation of the environment, increasing at-
tention has been directed toward global warming. For
sustainable development, many countries have been com-
mitted to reducing carbon emissions. For example, at the
2009 United Nations Climate Conference in Copenhagen,
the Chinese government declared that carbon dioxide
emissions per unit of GDP would be decreased by 40%–50%
in 2020 compared with the levels in 2005 [1]. Carbon dioxide
is widely emitted by the transportation and manufacturing
sectors [2]. Carbon tax policy has been proven to be effective
for emissions reduction [3–5], but it also exerts some side
effects on enterprises [6]. From the perspective of the green

supply chain, carbon tax policies imposed on an enterprise
could decrease the profit within the supply chain, thus af-
fecting supply chain cooperation. However, previous re-
search [7–9] has mostly focused on decision-making and
cooperation problems within the supply chain under a given
carbon tax level, rather than considering the interaction
between carbon taxes and supply chain cooperation.
)erefore, it is important to examine the interaction between
carbon taxes and supply chain cooperation.

Currently, to meet the requirements of carbon tax
regulations, a growing number of enterprises have been
striving for sustainability by committing to designing,
producing, and promoting green products to reduce carbon
emissions [10]. In this context, green products have been
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regarded as one of the important factors in achieving eco-
nomic growth, energy conservation, and environmental
sustainability [11]. Benjaafar et al. inferred that introducing
carbon emissions into a supply chain optimization models
can promote emissions reduction in the supply chain [12].
Meanwhile, carbon taxes increase production costs, thus
imposing burdens on enterprises. Consequently, it has been
increasingly challenging for governments to enact appro-
priate policies to reduce carbon emissions and improve
supply chain performance at the same time [13]. In addition,
consumer’s behavior is a crucial factor affecting product
demand and sustainable decisions. In this study, we consider
two types of consumer’s behavior characteristics: consumer
environmental awareness (CEA) and consumer’s reference
behavior. )e former is an important factor that motivates
firms to develop green products [14, 15]. )e latter is a
crucial factor that affects green product demand [16, 17]. In
reality, many enterprises are concerned about carbon
emissions, for example, HP, IBM, Ge, etc. )ey are not only
beginning to design green products but also enhancing
supply chain management and cooperation to achieve the
goal of emission reduction. However, it is hard to achieve
supply chain cooperation. )erefore, it is meaningful to
study supply chain green decisions and cooperation con-
sidering consumer environmental awareness under a carbon
tax policy. )erefore, we consider the interaction between
the carbon tax rate and supply chain cooperation and op-
timize the tax rate in the context of CEA and consumer’s
reference behavior. Specifically, we aim to answer the fol-
lowing questions:

(i) Is carbon tax policy favorable for improving the
greenness of products?

(ii) Can carbon tax policy promote supply chain co-
ordination to incentivize supply chain members to
cooperate?

(iii) Can carbon tax policy be beneficial for both product
greenness and supply chain coordination
simultaneously?

To investigate the above problems, a two-echelon supply
chain is introduced. )is is used to explore the interaction
between green supply chain cooperation and carbon tax
policy, where a manufacturer acts as the leader and deter-
mines the product’s greenness and wholesale price, and a
retailer acts as the follower and determines the retail price of
green products. Moreover, traditional products without
green attributes (i.e., greenness) compete with green
products in the market.)rough consumer utility, we obtain
the demand functions for both green and traditional
products. In addition, the government decides the carbon
tax rate to limit carbon emissions. Unit carbon emissions are
associated with the greenness of products. )e higher the
greenness, the higher the product R&D cost, and the lower
the unit carbon emission. Finally, the impact of the carbon
tax on supply chain cooperation is analyzed by introducing a
revenue-sharing contract.

)e results show the following. (1) When the carbon tax
and development cost are at high levels, the greenness

increases with the carbon tax; otherwise, the greenness
decreases with increasing carbon tax. )erefore, there exists
an optimal carbon tax to maximize the greenness when the
development cost is high. (2) Cooperation can be promoted
when the government increases the carbon tax because the
retailer plays a crucial role in coordination, and the region of
cooperation is expanded when the carbon tax increases. (3)
When the manufacturer’s power is relatively low, optimal
carbon tax and supply chain cooperation can be achieved
simultaneously, whereas when the manufacturer’s power is
relatively high, cooperation cannot be achieved. In addition,
when the manufacturer’s power is at a moderate level, co-
operation can be achieved but with a loss of tax revenue in
such a case.

)e main contributions of this paper are as follows. We
investigated a green supply chain cooperation problem and
the interaction between carbon taxes and supply chain
cooperation, taking consumer’s reference behavior into
consideration, which fills a research gap in supply chain
cooperation. Our result provides a reference for pricing and
green product design and a meaningful reference for
policymakers.

)e remainder of this paper is organized as follows. A
literature review is presented in Section 2. Section 3 in-
troduces the basic assumptions and notations, and the
supply chain model is formulated; then, the results of the
model are analyzed, and we summarize the major conclu-
sions of the numerical analysis. Finally, Section 4 summa-
rizes the main research content and results.

2. Literature Review

)ree streams of research are closely related to our work.
First, we review the research on carbon taxes in green supply
chains. Second, our work is related to research on reference
behaviors in operational management. )ird, relevant re-
search on supply chain coordination is reviewed. Finally, we
distinguish our study from the three streams of research
mentioned above.

2.1. Carbon Tax. Reduction of greenhouse gas emissions is
becoming a vital issue, and almost all developed and de-
veloping countries are now implementing policies for car-
bon emission reduction [18]. Numerous studies have
focused on carbon taxes. Carbon taxes restrict the demand
for fuels and thereby reduce the emissions of harmful
greenhouse gases. Generally, carbon taxes are not always as
high as possible. For example, a falling tax rate encourages
manufacturers to produce and reduce emissions [19]. )e
optimization problem of carbon taxes has previously been
studied [20]. Modak and Kelle integrated corporate social
responsibility (CSR) investments into the supply chain
strategy and operations and concluded that the optimal
recycling rate and appropriate investment in recycling ac-
tivities increase with an increase in the carbon tax rate [21].
)ere has also been other research regarding carbon taxes.
For example, Ulph and Ulph analyzed the optimal time path
for a carbon tax, and the numerical results suggested that a
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carbon tax should initially rise and then fall [22]. Kverndokk
considered the optimal extraction of exhaustible resources
and came to the same conclusion: the optimal carbon tax
should initially rise and eventually fall [23]. Some scholars
have suggested that the optimal tax should increase
monotonically or follow a U-shaped pattern [24, 25].
However, the above studies did not consider the carbon tax
in the context of a supply chain.

)ere are some research gaps in the studies on optimal
carbon taxes for green supply chains. Most of the studies
have focused on the decisions and cooperation problems of
the supply chain under a carbon tax. Hariga et al. presented
three operational models to determine the optimal lot-
sizing and shipping quantities to reduce carbon emissions.
In those experiments, a minor increase in operational cost
with carbon tax regulation is outweighed by the cost
savings resulting from carbon-related costs [26]. Turken
et al. investigated the effect of environmental regulations in
the form of a carbon tax on the plant capacity and location
decisions of a firm. )ey proposed two novel policy op-
tions: (1) a per unit per mile transportation penalty and (2)
a collective transportation emissions policy with a limit on
total transportation emissions. Turken et al. also revealed
that stricter regulations without high penalties would not
ensure compliance, as the benefits from the increasing scale
associated with a centralized plant frequently outweigh the
regulatory penalties, and a per unit carbon tax had no effect
on regional production of emissions [27]. Xu et al. in-
vestigated the joint production and pricing of a
manufacturing firm with multiple products under cap-and-
trade and carbon tax regulations. )eir results showed that
the optimal quantity of products produced under a carbon
tax regulation is determined by the emissions’ trading
prices and the tax rate [9]. Yu and Han studied the impact
of a carbon tax on carbon emissions and retail prices in a
two-echelon supply chain consisting of a manufacturer and
a retailer. )e results indicated that with an increase in the
carbon tax, both the optimal emission reduction level and
the optimal retail price initially increase and then remain
stable [28]. Sinha and Modak developed an economic
production quantity model that elucidates a new side of
CO2 emissions reduction [29]. Zhang investigated the
impact of the carbon tax on enterprise operation and
obtained the coopetition supply chain and carbon tax
mechanism [30]. Chen et al. investigated how a carbon
emissions taxation scheme can be designed to reduce
carbon emissions [31].

In general, there are two streams in the previous liter-
ature: the optimization of the carbon tax and the relationship
between the carbon tax and operation decisions in the
supply chain. However, there exists a research gap in the
existing literature: few papers focus on the relationship
between the optimal carbon tax and supply chain coordi-
nation. Our results show that by adjusting the carbon tax, the
government can promote the coordination of supply chains
and reduce carbon emissions. )e optimal carbon tax policy
to promote coordination between the supplier and retailer is
obtained by balancing the tax revenue and the product
greenness.

2.2. Consumer’s Reference Behavior. Consumers are always
concerned about product value when choosing products on
shelves. )e final decision of consumption is a function of
gains and losses with respect to a reference outcome [32].
Consumer’s reference behavior plays an important role in
this process of comparison, thereby influencing firms’ op-
erational decisions, such as product pricing and decisions
regarding product greenness [33, 34].

Kopalle et al. studied a novel household heterogeneity
translation model considering consumers’ price reference
behavior and developed a normative pricing policy for re-
tailers that maximizes category profit using individual-level
estimates [35]. Hsieh and Dye investigated an inventory
model based on price reference effects and established an
optimal dynamic pricing model to determine a pricing
strategy that maximizes the discounted total profit [36]. )e
results suggested that the strength of the memory factor is
important for a retailer to measure because a high memory
factor value represents consumers with a longer memory of
perceived gains or losses. )e optimal discounted total profit
initially increases as the memory factor increases but de-
creases when the memory factor is relatively high. Some
dynamic price studies have also considered price reference
behavior [37, 38]. In these two previous studies, the price
reference effect dominated the optimal pricing and inven-
tory policy of the firm. )e expected steady-state reference
price was compared to the steady-state reference price in a
model with a deterministic reference price effect, and the
results showed that the former was always higher. Con-
sumer’s environmental awareness is a common behavior in
real life. At present, consumers are frequently concerned
about environmental protection. Green preference and
green product design have attracted extensive attention from
scholars. Zhang et al. investigate the impacts of consumer
environmental awareness and retailer’s fairness concerns on
environmental quality [39]. Chen studied product design
and marketing decisions based on consumer preferences for
environmental attributes [40]. )e development of green
products depends heavily on the joint efforts of both the
supply chain and the government. )erefore, the govern-
ment should create a regulatory environment that is benign
to green product innovation. Chitra inferred that green
consumers affect marketing issues, and a preference for
greenness will promote the purchase of green products [41].
)e higher the consumer environmental preference is, the
higher the price will be that the consumer is willing to pay for
low-carbon products. Consumer’s green preference is in
favor of supply chain performance on the environment [42].
Moreover, as competition intensifies, the profits of manu-
facturers with inferior eco-friendly operations will always
decrease. Li et al. infer that consumers should avoid ex-
cessive pursuit of green product design; otherwise, they hurt
the environment by investigating the impact of consumer
preference for green product design [43].

Consumer’s reference behavior plays an important role
in firms’ operational decisions, and consumer environ-
mental awareness is a common behavior in real life. )e
literature above is about the influence of consumers’ green
preference on enterprises’ decision-making, such as pricing
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and green manufacturing. )ere exists a gap in the existing
literature, which is that the consumer’s behavior has not
been concerned. In our research, the green preference and
price reference behavior are considered.

2.3. Cooperation. Supply chain cooperation is defined as
“long-term relationships where participants generally co-
operate, share information, and work together to plan and
even modify their business practices to improve joint per-
formance” [44]. In general, supply chain cooperation means
achieving better performance. In the supply chain, there are
many coordination strategies to choose from, such as rev-
enue sharing, buybacks, quantity discounts, and two-part
tariff contracts. Among these contracts, revenue sharing has
attracted the attention of many scholars and is widely used in
actual supply chains [45]. For example, Xu et al. proposed a
two-way revenue sharing contract to coordinate multiple
distributors in a dual-channel supply chain, and the results
showed that the manufacturer could prompt the retailer to
cooperate by providing this contract [46]. Shi et al. studied
reverse revenue-sharing contracts in a closed-loop system
and proposed a function to calculate the optimal ratio of the
transfer collection price. )e results also suggested that
reverse revenue-sharing contracts are more attractive for
manufacturers than a two-part tariff [47]. Panda et al. ex-
plored channel coordination in a socially responsible
manufacturer–retailer closed-loop supply chain and found
that a revenue-sharing contract resolved channel conflict
[48]. Modak et al. used the subgame perfect equilibrium and
alternative offer bargaining strategy to resolve channel
conflict and distribute surplus profit [49]. Wang and Zhao
designed a revenue-sharing contract to reduce carbon
emissions, and both the supplier and the retailer achieved
Pareto improvement. In addition, they developed a function
to determine the revenue sharing ratio using the Rubinstein
bargaining model [50]. Yu et al. considered a cooperation
problem in the low-carbon supply chain and found that the
environmental awareness of consumers and tax rates con-
siderably affect the emission reduction [51]. )ere have also
been some supply chain coordination studies conducted
under carbon policies. Revenue-sharing contracts have been
designed to improve the performance of supply chain
members based on different carbon policies [52]. Xu et al.
studied the coordination problem in a two-echelon supply
chain, and the effect of government policy-making on
distributing the optimal emission quota was investigated.
)e results showed that a reasonable revenue-sharing
contract is essential to increase supply chain members’
profits even under low-carbon conditions [53]. Modak et al.
concluded that the optimal recycling rate increases with the
CSR activity of the manufacturer, and a profit-sharing
contract provides the best channel performance in a closed-
loop distribution channel consisting of a socially responsible
manufacturer, multiple retailers, and a third-party collector
[54]. Feng infers that win-win results can be achieved by
establishing profit-sharing contracts considering the pref-
erence of green consumers [55]. Previous papers often focus
on two aspects, including the choice of contract and the

conditions of the contract. However, the above literature still
has a gap between cooperation and consumer’s behavior.
)erefore, we investigate the supply chain cooperation
problem under the context of consumer’s reference behavior
and the carbon tax.

In summary, this study examines the interaction be-
tween supply chain cooperation and carbon taxes in a two-
echelon supply chain considering consumer’s behavior.
Some important factors should be considered simulta-
neously to study this problem, such as the optimal carbon tax
and consumer’s behavior; however, previous research has
only considered these factors separately. We also investigate
the interaction between coordination and the carbon tax.
)e difference between our study and others in the literature
is presented in Table 1.

3. Supply Chain Model

In this section, a two-echelon supply chain model is intro-
duced to study green supply chain cooperation and carbon tax
policy. )e optimal decisions of the supply chain and the
government tax are addressed. We then introduce the rev-
enue-sharing contract used to coordinate the supply chain.

3.1. Model Assumptions. To answer the first question (is
carbon tax policy favorable for improving the greenness of
products?), a two-echelon supply chain model consisting of
a single supplier and a single retailer without contracts is
established. )e manufacturer determines the product’s
greenness and wholesale price, and the retailer determines
the retail price of the green product. )e green product
competes for market share with traditional products.
Compared with traditional products, green products have
the characteristics of low pollution and being environ-
mentally friendly, but they may be less functional, such as
electric vehicles, which has poor endurance and slow speeds.
In our study, we focus on green products that are less
functional than traditional products. For example, Bellos
et al. noted that manufacturers offer vehicles with poor
performance for customers who focus on fuel efficiency [56].
In real life, greenness reflects the environmental attributes of
the product, and it is commonly used to measure how
environmentally friendly a product is. In this study, we use g

to denote the greenness degree of green products as a
measure of their environmental attributes, which is a
common practice [38, 41].

Consumers are environmentally conscious and have
environmental awareness. )e utility gained from envi-
ronmental attributes is assumed to be kg, where k is the
sensitivity of the consumer to the greenness of a green
product [38]. We use V to denote the utility obtained by a
consumer from a traditional product. It is commonly as-
sumed that V is uniformly distributed on [0, 1] to simplify
the problem without affecting the conclusion [57]. )en, αV

is the utility from the green product, where α ∈ (0, 1) is the
functional attribute coefficient of the green product that
reflects its weak functional performance compared with the
traditional product.
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In real life, consumers usually compare prices between
two similar products. Let β be the consumers’ recognition
level of the reference price [35]. )erefore, the utility of
green products is obtained from four parts: a positive part
from the basic utility (αV), a negative part from the price (p),
a positive part from the environmental consciousness (kg),
and a negative part from the price reference (β(p − pn)).)e
utility to a consumer of green products and traditional
products can thus be expressed as follows:

un � V − pn,

ug � αV − p + kg − β p − pn( .

⎧⎨

⎩ (1)

Table 2 summarizes the notation used in this study.

3.2. Model and Solution. Consumers choose between green
and traditional products by comparing utility: when ug > un

and ug > 0, consumers will purchase the green product,
whereas when un > ug and un > 0, consumers will purchase
the traditional product. As a result, demand is obtained as
shown in equation (2). )e proof of the demand function is
given in Appendix A.

q �
(α + β)pn − (1 + β)p + kg

α(1 − α)
,

qn � 1 −
(1 + β) pn − p(  + kg

1 − α
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(2)

)e manufacturer determines the wholesale price and
greenness of the green product. Let c denote the cost rate of
technology development; then, the total development cost is
(1/2)cg2, which is convexly increasing with the greenness
[40]. In addition, (e − g) is a linear function of the unit
carbon emissions for green products [58]. )erefore, the
profit function for the manufacturer is obtained from three
parts: a positive part from the wholesale ((w − c)q), a
negative part from green technology development ((cg2/2)),
and a negative part from the carbon tax (t(e − g)q). )e
manufacturer’s decision model is as follows:

Max
w,g

πM � (w − c − t(e − g))q −
cg

2

2
. (3)

)e retailer’s decision problem is then formulated as
follows:

Max
p

πR � (p − w)q. (4)

)e optimal solutions for the retailer and manufacturer
are derived as the following theorem by substituting the
demand function into the equation above. )e proof is
presented in Appendix A.

Theorem 1. -e optimal solutions for both parties are

w �
2cpnα

3
+ 2A1cα

2
+ B1α + t

2
(1 + β) βpn + ke( 

(1 + β) t
2
(1 + β) − 4cα(1 − α) 

,

g �
(1 + β)(te + c) − (α + β)pn − ke( t

t
2
(1 + β) − 4cα(1 − α)

,

p �
3cpnα

3
+ 2A2cα

2
+ B2α + t

2
(1 + β) βpn + ke( 

(1 + β) t
2
(1 + β) − 4cα(1 − α) 

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(5)

)e corresponding profits are

πm � −
te + c − pn( β +(− k + t)e − αpn + c( 

2
c

2 t
2β + t

2
+ 4(− 1 + α)cα (β + 1)

,

πr � −
te + c − pn( β +(− k + t)e − αpn + c( 

2
(− 1 + α)αc

2

4α2c − 4αc +(β + 1)t
2

 
2
(β + 1)

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(6)

According to this theorem, price and greenness decisions
are directly affected by the carbon tax rate. Facing a higher
carbon tax and development cost, the manufacturer and
retailer will reduce the greenness of products and the sale
price with increasing carbon tax. However, when facing a
lower carbon tax, the greenness and price will increase with
increasing carbon tax (the details are shown in Appendix B,
equations (1) and (5)). Next, we investigate the effects of
these parameters on the product greenness. )e proofs are
provided in Appendix B.

Proposition 1. -e effects of the carbon tax rate, price
recognition level, development cost, and functional attribute
coefficient on product greenness are as follows:

(1) -ere exist some thresholds, t1 and c1, for which g

decreases with increasing t when c> c1 and t>t1; else
g increases with increasing t.

Table 1: Differences between our study and the available literature.

Literature Decisions under the carbon tax Optimal carbon tax Consumer’s behavior Coordination
Yu and Han [28] √ √
Ulph and Ulph [22] √
Hsieh and Dye [34] √
Cao et al. [47] √ √
Xu et al. [48] √ √
Our paper √ √ √ √
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(2) -ere exist some thresholds, t2 and c2, for which g

decreases with increasing β when c> c2 and t>t2; else
g increases with increasing β.

(3) g increases with increasing k, decreases with in-
creasing c, and initially increases and then decreases
with increasing α.

We can conclude that the carbon tax, development cost,
price recognition level, greenness sensitivity, and functional
attribute coefficient all influence the greenness in Proposi-
tion 1. When the carbon tax is low, the manufacturer incurs
less cost to improve the greenness of the products. As a
result, the greenness increases with the carbon tax. In ad-
dition, if the carbon tax is high and the development cost is
low, the greenness of the products will increase with in-
creasing carbon tax because the tax is the crucial factor in
decisions. In contrast, if the carbon tax is high and devel-
opment costs are also high, the greenness of products will
decrease because the manufacturer will choose to reduce
development costs. )erefore, pollution will not be reduced
as the carbon tax increases in some cases. Facing high de-
velopment costs, the manufacturer will not improve
greenness unless it is promoted by a lower carbon tax. A
numerical simulation of this scenario is shown in Figure 1.

Similarly, the results show that greenness is affected by
the consumers’ price reference behavior. When the carbon
tax is low, the negative effect of price increases when con-
sumers have higher concerns about price. )erefore, the
manufacturer will offset this negative effect by improving the
greenness of products. When the carbon tax is high and the
development cost is low, the greenness of products will
increase under a high consumer concern about price. In
contrast, if the carbon tax is high and the development cost is
high, the greenness will decrease because the manufacturer
will choose to reduce development costs. Numerical sim-
ulations of these scenarios are shown in Figure 2.

In addition, greenness sensitivity and the functional attri-
bute coefficient also affect greenness. )e greenness increases
with increasing greenness sensitivity of consumers. High
greenness sensitivity can promote more green products. )is
means that the government can promote green production by

increasing the green consciousness of consumers.Moreover, the
greenness decreases with increasing development cost. A higher
degree of greenness is obtained when manufacturers face lower
development costs. In addition, greenness first increases and
then decreases with the increase in the functional attribute
coefficient. When the functional attribute of the green product
is low, themanufacturer will produce a lower greenness product
with increases in the functional attribute coefficient. In contrast,
the manufacturer will produce a product with higher greenness
with an increase in the functional attribute after a functional
threshold has been reached. Numerical simulations of these
scenarios are shown in Figure 3.

Overall, consumers’ reference behavior plays a positive role
in promoting green production. However, the carbon tax is not
effective for improving green products in some cases. For
example, if the carbon tax is high and the development cost is
also high, the greenness of products will decrease.)erefore, we
next investigate the optimal carbon tax.

First, an optimal carbon tax is defined as that which
provides the maximum greenness without losing total tax
revenue. )e result is provided in Proposition 2, and the
proofs can be found in Appendix C.

Table 2: Notations.

Parameters Definition
p, pn Prices of the green product and traditional product, respectively
q, qn Demand for the green product and traditional product, respectively
w Wholesale price
g Product greenness
t Carbon tax rate
c Cost rate of technology development
c Unit product cost of the green product
e Initial unit carbon emissions
α Functional attribute coefficient of the green product function
β Consumers’ recognition level of the reference price
k Sensitivity of consumers to product greenness
V Utility obtained by a consumer from the traditional product
η Proportion of the total revenue obtained by the retailer
λ Member strength in the supply chain
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0.6
g

0.4

0.2

0.0
0.0 0.1 0.2 0.3

t

t = t1

0.4 0.5
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0.08
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0.00

γ < γ1
γ > γ1

Figure 1: Effects of carbon taxes on greenness.
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Proposition 2. -e optimal carbon tax is defined as follows:

t
∗

�

M −
�������
M

2
− N



e(1 + β)
, 0< c< c3

P −

������

P
2

− Q



2(1 + β)M
, c3 < c< c1,

t1, c1 < c.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(7)

)e optimal carbon tax is obtained in Proposition 2
based on the manufacturer’s development cost to maximize
greenness without losing the total carbon tax revenue. We
can observe that the crucial factor is the development cost.
An appropriate carbon tax policy should be chosen when
facing different production technologies to ensure greenness
and total tax revenue. In addition, it is easily observed that
the maximum greenness is obtained when the development
cost is high, whereas the maximum tax is obtained when the
development cost is lower, but some of the greenness is lost.
A numerical simulation of this scenario is shown in Figure 4.

3.3. Supply Chain Coordination. It is also important for
supply chains to establish green supply chain models by
integrating internal and external resources to make deci-
sions, which enables supply chains to achieve better per-
formance by improving cooperation [59, 60]. However, most
studies on coordination have mainly focused reducing
emissions and improving profit. Few studies have investi-
gated the relationship between carbon taxes and supply
chain cooperation.

In this section, we study the impact of carbon taxes and
consumer’s behavior on supply chain coordination, where
the manufacturer is the leader, and the retailer is the fol-
lower. A revenue-sharing contract is introduced to achieve

coordination. Let η denote the proportion of total revenue
obtained by the retailer; then, the manufacturer’s decision
model is as follows:

Max
w,g

πC
M � ((1 − η)p + w − c − t(e − g))q −

cg
2

2
. (8)

)e retailer’s decision problem can be described as
follows:

Max
p

πC
R � (ηp − w)q. (9)

)e optimal solutions for the retailer and manufacturer
are derived with the following theorem by substituting the
demand function into the equation above. )e proof is
found in Appendix D.

Theorem 2. -e greenness is defined as follows:

g �
t − αpn + et(β + 1) + c − pn( β − ke + c( 

2c(1 + η)α2 − 2c(1 + η)α + t
2
(β + 1)

. (10)

-en, the profits of both parties are the following:

πm � −
te + c − pn( β +(− k + t)e − αpn + c( 

2
c

2 t
2β + t

2
+ 4(− 1 + α)cα (β + 1)

,

πr � −
te + c − pn( β +(− k + t)e − αpn + c( 

2
(− 1 + α)αc

2

4α2c − 4αc +(β + 1)t
2

 
2
(β + 1)

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)

We investigate the impact of the carbon tax on pro-
moting the coordination of the supply chain by comparing
the profit changes of the two partners after the introduction
of the revenue-sharing contract in Proposition 3. )e proofs
are provided in Appendix E.

Proposition 3. Coordination can be promoted by increasing
the carbon tax.
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Figure 2: Effects of consumers’ price reference behavior on greenness. (a) Low-carbon tax rate. (b) High carbon tax rate.
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When the profits of both the retailer and the manu-
facturer improve simultaneously, coordination is achieved.
By comparing equations (11) and (6), we find that the
revenue-sharing contract improves the retailer’s profit only
when η ∈ (η1, 1), whereas the manufacturer always benefits
from the contract. )e range of η depends on the carbon tax
rate. When η is in the given range, the retailer and man-
ufacturer achieve Pareto improvement. Furthermore, the
range expands as the carbon tax rate increases.)erefore, the
government can promote supply chain collaboration by
increasing the carbon tax. Based on the previous results for
the optimal carbon tax, we next investigate how to achieve
coordination when the supply chain faces the optimal
carbon tax. Figure 5 shows the Pareto improvement region.

According to the assumptions described above, the
manufacturer acts as the leader, and the retailer acts as a
follower. It is reasonable that the proportion of profit
received by the retailer is decided by the manufacturer.
)erefore, it is necessary to investigate whether the
proportion decided by the leader is in the region in which
coordination is achieved. A parameter λ is introduced to
denote the strength of a partner in the supply chain. Let

λm ∈ (0.5, 1) and λr � 1 − λm represent the power of the
manufacturer and the retailer, respectively. )en, we
consider a simple function, (λr/λm), to determine η, which
is the proportion of revenue received by the retailer. )e
retailer retains the maximum revenue when the power of
the two parties is equal (i.e., λm � λr � 0.5), whereas all of
the benefits go to the leader when the power of the
manufacturer is overwhelming compared with that of the
retailer (i.e., λm � 1). Similar to Proposition 2, the optimal
carbon tax is obtained under the revenue-sharing contract
as follows:

t
∗

�

M −

��������������

M
2

− (1 + η/2)N



e(1 + β)
, 0< c< c

C
2 ,

(1 + η/2)P −

���������������������

(1 + η/2)
2
P
2

− (1 + η/2)Q



2(1 + β)M
, c

C
2 < c< c1,

t1, c1 < c.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(12)
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Figure 3: Effects of parameters on greenness. (a) Greenness sensitivity. (b) Development cost. (c) Functional attribute coefficient.
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Proposition 4 is designed to answer the question of
whether cooperation will be achieved; the proofs are found
in Appendix F.

Proposition 4. Coordination will be achieved if the power of
the manufacturer is low (i.e., 0.5< λm < λ1). Moreover, when
the power of the manufacturer is at a medium level (i.e.,
λ1 < λm < λ2), coordination can be achieved, but part of the
total tax revenue will be lost, if the development cost is low
(i.e., c< c1). In other cases (i.e., c> c1 or λ< λm), coordi-
nation cannot be achieved because the power of the manu-
facturer is overwhelming.

Coordination situations for different manufacturer
power levels are present in Table 3. )e achievement of
coordination is decided by the power of the manufacturer
and the optimal carbon tax faced by the supply chain. Based
on Proposition 3, coordination can be promoted if the
government adjusts the carbon tax. On the other hand,
coordination can easily be achieved under the optimal
carbon tax if the power of the manufacturer is low. In
addition, there are two possibilities when the power of the
manufacturer is at a medium level. If the development cost is
too high, adjusting the tax will lead to an unknown result: the
greenness and total tax revenue may both decline at the same

1.0 0.14

0.12

0.10

0.08

0.06

0.04

0.02

0.00

0.8

0.6

G
re

en
ne

ss

To
ta

l t
ax

0.4

0.2

0.0
0.050.00 0.10 0.15 0.20

t

γ < γ3

t = ta

0.25 0.30

Greenness
Total tax

(a)

1.0 0.30

0.25

0.20

0.15

0.10

0.05

0.00

0.8

0.6

G
re

en
ne

ss

To
ta

l t
ax

0.4

0.2

0.0
0.10.0 0.2 0.3 0.4

t

γ3 < γ < γ1

t = tc

0.5 0.6

Greenness
Total tax

(b)

0.05 0.40

0.35

0.25

0.20

0.15

0.10

0.05

0.00

0.04

0.03

G
re

en
ne

ss

To
ta

l t
ax

0.02

0.01

0.00
0.10.0 0.2 0.3 0.4

t

γ1 < γ

t = t1

0.6 0.8

0.30

0.5 0.7

Greenness
Total tax

(c)

Figure 4: Determination of the optimal carbon tax. (a) 0< c< c3. (b) c3 < c< c1. (c) c1 < c.
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time. If the development cost is lower, the greenness may be
improved with a loss of revenue by increasing the carbon tax.
However, when the power of the manufacturer is strong, the
region δ � (η1, 1) cannot be achieved.

According to our theory, the government can promote
the coordination between the manufacturer and the retailer
by adjusting the carbon tax. When the power of the man-
ufacturer increases, the government still achieves coordi-
nation by raising the carbon tax. In general, cooperation is
achieved, and the government plays a key role in promoting
cooperation.

)e effects of consumers’ behavior on supply chain
coordination are also investigated in the next proposition.
)e proofs are provided in Appendix G.

Proposition 5. Price reference behavior can promote supply
chain coordination, but green preference cannot.

From the previous results, price reference has a complex
impact on the supply chain. First, the increasing sensitivity
of customers to price will promote supply chain coordi-
nation because this negative impact can be mitigated by
cooperation. In addition, price reference behavior also af-
fects the green decisions of the supply chain in a complex
manner. In contrast, the mechanism by which consumer’
green preferences influence the supply chain is relatively
simple. Greenness increases with increasing greenness
preference, and green preference has no effect on the co-
ordination of the supply chain.

4. Conclusion

)is study examines the interaction between supply chain
cooperation and the carbon tax problem in a two-echelon
supply chain under consumer’s reference behavior. )e opti-
mal carbon tax policy is obtained based on analysis of the
carbon tax, green investment coefficient, and degree of con-
sumer’s price reference. )e optimal carbon tax is defined as
the simultaneous optimization of total tax revenue and product
greenness. In addition, coordination is achieved by introducing
revenue-sharing contracts.)e impact of consumers’ reference
behavior and the carbon tax on supply chain coordination is
also investigated. )e results are as follows:

(1) )e greenness increases with increasing carbon tax
when the carbon tax is low. In addition, if the carbon
tax is higher and the development cost is low, the
greenness of products will increase with increasing
carbon tax. Conversely, if the carbon tax is higher
and the development cost is also high, the greenness
of products will decrease.

(2) When the carbon tax is low, the negative effect of
price increases as consumer concerns about price
increase. )erefore, the manufacturer offsets the
negative effect by improving the greenness. When
the carbon tax is higher and development cost is low,
the greenness of products will increase with high
consumer’s concern about price. In contrast, if the
carbon tax is higher and the development cost is
high, the greenness will decrease.

(3) )e greenness increases with an increasing greenness
preference of consumers. )eir preference behavior
can promote more green products. )is means that
the government can promote green production by
promoting the green consciousness of consumers.
Moreover, the greenness decreases with increasing
development cost. A higher greenness is obtained
when manufacturers face lower development costs.
In addition, greenness first increases and then de-
creases with increases in the functional attribute
coefficient. When the functional attribute of the
green product is low, the manufacturer will produce
a lower greenness product with an increase in the
functional attribute. In contrast, the manufacturer
will produce a higher greenness product with an
increase in the functional attribute after a func-
tionality threshold.

(4) We investigated the impact of the carbon tax on
promoting the coordination of the supply chain by
comparing the profit changes of two partners after
the introduction of a revenue-sharing contract in
Proposition 3. We found that coordination could be
promoted by increasing the carbon tax.

(5) )e achievement of coordination depends on the
type of manufacturer. If the power of the manu-
facturer is low, coordination can be achieved
under the optimal carbon tax. If the power of the
manufacturer is at a medium level, coordination
can be achieved by increasing the carbon tax, and
improved greenness will be realized with a loss of
revenue. However, when the power of the man-
ufacturer is strong, coordination cannot be
achieved.

In this study, we focused on the interaction between a
carbon tax and supply chain cooperation. However, other
carbon policies (e.g., a cap-and-trade policy) and supply
chain structures are worth exploring. For example, it would
be interesting to investigate the effects on a supply chain
structure consisting of the retailer as the leader under a
complex carbon policy.

Table 3: Coordination situations for different manufacturer power levels.

Power of the manufacturer Coordination Greenness Total carbon tax revenue
0.5< λm < λ1 Achieve Improve Improve
λ1 < λm < λ2, c< c1 Achieve Improve Decline
λ1 < λm < λ2, c< c1 Cannot achieve
c> c1 Cannot achieve
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Appendix

A. Proof of Theorem 1

)e demand function can be written as

q � P ug ≥ un, ug ≥ 0 ,

qn � P un > ug, un ≥ 0 .

⎧⎪⎨

⎪⎩
(A.1)

After replacing un and ug, we have

q � P αv − p + kg − β p − pn(  − v − pn( ≥ 0, αv − p + kg − β p − pn( ≥ 0 ,

qn � P v − pn − αv − p + kg − β p − pn( ( > 0, v − pn ≥ 0 .
 (A.2)

Given that V is uniformly distributed on [0, 1], the
demand function is

q �
(α + β)pn − (1 + β)p + kg

α(1 − α)
,

qn � 1 −
(1 + β) pn − p(  + kg

1 − α
.

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(A.3)

)e condition k> ((1 + β)p − (α + β)pn/g) is necessary
to ensure nonnegativity. )e retailer problem is addressed
first, and we have

p �
(α + β)pn +(1 + β)w + kg

2(1 + β)
. (A.4)

)en, substitute p into the manufacturer’s profit func-
tion. Solving the optimal w and g simultaneously yields

w �
(α + β)pn +(1 + β)(c + t(e − g)) + kg

2(1 + β)
,

g �
t (α + β)pn − (1 + β)w + ke( 

2cα(1 − α)
.

(A.5)

)en we have

w �
2cpnα

3
+ 2A1cα

2
+ B1α + t

2
(1 + β) βpn + ke( 

(1 + β) t
2
(1 + β) − 4cα(1 − α) 

,

g �
(1 + β)(te + c) − (α + β)pn − ke( t

t
2
(1 + β) − 4cα(1 − α)

,

p �
3cpnα

3
+ 2A2cα

2
+ B2α + t

2
(1 + β) βpn + ke( 

(1 + β) t
2
(1 + β) − 4cα(1 − α) 

,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A1 � (1 + β)(c + te) + ke − (1 − β)pn,

A2 � (1 + β)(c + te) + 3ke − (3 − β)pn,

⎧⎪⎨

⎪⎩

B1 � − 2c (1 + β)(c + te) + ke + βpn(  + t
2
(1 + β)pn,

B2 � − c (1 + β)(c + te) + 3ke + 3βpn(  + t
2
(1 + β)pn.

⎧⎪⎨

⎪⎩

(A.6)

Notes that we have (α + β)pn + ke − (1 + β)(te + c)> 0.
)e concavity condition is 4αc(1 − α) − (1 + β)t2 > 0.

B. Proof of Proposition 1

(1) )e first derivative of g in t is

zg

zt
�

− 4cα3pn + 4cA3α
2

+ B3α − t
2
(1 + β) (1 + β)c − ke − βpn( 

t
2
(1 − β) − 4cα(1 − α) 

2 ,

A3 � (1 + β)(c + 2te) − ke +(1 − β)pn,

B3 � − 4c (1 + β)(c + 2te) − ke − βpn(  + t
2
(1 + β)pn.

⎧⎨

⎩

(B.1)

We have a threshold

c1 � −
t
2
(1 + β) (α + β)pn + ke − (1 + β)c( 

4α(1 − α) (α + β)pn + ke − (1 + β)(c + 2te)( 
,

t1 �
(α + β)pn + ke − (1 + β)c

2(1 + β)e
.

(B.2)

When c> c1 and t>t1, g is decreasing in t. By
contrast, g is increasing in t in other cases.

(2) )e first derivative of g in β is

zg

zβ
�

− 4α(1 − α) te + c − pn( c + t
2

ke + αpn − pn( 

t
2
(1 + β) − 4α(1 − α)c 

2 .

(B.3)

We have a threshold

c2 � −
t
2

ke − (1 − α)pn( 

4α(1 − α) te + c − pn( 
,

t2 �
pn − c

e
.

(B.4)

Review we have (α + β)pn + ke − (1 + β)(te + c)> 0;
therefore we can find that

t<
pn − c

e
+

ke − (1 − α)pn

(1 + β)e
. (B.5)

(i) When ke − (1 − α)pn < 0, then t<t2 is inevitable.
)erefore (zg/zβ)> 0 is correct.

(ii) When ke − (1 − α)pn > 0, we can find that
(zg/zβ)< 0 if c> c2 and t>t2; (zg/zβ)< 0 in other
cases.

(3) )e first derivative of g in k and c is
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zg

zc
� −

4α(1 − α) (α + β)pn + ke − (1 + β)(te + c)( 

4cα(1 − α) − t
2
(1 + β) 

2 < 0,

zg

zk
�

te

4cα(1 − α) − t
2
(1 + β)
> 0.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(B.6)

(4) )e first derivative of g in α is

zg

zα
�

− Xt

4α(1 − α)c − t
2
(1 + β) 

2. (B.7)

And X � − 4α2cpn + (4(1 + β)(te + c) − 4ke − 4pn)

(2α + 1)c + pnt2(1 + β) is a quadratic function. )e
range of α in 4αc(1 − α) − (1 + β)t2 > 0 is

α1 �
c +

�������������

c
2

− ct
2
(1 + β)



2c
,

α2 �
c −

�������������

c
2

− ct
2
(1 + β)



2c
.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(B.8)

By substituting those into X, we have

X|α�α1 � 4
�������������

c
2

− ct
2
(1 + β)



T − 2 c − t
2
(1 + β) pn,

X|α�α2 � − 4
�������������

c
2

− ct
2
(1 + β)



T − 2 c − t
2
(1 + β) pn < 0.

⎧⎪⎪⎨

⎪⎪⎩

(B.9)

And T � (1 + β)(te + c) − ke − ((1/2) + β)pn < 0.
We can find

X|α�α1 × X|α�α2 � − 4 c − t
2
(1 + β) 

· 4 βpn + ke − (1 + β)(te + c)( 
2



+ p
2
nt

2
(1 + β)< 0.

(B.10)

)erefore, X|α�α1 > 0. )ere only exist a α ∈ (α2, α1)
that makes (zg/zα) � 0. And (zg/zα) > 0 if
α ∈ (α2, α); (zg/zα)< 0 if α ∈ (α, α1).

(5) )e first derivative of p in t is

zp

zt
� −

2α(α − 1) e(1 + β)t
2/2  + − pnα − ke + c − pn( β + c( t − 2eαc(α − 1) c

(1 + β)t
2

+ 4αc(α − 1) 
2 ,

A3 � (1 + β)(c + 2te) − ke +(1 − β)pn,

B3 � − 4c (1 + β)(c + 2te) − ke − βpn(  + t
2
(1 + β)pn.

⎧⎪⎨

⎪⎩

(B.11)

)e discriminant of quadratic function

e(1 + β)t
2

2
+ − pnα − ke + c − pn( β + c( t − 2eαc(α − 1),

(B.12)

is

Δ � (− β − 1)c + ke + βpn + pnα( 
2

+ 4e
2
(1 + β)t

2αc(α − 1).

(B.13)

We have a threshold

c � −
(− β − 1)c + ke + βpn + pnα( 

2

4e
2
(1 + β)t

2α(α − 1)
. (B.14)

Review we have(α + β)pn + ke − (1 + β)(te + c)> 0;
therefore we can find that

tm �
2

���������������
− (1 + β)αc(α − 1)



1 + β
. (B.15)

Substituting it into above quadratic function:

2 �
c

√
− pnα − ke + c − pn( β + c( 

��������������
− (1 + β)α(α − 1)


− 4eαc(α − 1)(1 + β)

1 + β
. (B.16)

And we have a same threshold:

c � −
(− β − 1)c + ke + βpn + pnα( 

2

4e
2
(1 + β)t

2α(α − 1)
. (B.17)

It could be found that(zp/zt) > 0 because Δ< 0 when
c< c. And when c> c, we have another threshold t and
zp/zt|

t�t � 0 because Δ> 0 and zp/zt|tm
< 0.)erefore, when

c> c and t>t, p is decreasing in t. And when c> c and t<t,
p is increasing in t.
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C. Proof of Proposition 2

(1) Let R � t(e − g)q denote total carbon tax, and the
first derivative of R in t is

zR

zt
�
2c A2t

2
+ B2t + c  A3t

2
+ B3t + c 

4cα(1 − α) − t
2
(1 + β) 

3 . (C.1)

Among them

A2 �
(1 + β)e

2
> 0,

B2 � − (α + β)pn + ke − (1 + β)c( < 0,

C2 � 2ceα(1 − α)> 0,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

A3 � (α + β)pn + ke − (1 + β)c( (1 + β)> 0,

B3 � − 8ceα(1 − α)(1 + β)< 0,

C3 � 4cα(1 − α) (α + β)pn + ke − (1 + β)c( > 0.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(C.2)

Let Φ � A2t
2 + B2t + C2 and Ψ � A3t

2 + B3t + C3, and
we can find that zR/zt and Φ × Ψ have a same sign. By
solving Δ1 and Δ2, a threshold is

c3 �
(α + β)pn + ke − (1 + β)c( 

2

4e
2α(1 − α)(1 + β)

. (C.3)

)ere are two positive real numbers of solutions forΦ if
c< c3, and let 0< ta < tb denote it. Similarly, let
0< tc < td denote the solutions for Ψ if c> c3. Review
we have 4αc(1 − α) − (1 + β)t2 > 0, therefore let
tm �

��������������
4cα(1 − a)/1 + β


. Substituting tm into Φ and Ψ:

Φ|tm
� − 2

��������
cα(1 − α)

1 + β



(α + β)pn + ke − (1 + β)c(  + 4ecα(1 − α),

Ψ|tm
� − 8cα(1 − α) 2(1 + β)e

���������
α(1 − α)

1 + β
c



− (α + β)pn + ke − (1 + β)c( ⎛⎝ ⎞⎠.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

(C.4)

If c< c3, Φ|tm
< 0, and Ψ|tm

> 0, then zR/zt|tm
< 0; If

c> c3, Φ|tm
> 0, and Ψ|tm

< 0, then zR/zt|tm
< 0. )ere-

fore, we have tm ∈ (ta, tb) or tm ∈ (tc, td). Furthermore,
R � t(e − g)q is maximized when t � ta if c< c3; R �

t(e − g)q is maximized when t � tc if c> c3. Totally, we
have

t
∗

�
ta, c< c3,

tc, c> c3.
 (C.5)

(2) Review Proposition 1. If c> c1, g is maximized when
t∗ � t1. If c< c1, g is maximized when t∗ � tm.
When t>t1, c1 > c5. And c1 < 0< c5 if t<t1.
Substituting t1 into Φ:

Φ|t1
� −

3 (α + β)pn + ke − (1 + β)c( 
2

8e(1 + β)
+ 2ecα(1 − α).

(C.6)

A threshold is c4 � (3/4)c3. )erefore, we have (i)
when 0< c< c4, t∗ � ta because of Φ|t1

< 0 and t1 > ta;

(ii) when c4 < c< c3, t∗ � ta because of t1 < ta; (iii) t∗ �

tc when c3 < c< c1; and (iv) t∗ � tc when c1 < c. )e
result is obtained by solving Φ and Ψ.

D. Proof of Theorem 2

Similar to Appendix A. )e retailer problem is addressed
first, and we have

p �
αηpn + βηpn + ηkg + βw + w

2η(β + 1)
. (D.1)

)en, substituting p into the manufacturer’s profit
function. Solving the optimal w and g simultaneously yields

w �
αηpn + βet + βηpn − βgt + eηk + cβ + et − gt + c( η

(1 + η)(β + 1)
,

g � −
αηpn + βηpn + eηk − βw − w( t

2(α − 1)cαη
.

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(D.2)
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By solving the equation above, we have

w �
2cpnα

3
+ 2A1cα

2
+ B1α + t

2
(1 + β) βpn + ke( 

(1 + β) t
2
(1 + β) − (1 + η)cα(1 − α) 

,

g �
t − αpn + et(β + 1) + c − pn( β − ke + c( 

t
2
(1 + β) − (1 + η)cα(1 − α)

,

p �
(2η + 1)cpnα

3
+ A2cα

2
+ B2α + t

2
(1 + β) βpn + ke( 

(1 + β) t
2
(1 + β) − (1 + η)cα(1 − α) 

,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A1 � et + ηpn + c( β + et + ke − pn( η + c,

A2 � (2η + 1)pn + et + c( β +(− 2η − 1)pn + et +(2ηk + k)e + c,

⎧⎪⎪⎨

⎪⎪⎩

B1 � − 2et − 2ηpn − 2c( β − 2eηk − 2et − 2c( c + t
2
pn(β + 1),

B2 � (− 2η − 1)pn − et − c( β − et +(− 2ηk − k)e − c( c + t
2
pn(β + 1).

⎧⎪⎪⎨

⎪⎪⎩

(D.3)

Note that we have − αpn + et(β + 1) + (c − pn)β − ke +

c< 0. )e concavity condition is (1 + β)(t2(1 + β) − (1+

η)cα(1 − α))< 0.

Substituting solutions into the profit function, we have

πm � −
te + c − pn( β +(− k + t)e − αpn + c( 

2
c

2 t
2β + t

2
+ 4(− 1 + α)cα (β + 1)

,

πr � −
te + c − pn( β +(− k + t)e − αpn + c( 

2
(− 1 + α)αc

2

4α2c − 4αc +(β + 1)t
2

 
2
(β + 1)

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(D.4)

E. Proof of Proposition 3

πM �
(α + β)pn + ke − (1 + β)c( 

2
c

2(1 + β) 4cα(1 − α) − (1 + β)t
2

 
2,

πC
M �

(α + β)pn + ke − (1 + β)c( 
2
c

2(1 + β) 2(1 + η)cα(1 − α) − (1 + β)t
2

 
2.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(E.1)

By comparing the profits of two partners change after the
revenue-sharing contract introduced, we found that the
manufacturer always benefits from cooperation:

πR �
c
2α(1 − α) (α + β)pn + ke − (1 + β)(te + c)( 

2

(1 + β) 4cα(1 − α) − (1 + β)t
2

 
2 ,

πC
R �

ηc
2α(1 − α) (α + β)pn + ke − (1 + β)(te + c)( 

2

(1 + β) 2(1 + η)cα(1 − α) − (1 + β)t
2

 
2 .

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(E.2)

A threshold is

η1 �
2cα(1 − α) − (1 + β)t2

2cα(1 − α)
 

2

. (E.3)

When η is in the region δ � (η1, 1), the retailer will
accept cooperation. And the first derivative of η1 in t is

zη1
zt

�
2α2c − 2αc + t

2
(β + 1) t(β + 1)

α2c2
(− 1 + α)

2 < 0. (E.4)

)erefore, η1 is decreasing in t. )at means the region
δ � (η1, 1) is expanding when tax rises. And the revenue-
sharing contract is accepted easily than before.

F. Proof of Proposition 4

We consider a simple function (λr/λm) to decide the
practical η, where λm ∈ (0.5, 1) and λr � 1 − λm. Given the
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carbon tax t∗, we have a region δ � (η(t∗), 1) of cooperation.
It is clear that the gap of strength between two partitions in
the supply chain is a crucial factor in cooperation. By
comparing practice η, decided by strength, and η(t∗), de-
cided by the carbon tax, we have

1
λm

− 1 �
2α2c − 2αc + t

2
(β + 1) 

2

4α2c2
(− 1 + α)

2 . (F.1)

A threshold is

λ1 �
4α2c2

(− 1 + α)
2

8α4c2
− 16α3c2

+ 4 2c + t
2
(β + 1) cα2 − 4t

2
c(β + 1)α + t

4
(β + 1)

2. (F.2)

When 0.5< λm < λ1, the practical η is in the region
δ � (η(t∗), 1); therefore, the cooperation is achieved facing
the optimal carbon tax.

However, the practical η is out of the range δ � (η(t∗), 1)

when λ1 < λm. Review previous result, the region δ � (η1, 1)

is expanding when tax rises. )erefore, there exists a pos-
sibility that the government increasing carbon tax to co-
ordinate the supply chain. We assume a realistic thing: the
government is willing to boost the greenness of the product
even reducing part of the revenue from the carbon tax.

Based on it, the carbon up to t1 which means the
greenness is maximized. )erefore, )e cooperation is
achieved when c< c1 because the greenness is decreasing in
the carbon tax when c1 < c. )en we have the second
threshold:

λ2 �
1

η1 t1(  + 1
. (F.3)

)e cooperation could not be achieved when λm > λ2.
)e conclusion is as follows: (1) Coordination would be

achieved when the manufacturer is democratic (i.e.,
0.5< λm < λ1). (2) Coordination could be achieved but part
of the total tax will lose if development cost is lower when the
manufacturer is moderate (i.e., λ1 < λm < λ2). (3) )e co-
operation could not be achieved if the manufacturer is a
dictator (i.e., λm > λ2).

G. Proof of Proposition 5

)e first derivative of η1 in β is

zη1
zt

�
2α2c − 2αc + t

2
(β + 1) t

2

2α2c2
(− 1 + α)

2 < 0. (G.1)

Similarly, η1 is decreasing in β. )at means the region
δ � (η1, 1) is expanding when β rises.

And it is apparent that η1 � (2cα(1 − α) − (1 + β)t2/
2cα(1 − α))2 is independent with k.
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In recent years, sales of agricultural products in Taiwan have been transformed into electronic marketing, and agricultural
products with better consumer orientation have been recommended, and farmers’ income has been improved through sales
websites. In the past, A/B testing was used to determine the degree of preference for website solutions, which required a large
number of tests for evaluation, and could not respond to environmental variables that made it difficult to predict the actual
recommendation in advance. *erefore, in this study, the reinforcement learning model combined with different contextual
Multiarmed Bandit algorithms can be tested in data sets of different complexity, which can actually perform well in changing
products. It is helpful to predict the preferences of the promotion model.

1. Introduction

In recent years, governments of various countries have
spared no effort to promote electronic sales of agricultural
products. *ey have not only cooperated with private
businesses to set up websites for selling agricultural products
[1] but also guided local farmers’ associations to establish
online shopping malls [2]. *is shows that it is important for
the electronic sales of agricultural products. *e same ag-
ricultural products sales websites are also facing the problem
of how to market and promote agricultural products
websites.

*erefore, in e-commerce websites [3], to increase sales
has always been an important issue for website operation. In
the field of e-commerce, understanding consumer charac-
teristics and behaviors and to sell recommending products is
one of the important goals in e-commerce websites.

In order to predict the will of the consumer, we must rely
on the model and find the relevance from different features,
such as age, gender, and region. However, because of the
user characteristics, we cannot see the correlation with

consumer promotion preferences manually, so we must rely
on models to find the correlation from the features. In order
to improve the traditional solution selection problem, more
and more websites use predictive models to solve traditional
selection problems. Generally speaking, predictive models
are usually implemented using machine learning methods,
and there is supervised learning in machine learning, un-
supervised learning, semisupervised learning, and rein-
forcement learning. Among them, reinforcement learning is
the situational dobby algorithm that will be used in this
article. Reasons for choosing reinforcement learning in this
article are as follows:

(1) *e e-commerce website will not obtain any data
that can train the model before consumers actually
come to browse and consume, so it cannot directly
use supervised learning

(2) *e consumer trend environment of e-commerce
websites is constantly changing, and a known data
set cannot be used for training and prediction
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*e situational Multiarmed Bandit algorithm is one of
the most commonly used algorithms in reinforcement
learning [4]. *e contextual Multiarmed Bandit algorithm
mainly uses feature vectors to perform calculations.
*erefore, when the e-commerce website obtains consumer
characteristics, the model can immediately use the con-
textual Multiarmed Bandit algorithm to obtain the best sales
strategy to recommend products and then meet consumers’
behavior to enhance purchase intention. *e most famous
one is the LinUCB algorithm because the LinUCB algorithm
is widely known because it has obtained good results in the
research using the data set of the Yahoo homepage rec-
ommended news in the United States [5]. With the devel-
opment of the LinUCB algorithm, a variety of situational
Multiarmed Bandit algorithms are proposed, each with
different operating characteristics.

*e goal of this research is to use the contextual
Multiarmed Bandit algorithm to perform operations with
contextual features, and the context is the environmental
feature. *e environmental characteristics refer to the
characteristics carried by the user and the characteristics
of the lever itself, such as the user’s gender, age, the
product characteristics of the lever itself, the type of
product, and the brand. *erefore, the situational Mul-
tiarmed Bandit algorithm uses environmental charac-
teristics to do calculations.

In the experimental results, we simulated an agricultural
shopping website for an e-commerce website, using instant
consumer feedback data to study the recommendation effect
of the situational Multiarmed Bandit algorithm on the
e-commerce website. We use LinUCB, Hybrid-LinUCB,
CoLin, and hLinUCB, and they are the effect of the four
situational Multiarmed Bandit algorithms, and then, ana-
lyzing and testing the situational Multiarmed Bandit algo-
rithm in the three discount modules of buy one get one free,
10% off, and free shipping. In the simulation, users like to
recommend the situation, and the advantages of the UCB
algorithm selection method compared with the traditional
A/B testing scheme, and the noncontextual Multiarmed
Bandit algorithm are proved by experiments.

In summary, there are three main contributions of this
work as follows:

(1) In the absence of a known data set for model training
and prediction, we propose a reinforcement learning
method to train the model based on the consumer
trend environment.

(2) *e situational Multiarmed Bandit is applied to the
e-commerce website. *e pull bar and user char-
acteristics are used as feature input, and the model is
adjusted with real-time feedback data to enhance
consumers’ purchase intention.

(3) Four algorithms are applied to e-commerce prob-
lems, and then, it is analyzed that the situational
Multiarmed Bandit has better performance than
traditional A/B testing.

(4) We design multiple sets of different experimental
environments to evaluate the effects of different

algorithms under different mechanisms. LinUCB has
a high degree of recognition of user characteristics
and product characteristics, and Hybrid-LinUCB has
better results under consideration of effective
changes.

*e remainder of this paper is organized as follows:
Section 2 discusses the related work of this research. Section
3 will describe our proposed method. Section 4 shows the
effectiveness of the method and compares it with other
methods. Finally, we will make a conclusion of this research
in Section 5.

2. Related Work

2.1. Traditional Sampling Method A/B Testing. A/B testing is
mainly based on a random nature of testing user preferences.
First, the two schemes with only one variable difference
between them are randomly recommended to users, and the
same number of test results must be obtained. It is also
necessary to ensure that the user combination characteristics
between the schemes are similar to ensure fairness and then
determine which scheme is compared to receive user
preferences. In the study [6],A/B testing was used to evaluate
the block format of the homepage of the website which
scheme can achieve a better conversion rate.

2.2. Multiarmed Bandit Algorithm. *e Multiarmed Bandit
algorithms are mainly to study how to obtain the best total
return in the least number of attempts.*e core concept that
mainly affects the algorithm of the Multiarmed Bandit is
how to balance exploration and exploitation. Exploration
refers to obtaining feedback results through trial methods,
and development refers to the prediction of the algorithm
through the feedback results of previous exploration and the
number of explorations. *at will be the highest return
method and uses this method to get the expected better
return.

Multiarmed Bandit algorithm is divided into two types.
One is the Context-free Multiarmed Bandit algorithm, and
the other is the contextual Multiarmed Bandit [6].

2.3. Noncontextual Multiarmed Bandit Algorithm. *e ep-
silon-greedy algorithm was the first proposed by Chirs
Watkins et al. [6], which mainly uses the e parameter to
affect the probability of exploration and utilization. In each
round of selection of the tie bandit, there is a probability of e
to randomly select a tie bandit to explore. *is strategy is
used to avoid the initial selection error of the chance that the
best tie bandit cannot be found. As for the exploit lever, in
formula (1), the probability of 1 − ε is used to select the lever
with the largest average reward p, and the average reward p

is the sum of each rewardi divided by the lever, the number
of times k is used.

p �
 rewardi



k
. (1)
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*e core algorithm of the*ompson sampling method is
to use the beta distribution to take into account the concept
of exploration and utilization [7]. In formula (2), when the
lever is selected (X_t� k), if feedback is obtained, the number
of positive feedback α_k is added. If no positive feedback is
obtained, then the number of negative feedback β_k will be
increased by 1.

αk, βk( ←
αk, βk( , if xt ≠ k,

αk, βk(  + rt, 1 − rt( , if xt � k.
 (2)

Because the probability density function beta distribu-
tion is calculated using (α, β) parameters, the following
characteristics are produced:

When α is higher and β is lower, there is a higher
probability of achieving higher expectations (α, β). *e
higher the sum of the two parameters, the more concen-
trated the probability range of obtaining the expected value.

In order to improve the situation that the greedy al-
gorithm may abandon the potential best pull bar and the
inaccuracy of the *ompson sampling method beta distri-
bution, Auer [8] proposed the UCB algorithm. In formula
(3), the UCB uses times Tj,t. *e total number of times the
tie bandit used is t, and the average reward of the tie bandit j
and xj is used to calculate the expected value as show in the
following formula:

xj(t) +

����
2 ln t

Tj,t



. (3)

From the formula (3), it can be known that, in the initial
trial stage, the natural logarithm on the right has a con-
siderable initial impact, so every tie bandit will be tried, but
when the number of tie bandits Tj,t is greater, at that time,
the probability of choosing to use the lever will be higher and
higher to achieve the goal of increasing the total income.

2.4. Situational Multiarmed Bandit Algorithm. Because the
noncontextual Multiarmed Bandit algorithm does not add
features to the calculation, it only calculates the profit and
the number of attempts. Under such conditions, it is difficult
to meet the current complex forecasting needs. *erefore, in
2010, Lihong Li et al. proposed the LinUCB algorithm, which
is a situational Multiarmed Bandit algorithm [5].

*e LinUCB algorithm here sets the expected return
characteristic of each tie bandit a as xt,α and then sets an
unknown coefficient θ∗a for the tie bandit, so the combi-
nation is x⊤t,aθ

∗
a . *e expected payoff of the drawbar (ex-

pected payoff) rt,a is the feedback of the current drawbar and
feature combination, as in the following formula:

E rt,a| xt,a  � x
T
t,a θ
∗
a . (4)

Hybrid-LinUCB was also proposed by Lihong Li and
others who proposed LinUCB. *e main difference from
LinUCB is that Hybrid-LinUCB has an additional array of
zt,α, A0, and b0 as a whole array of environmental param-
eters. *e expected value formula (5) is as follows: zt,α refers
to the feature dimension array of all users and levers, β is the

expected value coefficient of zt,α, xt,a is the input feature, and
θa is the expected value coefficient of the tie bandit.

E rt,a| xt,a  � z
T
t,a β
∗

+ x
T
t,a θ
∗
a . (5)

In [9], the author believes that the traditional situational
dobby algorithm ignores the interaction between users, so
the relationship array W is added to the algorithm for the
feature influence between products. *e intention of the
algorithm is that if user A likes product C, user B, who has
highly similar characteristics, will also like product C. In the
CoLin algorithm formula (6), C_t is used to calculate the
influence of the relational array, W is the relation matrix of
the tie rods, and I is the unit matrix of the number of tie rods
multiplied by the number of tie rods. It is used to calculate
the characteristics of the tie rods and the user. *e specific
gravity of the C_t array is affected by the value of α, so the
value of α here does not simply represent a parameter for
exploration and utilization.

Ct+1← W
T ⊗ I A

−1
t+1(W⊗ I). (6)

hLinUCB was also proposed by Qingyun Wu et al. [10].
In the hLinUCB algorithm, it is assumed that the hidden
characteristics of consumers affect the value of θ. In the
research of Koren et al. [11], it was confirmed that, it can be
achieved through matrix factorization. Obtain the hidden
interaction parameters between features. In the actual sit-
uation, in a large part of the situation, it is impossible to
obtain all the characteristic data, so the author believes that
the influence of hidden characteristics can be obtained by
ridge regression.*e author adds vat

and θv
u to formula (7) to

calculate hidden features; vat
represents the hidden feature,

θv
u represents the θ value of the hidden feature, rat,u

is the
feedback value, and ηt is the environmental noise.

rat,u
� xat

, vat
 

T
θx

u, θv
u(  + ηt. (7)

In addition, another feature of hLinUCB is that the
algorithm adds a new random initial array to predict the θ
parameters of hidden features can get a fast convergence
effect.

2.5. Research onUser Preferences of E-Commerce. In the past,
many researchers used various methods to predict user
preferences on promotion models. Wan et al. proposed a
matrix decomposition framework with nested features to
model preferences and price sensitivity simultaneously, which
can be used to obtain economic insights into consumer be-
havior and provide personalized promotions [12]. Ling et al.
proposed a combined deep learning method FC-LSTM,
aiming at multiple online promotion channels, using the
characteristics of interactive communication between cus-
tomers and promotion channels to estimate users’ purchase
intentions. *e result proves that the deep learning method
proposed in the paper does improve the accuracy and f1 score
[13]. Vanderveld et al. use the customer relationship man-
agement system for analyzing every aspect of the relationship
between each customer and our platform based on the life
cycle value. It can quickly iterate new products and find the
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current buyer frequency in the best inventory [14]. Cai et al.
coded each state to establish a Markov model as a decision,
using deep deterministic policy gradient, gated recurrent unit
model, greedy myopic, and linear UCB methods, through
∈-Greedy, ∈-First strategy, UCB1 strategy, and Exp3 strategy,
to compare the reward of each time step to show different
performance and integration guarantees [15]. Broden et al.
proposed the *ompson Sampling Bandit Policy, using
Multiarm Bandit within bandit ensemble for e-commerce
recommendations, which can coordinate the collection of
basic recommendation algorithms for e-commerce and
various behavior-based and attribute-based predictions. *e
problem was found that the context turns into a Multiarmed
Bandit, using precision, recall, and normalized discounted
cumulative gain as an evaluation indicator [16].

3. Materials and Methods

3.1. Planning Stage. When performing a Multiarmed Bandit
algorithm, the most necessary thing is to first define the data
features we will need to use and then obtain the data. We
simulate different numbers of users and user characteristics
according to the determined data features and randomly
define the user’s preference sales plan, agricultural product
preference, and user characteristics. *ese preference sales
plan preference features include time characteristics in order
to satisfy the characteristics of e-commerce websites with
great changes.

In theMultiarmed Bandit algorithm, we must first define
the roles of the user and the lever. In LinUCB, for example,
the lever maintains its own feature pattern for recording
feedback or other parameters, such as A and B arrays in
LinUCB. *erefore, it should be noted here that although in
the Multiarmed Bandit algorithm, the lever can be added
and changed; the increase of the lever will increase the
calculation time and memory consumption. Hence, the role
defined as a tie rod should be a fixed and identifiable role,
such as a product in an e-commerce website or the subject
matter itself in financial investment, rather than selecting
items that will continue to increase as a tie rod, such as
consumers or users.

In the literature [5], the article was used as a lever, but in
the literature [9], the user was used as a lever. *e difference
between the two articles is that the former article is due to
many users but the number of articles is fixed. And in the
latter case, due to the experimental environment, there are
few users but a considerable number of articles [9]. So, in the
Multiarmed Bandit algorithm, the definition of the lever role
must also be considered in accordance with the
environment.

*e following lists the features of the lever role in the
Multiarmed Bandit algorithm:

(1) Noninfinitely new data, for example, products will
not be added infinitely to the website

(2) Recognizable data, for example, can correspond to a
certain drawbar and maintain the drawbar array
continuously

*en, the three-stage experimental process is shown in
the Figure 1. In the first stage, we use the data set that
simulates the browsing of users of agricultural shopping
websites to evaluate the Multiarmed Bandit algorithm.*ese
simulated levers are defined as products and then use the
data set to apply to the Multiarmed Bandit algorithm to
obtain the best choice of product solution and further obtain
the reward value to compare the performance of the Mul-
tiarmed Bandit algorithm. *erefore, because we use a data
set that simulates the user’s browsing, we emphasize the
sensitivity of the algorithm in using the data set features.

*e second stage will use the optimal setting parameters
obtained in the first stage to apply to each algorithm. Using
simulated agricultural products shopping websites to browse
the web and purchase action programs will generate dif-
ferent feedback scores due to different actions. In addition, it
is possible to modify the product promotion strategy by
simulating the promotion strategy suggested using the
Multiarmed Bandit algorithm under the limited commod-
ities by the merchants of the agricultural shopping website
and even compare the total and average revenue.

*e third stage uses the better-performing algorithm
obtained in the second stage to test the preferences of
simulated consumers. *e predicted benefits of the three
discount modules are buy one get one free, 10% off, and free
shipping. By analyzing the recommended discount module
of the algorithm and simulating the change of user pref-
erences, it can prove the advantages of the situational
Multiarmed Bandit algorithm compared with the traditional
A/B testing method.

3.2. Simulation Data. *e generation of simulation data
must produce the characteristics of multiple users and
multiple products, which are used to compare the perfor-
mance of the multiarmed bandit algorithms between the
number of users and the number of different products.

Feature standardization is mainly used to avoid the
uneven impact of feature parameters on the array [17]. For
example, assuming that the user’s feature browsing time is
morning, afternoon, evening, and early morning, we can
divide it into 0.01, 0.33, 0.66, and 0.99. *e following pa-
rameters are between 0 and 1.

*e feature parameters used in this article are common
consumer feature data. From the literature, we can see that
some operators use the number of consumer web views, stay
time, clicks, page scrolling, and mouse movement trajectory
data as a consumer’s group characteristics. And then use
algorithms to push discount modules to consumers
according to the feature data to improve performance. In our
experiment, we selected the following user characteristics
data and the current environment state, and we organized
the following characteristics as shown in Table 1.

*e user features are the data filled in by the user, and the
time feature represents the user’s shopping habits, such as
buying in the morning or afternoon, buying things on
Mondays, and the month representing the festive period that
affects shopping.
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*e lever selected in the situational Multiarmed Bandit
algorithm defined in this paper is a promotion scheme for
agricultural products. In the Multiarmed Bandit algorithm,
not only the characteristic of the user is included in the
calculation but also the characteristics of the product itself.

On the agricultural product sales website that we used to
test our simulation in this article, we will provide merchants
with instructions for filling in the characteristics of agri-
cultural products. Some important characteristics are shown
in Table 2.

Iteration
(per minute for one iteration)

According to the algorithm, the op five products with
high expectations based on user characterisitics

According to select the action of staturs

Checkout status

The users generate the purchase
probability according to their

characteristics

Checkout

Checkout for
recording

score

Setting status for ready
to checkout

Adding to shopping cart
for recording score

Adding to
shopping cart

The users join the purchase
probability according to their

characteristics

Enter the page for product status Browsing status

The users enter the purchase
probability according to their

characteristics

Enter the
product

Enter the product for
recording score

Setting status for enter
the product

Figure 1: Planning the experiment process.

Table 1: Features collected by users.

Parameter type Feature Description of data
User feature Sex Male or female or unfilled
User feature Year of birth (age) \A.D.
User feature Occupation Occupation type, ex: agriculture, animal husbandry, technology, military, and public education.
User feature Income Using level distance, ex: less than 30,000 yuan, 30,000 to 60,000
User feature Marriage Ex: married and unmarried
User feature Education level Ex: elementary school, middle school, and university
Time variable Current time Ex: Morning, afternoon, evening, and early morning
Time variable Month of date Ex: January and February
Time variable Day of the week Ex: Monday and Tuesday
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After we define the user features and the agricultural
features, then formalize the user features, and use the user’s
features to calculate the degree of preference for the product,
calculate the probability of purchasing the product, and
finally record.

*e data set is divided into three data sets, with 800
people to 5 products on 30 days, 800 people on 30 days to 10
products, and 30 days 800 people to 20 products. *e
number of people fixed at 800 is the daily number of visitors
to the simulated site, and the change in the number of
products is the complexity of the simulation environment
selection.*e reason why the products are divided into 5, 10,
and 20 is also due to the increase in the calculation and
quantity of products between the two algorithms, Hybrid-
LinUCB and CoLin. *erefore, it must be limited to 20
products in order to complete the experiment. *e main
reason for dividing 30 days is that date features are also
included in user parameters, so the performance sections of
the algorithm are listed daily for comparison.

3.3. Stage 1: Algorithm Parameters and Efficiency. In this
paper, the first phase of the experiment will compare the
different performance between the different situational
multiarm machine calculations. *e simulated agro-shop-
ping site user browsing data set is used to test the algorithm’s
learning ability for the dataset and the reward is recorded,
and the effect between the number of different products and
the different algorithm parameters on different multiarmed
bandit algorithms is tested.

In the collection of experimental results, at least 30
repeated experiments will be taken in each experimental
stage to make an average value, because we have added the
concept of sampling to the use of simulated agricultural
shopping website user browsing data sets. *erefore, in each
update of the contextual Multiarmed Bandit algorithm,
different feedbacks will be generated due to different sample
records, which have a chance of affecting factors. So, an
average value must be obtained to review the performance to
obtain an objective argument.

3.4. Stage 2: Simulation of Browsing Experiments on Agri-
cultural Product Sales. In terms of the previous theory, we
use a simulated agricultural shopping website user browsing
data set to test the efficiency of the algorithm to select the
best lever, but this is far from the actual user browsing
consumption. Because the feedback of the real-life algorithm
will directly affect the user’s next consumption, and we also

need to verify the effectiveness of the algorithm for maxi-
mizing the promotion plan and website revenue; we will use
the simulated agricultural shopping website environment to
achieve this research aims.

Simulated products will randomly produce 5, 10, and 20
different agricultural products with different prices and
product characteristics. In this product, the promotion plan
aims to provide the simulated agricultural shopping site
users with the opportunity to purchase and update the
product promotion plan every day. Simulated users pur-
chase products at certain time intervals to perform opera-
tions, click products or add shopping carts, and check out,
and there is a purchase limit, a total of 24 hours a day,
simulated agricultural shopping site 30 days of data, and
calculate the total daily income. And total feedback score
changes to compare the efficiency of the algorithm.

In addition, this side not only simulates the consumer
action of the agricultural shopping website but also adds the
decision-making simulation of the agricultural business.
*ere will have some feature argricultural products in a year,
such as strawberries in spring, watermelons in summer, and
pears in autumn. *erefore, in this simulation experiment,
we will trigger the update of the promotion strategy event at
a fixed time every day to simulate the characteristics of
seasonal replacement of agricultural products.

*e algorithm will be based on the user features of the
previous day to determine the promotion strategy to be used
in the day’s products, and the promotion strategy has a
corresponding degree of preferential, the higher the degree
of preferential, the lower the business score, the lower the
level of concessions, the higher the business, but the relative
consumer purchase rate will also decline. *is side simulates
the complex action of consumers and merchants of agri-
cultural shopping website, mainly to be closer to the reality
of agricultural product selling sites will encounter seasonal
replacement of products, so as to compare the different
situational Multiarmed Bandit algorithms, the more details
for each action type, score, and description are shown in
Table 3.

3.5. Stage 3: Comparison of Discount Recommendation
Methods. In the second stage, we can obtain a better al-
gorithm in the simulation of agricultural shopping sites, and
then, we apply the algorithm into the discount module, in
which we will have three simulation experiments. First of all,
we define buy one-to-one, 10% discount, and free shipping
as three preferential modules.

Table 2: Characteristics of agricultural products on agricultural product sales websites.

Parameter type Feature Description of data
Product Types of agricultural products Ex: Chinese cabbage, cabbage, and green.

Product Counties and cities of agricultural
products Ex: Taichung, Taipei, and Kaohsiung.

Product Special attributes of agricultural
products

Ex: organic label, production and sales resume, safe fruits and vegetables, and label
of Jiyuan Garden.

Promotion
mode Main promotion mode Ex: immediate product discount, free shipping, and full discount.
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In the third phase of experiment one, we assume that
consumers have a higher willingness to buy goods with a
lower average unit price after total shopping cart plus freight
and that consumers have the highest return on buying one-
to-one preferential module merchandise, but pay more at a
time. *en, there is the 10% discount group merchandise
merchants slightly less for free shipping, the highest mer-
chant income, but to bear the cost of freight.*is experiment
compares the situational Multiarmed algorithm in three
preferential modes with the average unit price orientation of
users recommended to reflect the situation.

In the third phase of experiment II, we will simulate
consumers plus their own preferences and assume the
correlation between user characteristics and preferences, to
determine whether the algorithm can correctly identify the
relationship between features and preferences, and com-
pared with the traditional A/B testing method and the UCB
algorithm of the Non-multiarmed bandit algorithm,
whether it can save the number of times and achieve the
advantages of learning with the user’s preferences.

4. Results and Discussion

4.1. Arrangement of Parameters. After our experiments, we
can know that the α constant in LinUCB, Hybrid-LinUCB,
CoLin, and hLinUCB is related to the characteristics of the
data set. *e constant α does not only have to be larger or
smaller but does also have setting which was based on the
current environment. *erefore, it must be noted that, in
each performance of the algorithm, the current sample will
determine the difference in user characteristics, and there
will be a certain degree of uncertainty in the simulation test.

Finally, based on the above test, we can sort out the α
constants that perform better in the browsing data set of 800
people and 20 product simulated users among LinUCB,
Hybrid-LinUCB, CoLin, and hLinUCB, as follows in Table 4.

We will use the above parameters in the second stage of
the simulation experiment to obtain the performance of the
algorithm in the experiment that simulates user browsing.

4.2. Simulate In-Service User Browserling. As for the calcu-
lation of the feedback score, here we add a feedback pa-
rameter to write the feedback score. For example, when a
user enters the product’s inner page, the feedback parameter
is updated to the situational Multiarmed Bandit algorithm.
Furthermore, for the score feedback added to the shopping
cart and shopping cart checkout, we formulate a formula
equation (8) for the score feedback based on the principle of
“the higher the profit, the higher the score”.

reward � C′ − C(  · q · β. (8)

C′ is the sales amount, C is the cost of sales, q is the number
of products, and β is a constant to affect the size, and because
the initial array of the situational Multiarmed Bandit al-
gorithm is 0 to 1.

In this experiment, we added a mechanism that simu-
lates the daily update of agricultural products shopping
website merchants. Generally speaking, the total product
categories on the sales website have small changes, so the
products recommended by the contextual Multiarmed
Bandit algorithm are recommended for the products; for
example, there are a total of A to Z products; we follow the
user’s characteristics and product characteristics entering
into the algorithm, and we can obtain the products with the
highest expected value and recommend them to consumers.
If the consumer clicks to enter the product or it adds to the
shopping cart, the algorithm will be updated.

*erefore, our method of updating the discount module
is to first list the combination of the product and the dis-
count module as a product and then only take “the same
product, different discount modules” as the discount that
will be used for the product that day module. *en, the sum
of the expected value of each consumer feature and each
discount module of each product browsed on the previous
day is obtained, and then, the discount module with the
highest expected value of each product is taken as the
discount module combination of the product of the day.

pt,s � 
u

i�0
αt,s. (9)

4.3.<e Influence of RandomUsers and Products. In order to
accurately test the performance, we first do 30 experiments
from 5 products and go to the extreme value to get the
average value to see the experimental results. Here, we use
the converged value to compare the performance. Con-
verged means that the average daily income does not in-
crease due to the increase in the number of days, so we take
the last 7 days of the 30-day experimental data as the
converged performance as shown in Figures 2-3 and Table 5.

Table 3: Simulated user website action score.

Action type Score Description
Click on the product 1 Write a score when you click to enter the product page
Adding to shopping
cart Product price multiplied by coefficient When adding a product into the shopping cart, write a score

Shopping cart checkout Commodity price multiplied by
coefficient

Write the product price into a score when the shopping cart is checked
out

Table 4: Sorting out the α constants that the algorithm performs
better in the 20 product simulated user browsing data sets.

Algorithm A
LinUCB 0.05
Hybrid-LinUCB 0.8
CoLin 0.4
hLinUCB 0.2
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4.4. Comparison of Promotion Plan. In general consumer
websites, promotion schemes are an important part of
selling products. Because each consumer has a different
degree of adaptation to promotion schemes, how to choose
products and promotion schemes is also a key issue. So here
we follow the daily update mechanism mentioned earlier to
simulate the impact of the daily update of the promotion
plan on the benefits of each algorithm as shown in Figures 4-
5 and Table 6.

4.5. Comparative Advantages of Preferential
Recommendation. In this phase of the experiment, we as-
sume that male users have a higher choice of 80% for buy one
get one free, 50% for other schemes, simulate male users’

reaction actions when browsing schemes, and are in line
with traditional A/B Testing methods. Comparing the UCB
algorithm of the noncontextual Multiarmed Bandit algo-
rithm, the following results can be obtained as shown in
Figure 6.

From the above experimental data, it can be proved that
using the situational Multiarmed Bandit algorithm can save
the number of experiments and can automatically select the
best plan. *en we continue to assume the following con-
ditions as shown in Table 7.

Such a setting environment is mainly to test the reaction
ability of the situational Multiarmed Bandit algorithm when
the user’s preference orientation changes. *en, the results
are obtained as shown in Figure 7.
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Figure 2: Algorithmic revenue performance under 5 products.
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Figure 3: Algorithm score performance under 5 products.

Table 5: *e average performance of the algorithm revenue and
scores in the last 7 days under 5 products.

Algorithm Income Score
LinUCB 13384.55 23.133
Hybrid-LinUCB 13036.29 22.6591
hLinUCB 13326.1 22.3913
CoLin 13417.69 22.481
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Figure 4: *e performance of algorithm revenue updated daily
under 20 products.
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Figure 5: *e performance of the algorithm scores updated daily
under 20 products.

Table 6: *e average performance of the last 7 days of the algo-
rithm updated daily under 20 products.

Algorithm Income Score
LinUCB 9509.5 23.1692
Hybrid-LinUCB 12104.6 25.3376
hLinUCB 9515.7 22.7945
CoLin 8502.6 21.6711
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5. Conclusions

In this research, we can know that the LinUCB algorithm is
highly recognizable for the linear relationship between user
characteristics and product characteristics and can be used
in most cases. *e Hybrid-LinUCB algorithm has common
environmental characteristics, and it has better results for
changing products and can avoid the problem of cold start of
expected value. If it is for agricultural sales websites that
often change products now, the Hybrid-LinUCB algorithm
is the best choice. Moreover, from the experiment on
contextual Multiarmed Bandit algorithm for recommending
preferential modes, it shows that when users have their own
preferential modules, the algorithm can predict the user’s
preferential module preferences through user characteristic
data and compared with traditional A/B testing and non-
contextual Multiarmed Bandit algorithm; it has the ad-
vantages of faster and automatic acquisition of prediction
results and changes with the environment.

In terms of research limitations, it is difficult to simulate
the complex factors of agricultural shopping websites with
different complexity every time from different algorithms,
which can effectively have significant parameters.

In future works, it is possible for establishing ques-
tionnaires from the website, collecting relevant character-
istics from customer data, using exploratory factor analysis,
or confirmatory factor analysis to obtain significant char-
acteristics. *en, integrating several types of LinUCB al-
gorithms with agricultural sales websites and browsed and
consumed by real consumers can be compared in practice
for improving product sales performance.
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Table 7: User preferences and frequency change settings.

Testing for 100 times ago (%) After 100 testing (%)
Probability of buy one and get one free 80 50
Probability of free shipping 50 80
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Figure 7: (a) Probability of recommendation of A/B testing changes in user preferences. (b) Recommendation probability of Hybrid-
LinUCB algorithm in user preferences. (c) Probability of recommendation of UCB algorithm in changing user preferences.
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