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ABSTRACT This paper considers a fresh produce three-layer e-commerce supply chain consisting of a
producer, a third-party logistics service provider, and a fresh produce e-commerce enterprise in a new
framework. Themarket demand for the fresh produce is affected by the safety traceability system availability,
the freshness level, the unit online selling price, and the random factor. We develop the game models under
different supply chain decision scenarios. Two different types of contracts, namely, unilateral cost-sharing
and revenue-sharing contract, and consolidated rebate and revenue-sharing contract are proposed to facilitate
coordination of the supply chain. The impact of the changes of market preferences on the supply chain
decisions, the supply chain profits, and the contract policies implementation is examined. The theoretical
derivations and results are illustrated with numerical examples. While enriching the relevant literature, this
paper also provides a practical guidance for the production, operation, and sales of the fresh produce e-
commerce supply chain.

INDEX TERMS Fresh produce, fresh produce e-commerce enterprise, coordination contract, supply chain
management, safety traceability system availability.

I. INTRODUCTION
With the development of the e-commerce, individuals in
growing numbers gradually have the habit of online shopping,
and the fresh agricultural products (FAPs) e-commerce has
been developing rapidly. According to a recent report of
the China Electronic Commerce Research Center, the total
volume of the FAPs e-commerce in China is about CNY
140.28 billion in 2017, and it is expected to reach a higher
level in 2018 [1]. But at present, the corresponding market
penetration rate is still lower, not more than 5%. Behind it,
there is a huge market with great potential for development.

In the rapidly evolving FAPs e-commerce environment,
consumers have put forward higher requirements for the
safety and quality of FAPs. Since the safety and quality
of the FAPs has been highly concerned, the produce safety
and quality is considered to be a direct factor influencing
consumers’ purchasing decisions [2]. The quality safety and
quality of the FAPs are often affected by each link of the

FAPs supply chain. Problems in any link of the supply chain
may lead to problems in the safety and quality of the FAPs.
In this case, it is extremely important to ensure that the safety
of the FAPs can be traced back, and that the quality of the
FAPs is fresh, in the FAPs e-commerce supply chain. Due
to the special perishable characteristics of FAPs [3]–[6], it is
also particularly necessary to control it properly during the
supply chain process. Appropriate production and operation
management in the whole FAPs e-commerce supply chain is
of great significance not only to the development of supply
chain enterprises, but also to people’s safe consumption.

However, in actual supply chain production, the safety
and quality problems are not optimistic. There are a series
of consumption security incidents, such as the hand-dyed
oranges, the poisonous strawberries, the vegetables with car-
cinogenic pesticides, which have greatly affected the con-
sumers’ consumption safety and confidence. More seriously,
this may also affect the layout of the supply chain, the social
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harmony and stability in a region, and the international trade
of the responsible countries. In recent years, fresh produce
safety and quality problems have not been ease in a certain
degree, but seem to be more serious. The past few years have
witnessed several fresh produce safety events reports, such as
microbiological hazards [7], pesticide residue [8] and heavy
metals [9]. This also indicates from the side that in the source
of current FAPs’ supply chain, the concept of high quality
and safety in production is insufficient. Besides, in actual
supply chain operation, the lower preservation level is also
detrimental to the quality of FAPs. The loss rate of perishable
products is as high as 15/100 in the developed countries and
as high as 30/100 in the developing countries, which have
brought great losses to the supply chain, the society, and even
the country [10]–[13]. All of these reflect the reality from
the side that there are many problems in the production and
operation of the real FAPs’ supply chain.

Therefore, it requires the close collaboration of the supply
chain members to increase FAPs safety and quality, and
reduce FAPs loss. In FAPs’ supply chain, the safety trace-
ability system availability investment of the producer can
help improve his safety traceability system availability, which
not only makes it convenient and timely for consumers to
understand the information of all stages of the agricultural
products in the whole process of the supply chain, but also
enables supply chain operators to quickly find relevant links
in food safety incidents so as to reduce risks brought by
the quality of the agricultural products, and improve FAPs’
quality and safety [14]. Increasing investment in safety trace-
ability systems can also provide companies with competitive
advantages by improving the visibility of the processes per-
formed and the corresponding control over product quality
[15]. The safety traceability of FAPs from farm to din-table
makes the consumers more reassured, especially in the e-
commerce shopping environment. And the freshness-keeping
effort of the third-party logistics service provider (TPLSP)
in the process of logistics distribution can help keep FAPs’
high freshness level. All these measures of the producer and
the TPLSP can indirectly affect the market scale and benefits
of the fresh produce e-commerce enterprise by affecting the
experience and the second-time online shopping intention of
the consumers. However, these will impose a considerable
cost on the producer and the TPLSP respectively. Determin-
ing the best trade-off between the revenues and costs so as to
maximize the total profit and provide higher quality and safer
FAPs to the target market is therefore a key issue faced by the
three supply chain members.

The purpose of this paper is to study the decision and
coordination of the FAPs’ three-layer e-commerce supply
chain considering producer’s safety traceability system avail-
ability investment and TPLSP’s freshness-keeping in a new
framework. We are going to address the following research
issues:
• Should the three supply chain members, i.e., the pro-
ducer, the TPLSP and the fresh produce e-commerce
enterprise, independently make decisions on the safety

traceability system availability investment, freshness-
keeping effort, and unit online selling price, in the
production, operation and sale process of the FAPs e-
commerce supply chain?

• If no, are there different types of new contracts that can
coordinate this supply chain?

• Can safety traceability system availability and freshness
level of FAPs be improved?

• What is the impact of the market changes, such as the
changes in consumers’ preferences for the safety trace-
ability system availability, the freshness, the online sell-
ing price, and marginal effort coefficient, on the supply
chain decisions and profits?

• How do the changes of market preferences affect the
implementation of the two new proposed contract poli-
cies? In which case, the supply chain is easy to coordi-
nate, and in which case, the supply chain is not easy to
coordinate?

In order to answer these questions, we will develop and
establish the mathematical models for centralized, decen-
tralized, and contractual FAPs’ supply chains, respectively.
We will explore and characterize the optimal decisions of
the three supply chain parties in different FAPs’ supply chain
structures, and analyze the impact of consumers’ sensitivities
to the safety traceability system availability, the freshness
level, the online selling price, and the marginal effort coef-
ficient, on the supply chain decisions and profits. We will
design and investigate different types of new contract mecha-
nisms to coordinate this particular supply chain. And, we will
explore the changes of market preferences on the implemen-
tation of the proposed new contracts. These will not only help
improve the supply chain performance, but also help provide
the safer and high-quality FAPs to target market under the
e-commerce environment.

The remainder of the paper is organized as follows.
Section II reviews the related literature. In Section III,
the decision models under different scenarios are presented.
In Section IV, we design two new and different types of
contracts to coordinate this supply chain. The numerical anal-
ysis is conducted in Section V. The concluding remarks are
given in Section VI, where the direction of future studies is
provided. Appendix (A-N) presents the technical proofs of
this study from start to finish.

II. LITERATURE REVIEW
Channel coordination is an important and leading issue in
supply chain management [16], which is imperative for
improving the supply chain performance [17]. How to make
the individual goal and system goal of each node in the supply
chain tend to be consistent is the problem to be solved in
the channel coordination. There is one stream of the relevant
studies that have been well reported in [19]–[26]. In these
studies, the supply chain contracts such as wholesale contract
[27], quantity discount contract [28], revenue sharing con-
tract [29], buy back contract [30], sales rebate [31], quantity
flexibility contract [32], and two-part pricing contract [33],
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option contract [34] are often taken as incentives by scholars
to facilitate the coordination of supply chain. By eliminating
certain channel conflicts, the corresponding supply chain per-
formance has been better improved. However, these studies
have only focused on the supply chain coordination of non-
perishable products and haven’t considered the unilateral
cost-sharing and revenue-sharing contract, and the consoli-
dated rebate and revenue-sharing contract in coordinating the
FAPs’ three-layer e-commerce supply chain.

With the development of the FAPs’ supply chain and its
increasingly important role in the lives of residents, some
scholars have begun to pay attention to the coordination of the
FAPs’ supply chain. In recent years, a few relevant references
have emerged, which provides some groundbreaking research
for the coordination of FAPs supply chain. Caiet al.[10]
considered a supply chain consisting of a producer and a
distributor and found that the price-discount sharing and com-
pensation schemes can achieve the optimization of the whole
system. Xiao and Chen [4] presented a fixed inventory-plus
factor strategy and demonstrated it is a Pareto improvement
in a fresh products supply chain consisting of a producer and
a distributor. Sun [35] developed a dynamic FAPs’ supply
chain model with supply disruptions and discovered that
a lump-sum fee can motivate supplier and the retailer to
accept two-part tariff contract. Wang and Chen [36] proposed
the wholesale price and call option portfolio contracts to
coordinate a one-supplier-one-retailer fresh produce supply
chain, and showed that there was no correlation between the
optimal option pricing policy of supplier and the demand risk
and wholesale price. Zheng et al. [12] explored a two-layer
FAPs’ supply chain consisting of a supplier and a retailer,
and designed a combination contract to achieve a win-win
outcome. Yang et al. [37] focused on a two-layer FAP chain
and proved the buy-back contract and the quantity discount
contract are equivalent to the revenue sharing contract under
certain conditions. However, the previous literature generally
pays little attention to the coordination research of FAPs’
e-commerce supply chain. Considering the rapid develop-
ment of the FAPs e-commerce supply chain in recent years,
we focus on the coordination of the FAPs e-commerce supply
chain.

Besides the self-logistics mode, the third-party logistics
mode adopted by the fresh produce e-commerce enterprise
can have certain advantages in reducing fixed asset invest-
ment and providing flexible and diversified customer service.
TPLSPs also have more professional facilities and facilities
to provide FAPs protection. Since the decisions of TPLSP
will have certain influence on the decisions of other channel
members, it will be interesting to consider the participation
of TPLSP in decision-making. At present, although some
literature has considered the participation of TPLSP, these
studies are mainly based on the principal-agent theory to
study how to improve enterprise benefits or reduce enterprise
cost [38], [39]. In addition, the literature does not take into
account the supply chain of FAPs and lack of research on the
contractual mechanism. Part of the literature has focused on

the two-layer FAP supply chain, such as the research work of
[40]. In our work, we consider the TPLSP in the first half of
the logistics distribution of the FAPs’ three-layer e-commerce
supply chain.

When reviewing the literature on the coordination of multi-
layer FAPs’ e-commerce supply chain, we find that the
research on coordination of the FAPs’ supply chain among
multiple channel members is relatively scarce, partly due
to the difficulties related to the possible contracts. To the
best of our knowledge, there are only a few scholars that
have taken into consideration the coordination contracts with
more than two FAPs’ supply chain participants. For example,
Cai et al. [41] presented a supply chain with multi-channel
members and found that the wholesale-market clearance and
wholesale-price-discount sharing contract can play down the
risks involved in the process of the transportation and selling.
Fenget al.[42] considered a three-layer supply chain and
developed a supplier-led gamemodel. Then a compound con-
tract was designed to realize the coordination of the supply
chain. The works of these scholars have inspired us very well.
However, their works only considered one contract coordi-
nation mechanism and were without relying on e-commerce
background. And they did not take into account the safety
traceability system availability, freshness and online selling
price sensitive random demand. Our model will study the
effect of different types of contracts for coordinating the
presented FAPs’ e-commerce supply chain, under the safety
traceability system availability, freshness and online selling
price sensitive random demand.

In addition to being influenced by the retail price, the mar-
ket demand for FAPs is also affected by other factors, such
as the freshness [41], the price promotion [43], the sales
effort [44], the safety traceability system availability, or other
factors; however, fewer scholars have explored the impact
of multiple factors on market demand. By combing the lit-
erature, we found that the literature on FAPs’ supply chain
coordination considering the producer’s safety traceability
system availability, the TPLSP’ freshness-keeping, the fresh
produce e-commerce enterprise’s online selling price, and the
random factor is also very sparse. And the existing literature
has mainly studied the impact of the retail price and the
freshness on the FAPs market demand. Wang and Dan [45]
examined the coordination of FAPs’ supply chain considering
retailer’s preservation, and demonstrated that preservation
cost and revenue sharing contract can achieve supply chain
coordination and enhance the overall utility of consumers.
Wang and Dan [46] investigated an FAP supply chain coor-
dination with supplier’s preservation, and found that when
the retailer was in a strong position, the purchase price based
on product freshness contract could make the supply chain
more profitable. These studies have very well portrayed the
impact of less factors on supply chain demand. However,
they only focused on the two-level supply chain composed
of a supplier and a retailer, and didn’t consider the producer’s
safety traceability system availability, the TPLSP’s freshness-
keeping, the fresh produce e-commerce enterprise’s online
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selling price, and the random factor, simultaneously. How
do these multiple factors affect the decisions and profits of
the three channel members? How to design the new contract
coordination mechanisms in this case? This is also one of the
aspects that we are going to study.

Literature presented above has given us a certain degree
of inspiration from different perspectives. From the above
literature review, it can be found that coordination of FAPs’
supply chain is a relative less studied area. No one has
explored the coordination of the complex FAPs’ three-layer
e-commerce supply chain presented in this paper by tak-
ing into account all these scenarios simultaneously, such
as the FAPs characteristics, the multi-layer supply chain,
the endogenous prices, the TPLSP’s participation, and the
e-commerce environment, especially considering the mar-
ket demand for FAPs is affected by the safety traceabil-
ity system availability, the freshness, the unit online sell-
ing price, and the random factor, concurrently. In addition,
although some scholars have used the contract as a tool to
explore the FAPs supply chain coordination, as far as our
understanding, the literature of concurrently examining dif-
ferent types of coordination contracts is still a few. To be
precise, the existing literature has not yet simultaneously
examined the unilateral cost-sharing and revenue-sharing
contract (CS&RS) and consolidated rebate and revenue-
sharing contract (CR&RS) in the study of the FAPs’ three-
layer e-commerce supply chain coordination issue. These,
to a certain extent, motive our research in considering
the coordination of such a FAPs’ supply chain by new
contracts.

In view of the realistic background and theoretical back-
ground, we carry out the research presented in this paper.
We integrate all the above cases into a new supply chain
framework and make the first attempt to study the channel
coordination of the complex FAPs’ three-layer e-commerce
supply chain. That is, we will take into consideration that the
demand for FAPs is affected by the safety traceability system
availability, the freshness, the unit online selling price, and
the random factor, simultaneously, for the first time. And we
will take into account the TPLSP’s participation in decisions
and the fresh produce e-commerce enterprise’s home delivery
mode, and consider that all decision variables of the supply
chain are endogenous, simultaneously. Then on the basis of
these, we will describe and characterize the decisions under
the different supply chain scenario, and develop the new and
different types of channel coordination strategies (CS&RS;
CR&RS) so as to improve the supply chain performance for
the first such endeavor. Our study can help fill the research
gap and complement the existing literature by coordinating
such a supply chain. It will help provide a better understand-
ing of the optimal decisions of such a particular FAPs’ supply
chain in different scenarios and the coordination effects of
the different types of new proposed contract mechanisms in
improving the supply chain performance. Therefore, this will
be an interesting topic no matter in the realistic background
or the theoretical background.

TABLE 1. Notations.

FIGURE 1. FAPs’ supply chain under consideration.

III. DECISION MODELS
A. NOTATIONS AND ASSUMPTIONS
Table 1 shows the notations used to develop our models.

We consider a three-layer e-commerce FAPs’ supply chain
that consists of a producer, a TPLSP and a fresh produce
e-commerce enterprise, which is described in Figure 1.
The FAPs producer produces the FAPs at a certain cost,
which provides a supply function to meet the needs of con-
sumers. Through the e-commerce platform, the fresh produce
e-commerce enterprise releases the FAPs information,
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displays the goods, and answer the questions for the con-
sumers, which provides the consumers with personalized
experience. As the end-users, the consumers choose and buy
their favorite FAPs at any place, at any time, on the convenient
network and the online platforms.When the orders need arise,
the fresh produce e-commerce enterprise will feed back the
orders information to the FAPs producer in a timely manner.
Then, the producer deals with the orders, and distributes
the orders to the offline service points of the fresh pro-
duce e-commerce enterprise through the professional TPLSP.
Finally, the offline service points deliver the FAPs to the
consumers’ homes. Note that the consumers and supply chain
operators can understand the information of the FAPs regu-
larly and timely through the safety traceability system. We
denote the unit wholesale price and the unit production cost of
the FAPs producer as PM and cM , respectively. The variable
eM represents traceability system availability investment. We
denote the unit logistics distribution price and unit logistics
distribution cost of the TPLSP asPT and cT , respectively. The
variable eT represents the cold-chain logistics service level
of the TPLSP, which is called the freshness-keeping effort
[10]. PR is the unit online selling price of the fresh produce
e-commerce enterprise, cR is the unit operating cost, and cF
is the unit home delivery cost of the FAPs.

Assume that the demand of the FAPs is online retail
price, freshness, and safety traceability system availability
sensitive, and subject to random factors. With reference to
the additive type demand function, which is widely used
in different studies [47]–[52], we assume that the market
demand is Q = a − bPR + ξg (eM ) + δθ (eT ) + ε. Where
a is the market potential, b represents the online selling price
elasticity, ξ measures the influence of the producer’s safety
traceability system availability on demand, and δ denotes the
consumers’ sensitivity to FAPs’ freshness. Safety traceabil-
ity system availability is affected by the safety traceability
system availability investment. Considering that the safety
traceability system availability investment has a nonlinear
promotion effect on the safety traceability system availability,
on the basis of [53], we assume that the function is g (eM ) =
k
√
eM , where k is the sensitivity coefficient affecting safety

traceability system availability. Freshness-keeping effort has
a certain effect on the freshness of FAPs. Referring to the
contract theory, there is a linear relationship between the
effort level and the dependent variable, and the multiplicative
function form has been made in [10] and [45], so we assume
it is of the form θ (eT ) = eT θ0, where θ0 represents the
sensitivity coefficient. ε is a random variable that reflects
the fluctuations of the market demand, ε ∼ N (0, σ 2). The
functional relationship between freshness-keeping cost and
freshness-keeping effort is C (eT ) = λe2T /2, where λ is the
freshness-keeping cost coefficient (which is considered in
some literature, e.g., [54]–[56]. It is mainly used to describe
the nature of costs.

We assume the producer, the TPLSP and the fresh pro-
duce e-commerce enterprise are risk-neutral and rational.
The three parties make decisions based on the principle of

maximizing profits. In the process of games, the information
is common knowledge. Taking into account the positive rev-
enue, we assume that PR > cR+cF+PM+PT . To ensure that
the decision variables are all positive, the parameters meet the
following conditions a− b (cM + cT + cR + cF ) > 0.

B. CENTRALIZED DECISION
A centralized supply chain scenario is considered where the
FAPs producer, the TPLSP and the fresh produce e-commerce
enterprise are treated as an entity. A single decision maker
makes the optimal decisions to maximize the total profit of
the whole system. Centralized decision making does not take
into account the transfer payments among the three supply
chain members. The total expected profit of the FAPs’ supply
chain is∏c
= E[(PR − cM − cT − cR − cF )

×
(
a− bPR + ξk

√
eM + δeT θ0 + ε

)
]−eM −

λe2T
2
(1)

Theorem 1: For any given parameters, the optimal unit
online selling price, safety traceability system availability
investment, and freshness-keeping effort are

Pc∗R =
2aλ+[2bλ−

(
ξ2k2λ+2δ2θ20

)
] (cM+cT+cR+cF )

4bλ− (ξ2k2λ+2δ2θ20 )
(2)

ec∗M =
ξ2k2λ2[a− b (cM + cT + cR + cF )]2

[4bλ−
(
ξ2k2λ+ 2δ2θ20

)
]
2 (3)

ec∗T =
2δθ0[a− b (cM + cT + cR + cF )]

4bλ− (ξ2k2λ+ 2δ2θ20 )
(4)

Proof of Theorem 1 is provided in Appendix A. Theo-
rem 1 means that in centralized FAPs’ supply chain, there are
unique optimal unit online selling price, optimal safety trace-
ability system availability investment, and optimal freshness-
keeping effort.

According to theorem 1, we substitute Pc∗R , ec∗M , and ec∗T ec∗T
into Q and Eq. (1), then the optimal online ordering quantity
and total expected profit in the centralized system can be
obtained as follows:

Qc∗ =
2bλ[a− b (cM + cT + cR + cF )]

4bλ− (ξ2k2λ+ 2δ2θ20 )
(5)∏c∗

=
[4bλ2−

(
ξ2k2λ2+2λδ2θ20

)
][a−b (cM+cT+cR+cF )]2

[4bλ−
(
ξ2k2λ+2δ2θ20

)
]
2

(6)

C. DECENTRALIZED DECISION
A decentralized supply chain is considered in which the
FAPs producer, the TPLSP and the fresh produce e-commerce
enterprise make their decisions independently and non-
cooperatively based on their cost structures and profit forms
to maximize their expected profits. The decisions of the
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three supply chain members are interrelated and mutually
influential.

Game sequence: First of all, the FAPs producer makes the
first move and determines the unit wholesale pricePM and the
safety traceability system availability investment eM using
the response function of the fresh produce e-commerce enter-
prise. And the TPLSP determines the unit logistics distribu-
tion price PT and the freshness-keeping effort eT . Finally,
the fresh produce e-commerce enterprise reacts to determine
the unit online selling price PR to maximize its own profit.

1) OPTIMAL DECISIONS OF THE FRESH PRODUCE
E-COMMERCE ENTERPRISE
The expected profit function of fresh produce e-commerce
enterprise is∏dc

R
= E[(PR − PM − PT − cR − cF )

×
(
a− bPR + ξk

√
eM + δeT θ0 + ε

)
] (7)

Lemma 1: For any given parameters, the optimal unit
online selling price is

Pdc
∗

R (PM , eM ,PT , eT )

=
a+ ξk

√
eM + δeT θ0 + b (PM + PT + cR + cF )

2b
(8)

Proof of Lemma 1 is provided in Appendix B.
Lemma 1 describes the optimal online selling price decision
for the fresh produce e-commerce enterprise, which can be
employed to maximize its own profit in decentralized supply
chain without a contract.

2) OPTIMAL DECISIONS OF THE TPLSP
The expected profit function of the TPLSP is∏dc

T
= E[(PT − cT )

×
(
a− bPR + ξk

√
eM + δeT θ0 + ε

)
]−

λe2T
2

(9)

Substituting Eq. (8) into Eq. (9), we have∏dc

T

=
(PT−cT ) [a+ξk

√
eM+δeT θ0−b (PM+PT+cR+cF )]

2

−
λe2T
2

(10)

Lemma 2: The optimal unit logistics distribution price and
optimal freshness-keeping effort are

Pdc
∗

T (PM , eM , eT )

=
a+ ξk

√
eM + δeT θ0 − b (PM + cR + cF − cT )

2b
(11)

edc
∗

T (PT ) =
(PT − cT ) δθ0

2λ
(12)

Proof of Lemma 2 is provided in Appendix C.
Lemma 2 portrays the optimal decisions of the TPLSP.

3) OPTIMAL DECISIONS OF THE PRODUCER
The expected profit function of the producer is∏dc

M
= E[(PM−cM )

(
a−bPR+ξk

√
eM+δeT θ0+ε

)
]−eM

(13)

Substituting Eq. (8) into Eq. (13), we have∏dc

M

=
(PM−cM ) [a+ξk

√
eM+δeT θ0−b (PM+PT+cR+cF )]

2
− eM (14)

Lemma 3: The optimal unit wholesale price and optimal
safety traceability system availability investment are

Pdc
∗

M (PT , eT , eM )

=
a+ ξk

√
eM + δeT θ0 − b (PT + cR + cF − cM )

2b
(15)

edc
∗

M (PM ) =
(PM − cM )2 ξ2k2

16
(16)

Proof of Lemma 3 is provided in Appendix D.
Lemma 3 presents the optimal decisions of the FAPs
producer.

From Lemma 1, Lemma 2 and Lemma 3, we can find
that the decisions of each decentralized supply chain mem-
ber are directly or indirectly influenced by the decisions of
other supply chain members. The optimal unit online selling
price is positively influenced by the decisions of the TPLSP’
unit logistics distribution price and freshness-keeping effort
and the decisions of the producer’ unit wholesale price and
safety traceability system availability investment. TPLSP’
unit logistics distribution price decision is not only positively
influenced by its own freshness-keeping effort, but also pos-
itively influenced by the producer’ safety traceability system
availability investment decision and negatively influenced
by the unit wholesale price decision. The freshness-keeping
effort decision of the TPLSP is influenced by the unit logistics
distribution price decisionwhile the safety traceability system
availability investment of the FAPs producer is influenced by
the unit wholesale price. In addition to being positively influ-
enced by its safety traceability system availability investment
decision, unit wholesale price decision for the FAPs producer
is also subject to the positive impact of the freshness-keeping
effort and the negative impact of the unit logistics distribution
price decision from TPLSP. Then what is the optimal equilib-
rium solution? ByLemma 1, Lemma 2 and Lemma 3,we have
the following observations.
Theorem 2: The optimal equilibrium decisions in the

decentralized FAPs’ supply chain are

Pdc
∗

M =
4λ [a+b (2cM−cT−cR−cF )]−

(
ξ2k2λ+2δ2θ20

)
cM

12bλ−(ξ2k2λ+2δ2θ20 )
(17)

edc
∗

M =
ξ2k2λ2 [a− b (cM + cT + cR + cF )]2

[12bλ−
(
ξ2k2λ+ 2δ2θ20

)
]
2 (18)
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TABLE 2. Optimal decisions and profits.

Pdc
∗

T =
4λ [a+b (2cT−cM−cR−cF )]−

(
ξ2k2λ+2δ2θ20

)
cT

12bλ−(ξ2k2λ+2δ2θ20 )
(19)

edc
∗

T =
2δθ0 [a− b (cM + cT + cR + cF )]

12bλ− (ξ2k2λ+ 2δ2θ20 )
(20)

Pdc
∗

R =
10aλ+[2bλ−

(
ξ2k2λ+2δ2θ20

)
] (cM+cT+cR+cF )

12bλ−(ξ2k2λ+2δ2θ20 )
(21)

Proof of Theorem 2 is provided in Appendix E. Theo-
rem 2 shows the optimal equilibrium decisions in the decen-
tralized FAPs’ supply chain, which enable the three supply
chain members to maximize their own profits.

According to the Theorem 2, we substitute Eq. (17)- (21)
into Eq. (7), Eq. (9) and Eq. (13), the optimal expected profits
of the fresh produce e-commerce enterprise, the TPLSP and
the FAPs producer in the decentralized system are obtained:∏dc∗

M
=

(8b− ξ2k2)λ2 [a− b (cM + cT + cR + cF )]2

[12bλ−
(
ξ2k2λ+ 2δ2θ20

)
]
2

(22)∏dc∗

T
=

(8bλ2 − 2λδ2θ20 ) [a− b (cM + cT + cR + cF )]
2

[12bλ−
(
ξ2k2λ+ 2δ2θ20

)
]
2

(23)∏dc∗

R
=

4bλ2 [a− b (cM + cT + cR + cF )]2

[12bλ−
(
ξ2k2λ+ 2δ2θ20

)
]
2 (24)

And, the optimal online ordering quantity and total
expected profit in the decentralized system are derived:

Qdc∗ =
2bλ[a− b (cM + cT + cR + cF )]

12bλ− (ξ2k2λ+ 2δ2θ20 )
(25)

∏dc∗

=

[20bλ2−
(
ξ2k2λ

2
+2λδ2θ20

)
][a−b(cM+cT+cR+cF )]2

[12bλ−
(
ξ2k2λ+2δ2θ20

)
]
2

(26)

4) COMPARISON OF CENTRALIZED AND DECENTRALIZED
DECISIONS
Table 2 shows the optimal decisions and profits of the cen-
tralized and decentralized FAPs’ supply chain systems.

A few observations with respect to the above results are in
order.
Proposition 1: eiM , eiT ,P

i
R, Q

i and
∏i are increasing func-

tions of ξ and δ, but decreasing functions of b and λ. Where
i = c, dc.
Proof of Proposition 1 is provided in Appendix F.
Proposition 1 reveals that when there is a higher con-

sumers’ sensitivity to safety traceability system availability
and FAPs’ freshness, the safety traceability system availabil-
ity investment and the freshness-keeping effort will be pro-
moted. At this point, because consumers have a lower prefer-
ence for prices, then the fresh produce e-commerce enterprise
will properly raise the online selling price. As the online
selling price is not as far-reaching as the impact of the safety
traceability system availability investment and the freshness-
keeping effort on the order volume, then ultimately led to an
increase in the overall supply chain profits. When the market
is more sensitive to the online selling price, the channels
will lower the online selling price to increase online ordering
quantities. At the moment, because the market sensitivity
to the safety traceability system availability and the FAPs
freshness does not change, the system will further increase
profits by reducing the safety traceability system availability
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investment and the freshness-keeping effort. However, as the
reduction of the safety traceability system availability invest-
ment and the freshness-keeping effort has reduced the market
demand, the final system profits have been relatively reduced.
When freshness-keeping costs are more sensitive to the
freshness-keeping effort, both the centralized and decentral-
ized channels will reduce the freshness-keeping effort due to
the increased cost. Meanwhile, the channels will decrease the
safety traceability system availability investment and reduce
the online selling price so as to enhance the corresponding
profit. However, the lower freshness-keeping effort will lead
to a lower product freshness and further lead to a decrease in
the FAPs’ market demand. And the decrease of profits caused
by the decline of freshness-keeping effort and the decrease of
the safety traceability system availability investment is much
larger than the increase of the profits caused by the increase
of the online selling price. Then there will be a corresponding
decline in total supply chain expected profits.
Proposition 2:
(1) edc

∗

M < ec∗M ; e
dc∗
T < ec∗T .

(2) When ξ2k2λ + 2δ2θ20 < 2bλ, Pdc
∗

R > Pc∗R ; When
2bλ < ξ2k2λ+ 2δ2θ20 < 4bλ, Pdc

∗

R < Pc∗R .
(3) Qdc∗ < Qc

∗

;
∏dc∗

<
∏c∗.

Proof of Proposition 2 is provided in Appendix G.
Proposition 2 further validates the double marginalization

caused by decentralized decision-making mode. However,
there’s a novel finding:When ξ2k2λ+2δ2θ20 < 2bλ, the opti-
mal unit online selling price in the decentralized system is
higher than that in the centralized system. When 2bλ <

ξ2k2λ+2δ2θ20 < 4bλ, the optimal unit online selling price in
the decentralized system is less than that in the centralized
system. This shows that under the different constraints of
the supply chain parameters, the optimal pricing decisions
of fresh produce e-commerce enterprise in the decentralized
supply chain are different. Under certain condition, it is
higher than the centralized situation; whereas under another
condition, it may be lower than the centralized situation. This
is different from the pricing of the decentralized decision
deduced in most literature, which is generally higher than that
of the centralized decision. Therefore, the fresh produce e-
commerce enterprise should make the optimal price decision
higher or lower than the centralized situation according to dif-
ferent market parameters. However, centralized supply chains
seem to bemore profitable, regardless of how the three supply
chain members make decisions.

Therefore, it is necessary to design the corresponding con-
tracts to coordinate the decentralized FAPs’ supply chain to
improve its performance and efficiency. In the next section,
we will investigate several new and different types of contract
policies in the coordination of the decentralized FAPs supply
chain.

IV. COORDINATION MODELS
According to the above propositions, when the supply chain
channel increases the safety traceability system availabil-
ity investment and promotes the freshness-keeping effort,

the profit of the supply chain members will be damaged
because of the rising cost. In addition, given that revenue
sharing contract plays an important role in supply chain
incentives [25], we consider to design the revenue sharing
contract for the incentive compensation, and consider to share
the safety traceability system availability investment and the
freshness-keeping cost to stimulate the motivation of the
supply chain channel members. When the members of the
supply chain strictly abide by the decentralized quoted price,
the rebate contract can optimize the profit of the two-layer
supply chain to a certain extent [17]. With this in mind,
we first try to realize the coordination of the fresh produce
three-layer e-commerce supply chain channel by combining
the rebate contract with the revenue sharing.

In this section, two new and different types of contracts
namely unilateral cost-sharing and revenue-sharing contract
(CS&RS); consolidated rebate and revenue-sharing contract
(CR&RS) are developed for the FAPs’ supply chain coordi-
nation. Accordingly, we develop two contract coordination
models. Firstly, the CS&RS contract is designed when the
producer and the TPLSP may not have enough motivation
to increase safety traceability system availability investment
and improve freshness-keeping effort, respectively. Secondly,
theCR&RS contract is developed under the scenario that the
producer, the TPLSP and the fresh produce e-commerce
enterprise strictly keep their quoted prices in line with the
prices of the decentralized system. In the last sub-section of
this section, the implementation of the contracts is further
discussed.

A. UNILATERAL COST-SHARING AND REVENUE-SHARING
CONTRACT STRATEGY
Idea of this proposed contract: The producer and the TPLSP
provide the higher safety traceability system availability
investment and freshness-keeping effort can increase the
FAPs market demand and further increase the profit of the
fresh produce e-commerce enterprise. However, this will
reduce the profits of the producer and the TPLSP relatively.
If the fresh produce e-commerce enterprise is willing to com-
pensate their loss by providing a fraction of its own revenues
and sharing a certain proportion of their costs and enable
them to obtain more profits, then it will encourage them
to do that. On the other hand, if the produce e-commerce
enterprise provides the optimal unit online selling price of
the centralized, its own profits will be relatively reduced.
If the producer and the TPLSP is willing to reduce their
unit wholesale price and unit logistics distribution price as
compensation for the produce e-commerce enterprise, then it
will motivate the fresh produce e-commerce enterprise to do
that.

Game sequence: First, the producer, the TPLSP and the
fresh produce e-commerce enterprise jointly determine the
CS&RS contract. The producer and TPLSP quote the unit
wholesale price PM and unit logistics distribution price
PT . The fresh produce e-commerce enterprise determines
the investment costs and freshness-keeping costs share
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coefficients η1, η2, and the revenue share contract coeffi-
cients ω1, ω2. Then the producer determines the safety trace-
ability system availability investment eM , and the TPLSP
determines the freshness-keeping effort eT . Finally, on the
basis of the safety traceability system availability investment
eM and the freshness-keeping effort eT , the fresh produce
e-commerce enterprise determines the unit online selling
price PR.
From what we have described above, it can be obtained the

expected profit functions of the three supply chain members
as follows:∏cs

M
= E[(PM − cM )

(
a− bPR + ξk

√
eM + δeT θ0 + ε

)
]

− η1eM + ω1E[PR
×
(
a− bPR + ξk

√
eM + δeT θ0 + ε

)
] (27)∏cs

T
= E[(PT − cT )

(
a− bPR + ξk

√
eM + δeT θ0 + ε

)
]

−
η2λe2T

2
+ ω2E[PR

×
(
a− bPR + ξk

√
eM + δeT θ0 + ε

)
] (28)∏cs

R
= E [(1− ω1 − ω2)PR − PM − PT − cR − cF ]

×
(
a− bPR + ξk

√
eM + δeT θ0 + ε

)
− (1− η1)eM −

(1− η2)λe
2
T

2
(29)

Theorem 3: Under the CS&RS contract, for any given the
unit wholesale price PM , the safety traceability system avail-
ability investment eM , the unit logistics distribution price
PT , the freshness-keeping effort eT , the unilateral cost share
ratios η1, η2 and revenue share coefficients ω1, ω2, the opti-
mal unit online selling price is

Pcs
∗

R

=
(1−ω1−ω2)[a+ξk

√
eM+δeT θ0]+b (PM+PT+cR+cF )
2b (1−ω1−ω2)

(30)

Proof of Theorem 3 is provided in Appendix H. Theo-
rem 3 describes the optimal online selling price decision of
the fresh produce e-commerce enterprise under the proposed
contract. According to the Theorem 3, we derive the follow-
ing Theorems.
Theorem 4:The optimal freshness-keeping effort is

ecs
∗

T =
(PT − cT ) bδθ0 + ω2δθ0(a+ ξk

√
eM )

2bη2λ− ω2δ2θ
2
0

(31)

Proof of Theorem 4 is provided in Appendix I.

Theorem 5: The optimal safety traceability system avail-
ability investment is

ecs
∗

M =
(PM − cM ) bξk + ω1ξk(a+ δeT θ0)

4bη1 − ω1ξ2k2
(32)

Proof of Theorem 5 is provided in Appendix J.
Theorems 4 and 5 respectively present the optimal safety

traceability system availability investment and freshness-
keeping effort for the producer and the TPLSP to maxi-
mize their own profits under this proposed contract. Iterative
solving the Eq. (31) and Eq. (32), we derive the specific
expressions of ecs

∗

M and ecs
∗

T as (33) and (34), shown at the
bottom of this page.

On the basis of the Theorem 1, Theorem 3-5 and the above
expression, the following Propositions can be derived.
Proposition 3: If the contract parameters are satisfied

by (1− ω1 − ω2) (cM + cT + cR + cF ) = PM + PT +
cR + cF , η1 = ω1, η2 = ω2, η1η2 = 1/2b,
(PT − cT ) (4bη1−ω1ξ

2k2)+ω2ξ
2k2(PM − cM )=−2(cM+

cT + cR + cF ), and (PM − cM )
(
2bη2λ− ω2δ

2θ20

)
+

ω1δ
2θ20 (PT − cT ) = −λ(cM + cT + cR + cF ), then∏cs∗

M +
∏cs∗

T +
∏cs∗

R =
∏c∗ can be achieved.

Proof of Proposition 3 is provided in Appendix K.
Proposition 3 indicates that the decentralized supply chain

can achieve the profit level of the centralized supply chain
when the contract coefficients satisfy these contract condi-
tions. In this case, the overall performance of the FAPs’
supply chain system is improved.

Proposition 4. If the contract parameters are satisfied by
proposition 3, (P1), and (P2) where

ω1 ≥
(8b− ξ2k2)[4bλ−

(
ξ2k2λ+ 2δ2θ20

)
]
2

(4b− ξ2k2)[12bλ−
(
ξ2k2λ+ 2δ2θ20

)
]
2 , (P1)

ω2 ≥
(8bλ− 2δ2θ20 )[4bλ−

(
ξ2k2λ+ 2δ2θ20

)
]
2

(4bλ− 2δ2θ20 )[12bλ−
(
ξ2k2λ+ 2δ2θ20

)
]
2 , (P2)

and (P3) as shown at the top of the next page, the decen-
tralized FAPs’ supply chain can be coordinated and Pareto
improvement can be achieved.

Proof of Proposition 4 is provided in Appendix L.
Proposition 4 indicates that the CR&RS contract can per-

fectly coordinate this FAPs’ supply chain and achieve the
Pareto improvement of the three supply chain members.
This means that the profits of each supply chain member
are improved compared with the decentralized FAPs’ supply
chain without a contract. A win-win situation emerged for all
supply chain members. In addition, from Proposition 3 and
Proposition 4, one can see that −cR − cF ≤ PM + PT ≤

ecs
∗

T =
[b (PT − cT )+ ω2a] δθ0

(
4bη1 − ω1ξ

2k2
)
+ ω2δθ0ξ

2k2[b (PM − cM )+ ω1a]

8b2η1η2 − 2bη2ω1ξ2k2λ− 4bη1ω2δ
2θ20

(33)

ecs
∗

M = {
[b (PM − cM )+ ω1a] ξk

(
2bη2λ− ω2δ

2θ20

)
+ ω1ξkδ2θ20 [b (PT − cT )+ ω2a]

8b2η1η2 − 2bη2ω1ξ2k2λ− 4bη1ω2δ
2θ20

}

2

(34)
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(
4bλ−ξ2k2λ

)
ω1+

(
4bλ−2δ2θ20

)
ω2 ≤

(
4bλ−2δ2θ20−ξ

2k2λ
) [
12bλ−

(
ξ2k2λ+2δ2θ20

)]2
−4bλ[4bλ−

(
ξ2k2λ+ 2δ2θ20

)
]
2

[12bλ−
(
ξ2k2λ+ 2δ2θ20

)
]
2 ,

(P3)

cM + cT , due to 0 ≤ (1− ω1 − ω2) ≤ 1. This means
the CR&RS contract can not only motivate the producer
and TPLSP to increase safety traceability system availabil-
ity investment and improve the freshness-keeping effort,
but also motivate them to reduce their quotations. From
this contract, we can also find that η1 = ω1, η2 =
ω2, and η1η2 = 1/2b. That means that, under this pro-
posed contract, the contribution rates of both the producer
and the TPLSP to the safety traceability system availabil-
ity investment and the freshness-keeping effort are always
equal to the rates of return. In the process of unilater-
ally motivating the producer and the TPLSP, to who incen-
tivizes more, the fresh produce e-commerce enterprise needs
to combine specific case to undertake specific analysis.
If the producer and the TPLSP can get extra profits, they
will be willing to accept the proposed contract. This is
enough to see the important incentive role of the proposed
contract.

B. CONSOLIDATED REBATE AND REVENUE-SHARING
CONTRACT STRATEGY
Idea of this proposed contract: The producer offers the rebate
∅1 and the safety traceability system availability investment
eM , and the TPLSP offers the rebate ∅2 and the freshness-
keeping effort eT . This will bring more FAPs online ordering
quantities and make the fresh produce e-commerce enterprise
more profitable but reduce the profits of the producer and
the TPLSP. If the fresh produce e-commerce enterprise pro-
vides extra compensation for them by sharing a portion of
his revenues and entices them to obtain extra profits than
before, then it will be acceptable for the producer and the
TPLSP.

Game sequence: First, the producer announces the unit
wholesale price PM and the safety traceability system avail-
ability investment eM , and the TPLSP announces the unit
logistics distribution price PT and the freshness-keeping
effort eT . Then, based on the unit wholesale price PM ,
the safety traceability system availability investment eM ,
the unit logistics distribution price PT and the freshness-
keeping effort eT , the fresh produce e-commerce enterprise
announces the unit online selling price PR. Third, the three
supply chainmembers jointly determine theCR&RS contract.
The producer determines the rebate ∅1 and the safety trace-
ability system availability investment eM , and the TPLSP
determines the rebate ∅2 and the freshness-keeping effort
eT . On the basis of the rebate ∅1, the safety traceability
system availability investment eM , the rebate ∅2 and the
freshness-keeping effort eT , the fresh produce e-commerce
enterprise determines the revenue share coefficients
ω1, ω2.

According to the above description, we get the expected
profit functions of the producer, the TPLSP and the fresh
produce e-commerce enterprise as follows:∏rc

M
= E (PM − cM − ∅1) [a− b(PR − ∅1 − ∅2)

+ ξk
√
eM + δeT θ0 + ε]} − eM

+ω1E{PR[a− b(PR − ∅1 − ∅2)

+ ξk
√
eM + δeT θ0 + ε]} (35)∏rc

T
= E{(PT − cT − ∅1)[a− b(PR − ∅1 − ∅2)

+ ξk
√
eM + δeT θ0 + ε]} −

λe2T
2

+ω2E{[(1− ω1 − ω2)PR − PM − PT − cR − cF ]

× [a− b(PR − ∅1 − ∅2)+ ξk
√
eM + δeT θ0 + ε]}

(36)∏rc

R
= E [(1− ω1 − ω2)PR − PM − PT − cR − cF ]

×
[
a− b(PR − ∅1 − ∅2)

+ξk
√
eM + δeT θ0 + ε]} (37)

Based on the above, we can derive the following
Proposition.
Proposition 5: The FAPs’ supply chain can be coordinated

and Pareto improvement of profits of the three chan-
nel members can be achieved with the contract param-
eters satisfying (P4)–(P7), as shown at the top of the
next page. Among them, τ =

(
ξ2k2λ+ 2δ2θ20

)
and

υ = cM + cT + cR + cF .
Proof of Proposition 5 is provided in Appendix M.
Proposition 5 implies that the CR&RS contract can

coordinate the supply chain and make the supply chain
channel members get more profits than that without the
CR&RS contract. Under this contract, the producer and the
TPLSP undertake the safety traceability system availabil-
ity investment and freshness-keeping effort, and provide
the consolidated rebate, which improve the supply chain
performance and bring more profits to the fresh produce
e-commerce enterprise. But who should carry out more
rebate, which requires the producer to negotiate well with
the TPLSP. It can be found that, for the producer and the
TPLSP, when either side of them implements more rebate,
the minimum income compensation rate from the fresh
produce e-commerce enterprise will be increased accord-
ingly. Then, by sharing the revenues with them, the fresh
produce e-commerce enterprise makes the three supply
chain parties profit together. Therefore, the three supply
chain members will have enough motivation to accept this
contract.
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∅1 + ∅2 =
16abλ2 − 8bλ(2bλ− τ )υ − 8aλτ

(12bλ− τ )(4bλ− τ )
, (P4)

ω1 ≥
12bλ− τ

10aλ+ (2bλ− τ )υ

{
[−64b2λ2 − ξ2k2λ2(2bλ− τ )](a− bυ)

2b(12bλ− τ )2
+
ξ2k2λ2(a− bυ)
2b(4bλ− τ )

+ ∅1

}
, (P5)

ω2 ≥
12bλ− τ

10aλ+ [2bλ− τ ]υ

{
[−64b2λ2 − 2δ2θ20 (4bλ− τ )](a− bυ)

2b(12bλ− τ )2
+

2δ2θ20 (a− bυ)

b(4bλ− τ )
+ ∅2

}
, (P6)

ω1 + ω2 ≤ 1−
{

2λ(a− bυ)(4bλ− τ )
(12bλ− τ) [10aλ+ (2bλ− τ )υ]

+
8aλ+ (4bλ− τ )υ
10aλ+ (2bλ− τ )υ

}
(P7)

C. FURTHER DISCUSSION OF THE COORDINATION
CONTRACTS
In this sub-section, we further discuss the implementa-
tion of the contracts. Note that the difference between
the profit after the coordination of the supply chain and
the profit before the coordination of the supply chain is

64b2λ
3
[a−b(cM+cT+cR+cF )]2

[4bλ−
(
ξ2k2λ+2δ2θ20

)
][12bλ−

(
ξ2k2λ+2δ2θ20

)
]
2 . Its value increases

with the increase of ξ , and δ, respectively, and decreases with
the increase of b (The Proofs are provided in Appendix N).
This means that when consumers in the e-commerce mar-
ket are more sensitive to the FAPs freshness and the safety
traceability system availability, the profit difference between
after and before the coordination will become greater. Then,
the supply chain members are relatively easier to accept the
contracts, and supply chain is relatively easier to coordinate.
Whereas when the consumers in the e-commerce market are
more sensitive to the online selling price of FAPs, the profit
difference between after and before the coordination will
become smaller. At this point, the supply chain members are
relatively less liable to accept the contracts, and the supply
chain is relatively difficult to coordinate. Therefore, when
the channel members are planning to carry out a negotiation
contract, a comprehensive survey should be made on the e-
commerce market environment of the FAPs to clarify the
main driving factors of the consumers market so as to facili-
tate the better implementation of the contracts. Besides, in the
above, we give the scope of implementation of the contract
parameters. As for the specific parameter values, it depends
on the negotiation ability of the supply chain members. In the
real supply chain, those who are in the dominant position
and have stronger bargaining power are often more likely to
get more incremental profits. However, in order to promote
the long-term cooperation and cooperative development of
the party with the weaker negotiating ability, the party in
a strong position should make the concession appropriately.
Within the scope of maintaining Pareto’s improved contrac-
tual parameters, the supply chain members with stronger
negotiating power should give the relatively weak supply
chain members more profit sharing. Only in this way can
other supply chain members be more motivated to integrate
closely with it, cooperate sincerely and develop in the long
run. And only in this way can the implementation of the
contracts has a more far-reaching impact.

In addition, from the above derived formulas, one can find
that the profit margin that can be optimized is an increasing
function ofmarket potential (It is easy to observe from the for-
mulas derived above, so the proof is omitted). This indicates
that while achieving the efficiency and performance of the
centralized FAPs supply chain system through the contract
coordination policies, it is also necessary for the decentral-
ized supply chain members to work more closely together to
explore the market potential imperceptibly. The means, such
as WeChat, mobile APP, news media, Internet micro-blogs,
FAPs e-commerce platform, can be used as information tools
to develop the potential market, cultivate the market.

Overall, the development of the society and the change
of consumers’ consumption concept have led to more and
more individualized demand for higher freshness and safety
of FAPs, especially under the FAPs e-commerce environ-
ment. As aforementioned proposition, this is beneficial to the
FAPs’ supply chain, because it can promote the profits of
the supply chain. Whereas the double marginalization effect
often makes decentralized supply chain lose many benefits.
It seems very necessary to optimize the decentralized supply
chain decisions and profits. As the effective means of supply
chain coordination, the contract mechanisms are very mean-
ingful. Through the implementation of the new proposed
contracts, the supply chain profits can be improved signifi-
cantly, the supply chain integration can be further promoted
[57], and the supply chain members will be brought together
to move forward in closer collaboration. It is important to
note, however, that the ease with which supply chain is coor-
dinated, and the ease with which contract is enforced, are
closely related to market preferences. When implementing
the proposed contracts, the supply chain members should
adjust measures to local conditions.

V. NUMERICAL EXAMPLES
In the above sections, we theoretically reason and compare
the differences of the FAPs’ supply chains under different sce-
narios, demonstrate the impact of the correlation coefficients
on the decisions and supply chain profits, and develop two
new contract strategies (the CS&RS contract and the CR&RS
contract) to coordinate this decentralized FAPs’ supply chain.
In order to further clearly show its internal principles and
examine the effect of various relevant factors on the pro-
duction and operations decisions and the profits of the three

VOLUME 7, 2019 30475



Z. Song et al.: Decision and Coordination of Fresh Produce Three-Layer E-Commerce Supply Chain

FIGURE 2. The effect of ξ and δ on FAPs’ supply chain profit.

FIGURE 3. The effect of ξ and δ on safety traceability system availability
investment.

supply chain members in the real world, the numerical exam-
ples are provided in this section.

From the above, it can be seen that a − b(cM + cT +
cR + cF ) > 0, ξ2k2 < 4b and 2(δ2θ20 − 2bλ)+ξ2k2λ < 0.
In order to ensure that our research is within the feasible
region, we specify that the market potential a as 100,
the price-elasticity of the market demand b as 10, the sen-
sitivity coefficient affecting safety traceability system avail-
ability k as 1, the producer’s unit production cost cM as 3,
the sensitivity coefficient affecting the freshness level θ0 as 1,
the TPLSP’s unit logistics distribution cost cT as 2, the fresh
produce e-commerce enterprise’s unit operating cost cR as
1.5, the unit FAPs home delivery cost cF as 1.5, the freshness-
keeping cost coefficient λ as 1, and the random variable
ε ∼ N (0, 102). And the corresponding results are shown
in Fig. 2-9.

FIGURE 4. The effect of ξ and δ on freshness-keeping effort.

FIGURE 5. The effect of ξ and δ on online selling price.

From Fig. 2, it can be seen that the profits of the central-
ized and decentralized FAPs’ supply chain are proportional
to the consumers’ sensitivity to safety traceability system
availability and freshness level. It means that if consumers
are more sensitive to safety traceability system availability
and freshness level, the profits of the FAPs’ supply chain
will increase by improving the safety traceability system
availability investment and freshness-keeping effort. How-
ever, the safety traceability system availability investment
and the freshness-keeping effort in the decentralized FAPs’
supply chain is less than that in the centralized FAPs’ supply
chain because of the decentralized decisions and channel
conflict (Fig. 3 and Fig. 4). And the online selling price in
the decentralized system is larger than that in the centralized
system (Fig. 5). The lower safety traceability system avail-
ability investment and lower freshness-keeping effort reduce
the FAPs’ safety traceability and freshness level, the higher
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FIGURE 6. The effect of ξ and δ on online ordering quantity.

FIGURE 7. The effect of ξ and δ on producer’s profit.

online selling price reduces the consumers’ consumption
enthusiasm, and then further affect the market demand of
FAPs (Fig. 6), clearly resulting in the profit in the decentral-
ized FAPs’ supply chain is less than that in the centralized
FAPs’ supply chain (Fig. 2). Through the CS&RS contract
and the CR&RS contract among the three FAPs’ supply
chain members, the safety traceability system availability
investment and the freshness-keeping effort are enhanced
(Fig. 3 and Fig. 4), the online selling price is cut down
(Fig. 5), the online ordering quantity is increased (Fig. 6),
the performance of the supply chain is improved (Fig. 2),
and the profits of producer, TPLSP and fresh produce e-
commerce enterprise are raised respectively (Fig. 7, Fig. 8 and
Fig. 9). It’s interesting to find that the two new proposed
coordination contracts play an important role in improving
the safety degree and freshness level of FAPs, eliminating the
channel conflict, increasing the overall profit of the FAPs’

FIGURE 8. The effect of ξ and δ on TPLSP’s profit.

FIGURE 9. The effect of ξ and δ on fresh produce e-commerce
enterprise’s profit.

supply chain, and enhancing the profits of the three supply
chain members.

When comparing the results in the Fig. 3 and Fig. 4,
we also find that although consumers’ sensitivity to safety
traceability system availability and freshness have positive
effects on safety traceability system availability investment
and freshness-keeping effort respectively, the consumers’
sensitivity to safety traceability system availability has a
greater positive effect on safety traceability system availabil-
ity investment but less positive effect on freshness-keeping
effort. Similarly, the consumers’ sensitivity to freshness has
a greater positive effect on freshness-keeping effort but
less positive effect on safety traceability system availability
investment. It illustrates that the more sensitive the con-
sumer is to safety traceability system availability, the more
it can motivate the FAPs’ supply chain members to increase
safety traceability system availability investment, and the
more sensitive the consumer is to the freshness, the more it
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can motivate the FAPs’ supply chain members to improve
freshness-keeping effort.

Fig. 7, Fig. 8 and Fig. 9 reveal that compared with the
decentralized scenario without a contract, the two different
types of new contracts bring more profit to the supply chain
participants. Under the two contracts, the profit of each chan-
nel member in the decentralized channel is no less than that
in the decentralized channel without the contracts. Pareto
improvement is achieved. Meanwhile, as can be seen from
Fig. 7-9, under the CS&RS contract, the profit of each supply
chain member increases with the increase of ξ and δ. How-
ever, under the CR&RS contract, the profit of the producer
increases as δ increases and decreases as ξ increases; the
profit of the TPLSP decreases as δ increases and increases
as ξ increases; whereas the profit of the fresh produce e-
commerce enterprise has an increasing trendwith the increase
of ξ and δ. It indicates that under the CS&RS contract, when
consumers are more sensitive to safety traceability system
availability and freshness, CS&RS contract can make the
three supply chain members obtain more additional profits.
Therefore, when drawing up CS&RS contracts, the three
channel members should expand the influence of the fresh-
ness and the safety traceability system availability, which
can not only help improve the overall performance of the
supply chain, but also make them benefit separately. Under
the CR&RS contract, when consumers are more sensitive
to the freshness, the producer can obtain more additional
profit increments, but when consumers are more sensitive to
safety traceability system availability, the profit increments
of producer will be reduced. This is because the increased
consumers’ sensitivity to safety traceability system avail-
ability has stimulated the producer to invest more in safety
traceability system availability, resulting in a relative increase
in its own cost. Then the additional incremental profits gen-
erated by the producer are relatively reduced. For the TPLSP,
it can gain more additional profit growth when consumers
are more sensitive to safety traceability system availability,
but less profit growth when consumers are more sensitive
to freshness. This is because that the increased freshness
sensitivity has stimulated the TPLSP’s efforts for keeping
the FAPs freshness. As a result, the freshness-keeping cost is
relatively increased, thus the extra incremental profit gained
by producers is relatively reduced. Therefore, for both the
producer and the logistics provider, while improving their
own investment structure or fresh-keeping efficiency, they
should cultivate customer loyalty from the perspective of
market impact of each other, which can directly or indirectly
increase their own profits. For the fresh produce e-commerce
enterprise, the effect of CR&RS contract and CS&RS contract
is similar. When consumers are more sensitive to freshness
and safety traceability system availability, the fresh produce
e-commerce enterprise can obtain relatively more additional
profits. This also indicates that the fresh produce e-commerce
enterprise should improve the FAPs’ safety traceability and
freshness awareness, so as to make it more profitable. Note
that the optimal profit difference between the centralized

supply chain and the decentralized supply chain increases
gradually with the two coefficients. Therefore, when the
two coefficients are larger, the members of the supply chain
will have the possibility to obtain more incremental profits
through contract coordination. At this point, the two proposed
contracts will be more easily implemented and the supply
chain will be more easily coordinated. But in any case, under
the two contracts, the profits of each member of the three
supply chains achieve Pareto improvement. The results also
explain the reason why the producer, TPLSP and fresh pro-
duce e-commerce enterprise would cooperate with each other
so as to benefit more from the two new contract mechanisms.

In summary, although the decentralized decision leads
to lower product safety traceability system availability and
freshness level, and lower supply chain profits, the decentral-
ized supply chain can be coordinated by the CR&RS contract
and the CS&RS contracts. When FAPs safety traceability and
quality are more valued, the fresh produce e-commerce sup-
ply chain members should invest more capital in these aspects
on the original basis, which is beneficial to them, not only for
the short term economic performance, but also for the long
term economic performance. Through the reasonable imple-
mentation of these proposed new contracts, the total profit of
the supply chain can be promoted, the Pareto improvement
of the channel members can be realized, and the FAPs safety
traceability and quality are also better guaranteed. Therefore,
the two new coordination contracts are of great significance
for improving the production and operation performance of
FAPs’ e-commerce supply chains.

VI. CONCLUDING REMARKES
In addition to the online selling price, whether the safety of
fresh produce can be traced and whether the fresh produce is
fresh are increasingly valued by people, especially in the e-
commerce environment. In FAPs’ e-commerce supply chain
production and operation, should supply chain members
investmoremoney to establish quality traceability system and
put more efforts into good fresh preservation? What are the
optimal decisions of the channel members in this case? How
to design reasonable incentive mechanisms to coordinate the
supply chain so as to maximize channel profits? All these are
not only related to the consumers’ consumption safety, but
also related to the interests of the channel members, and the
long-term development of the whole supply chain.

In this paper, we have explored the decision and coordi-
nation of the FAPs’ three-layer e-commerce supply chain in
a new framework. The main contributions of this paper are
summarized as follows:

1) Due to the lack of literature on the decision and coordi-
nation of this FAPs’ e-commerce supply chain presented in
this paper, in order to fill the research gap, we make the first
attempt to consider a new and innovative FAPs supply chain
framework. On the basis of the new FAPs e-commerce supply
chain framework, the new models are developed. One high-
light of the models is taking the safety traceability system
availability investment as a new decision variable, especially
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characterizing the impact of multiple factors on the product
demand. Another highlight of this research is proposing two
new contract mechanisms, i.e., the unilateral cost-sharing and
revenue-sharing contract, and the consolidated rebate and
revenue-sharing contract, for the FAPs’ supply chain coordi-
nation. In addition, the five decision variables, i.e., the unit
wholesale price, the safety traceability system availability
investment, the unit logistics distribution price, the freshness-
keeping effort and the unit online selling price in this research
are all endogenous variables, which also makes the decision
and coordination situation more complicated. All of these are
significantly different from the previous studies.

2) The optimal decisions of the three supply chain mem-
bers and the optimal profits of the supply chain system
have been portrayed. In particular, we analyze the impact
of consumers’ sensitivities to the safety traceability system
availability, the freshness, the online selling price, and the
marginal effort coefficient on the supply chain decisions and
profits.

3) Two new contracts (CS&RS contract and CR&RS con-
tract) are designed to coordinate the decentralized FAPs’
three-layer e-commerce supply chain. And we also have
made a further discussion about the impact of the market
preferences on the implementation of the proposed contracts.
As one of the highlights of our research, it also helps to further
promote the development of the contract theory in the appli-
cation of the FAPs’ e-commerce supply chain management.

4) Numerical experiments are carried out to help further
better understand the theoretical results and show the appli-
cation of our research in the real FAPs’ supply chain world.

We find that as compared with the centralized system,
the optimal safety traceability system availability invest-
ment, freshness-keeping effort, online ordering quantity and
total expected profit in the decentralized system are lower;
whereas the optimal unit online selling price depends on
the corresponding parameter conditions. Thus, we draw a
conclusion that the centralized decision scenario is always
optimal. In addition, we find that the two new contract mech-
anisms (CS&RS contract and CR&RScontract) can improve
the safety traceability system availability investment and
freshness-keeping effort, maximize the profit of the decen-
tralized FAPs’ supply chain, and enable the three chan-
nel participants to make additional profits in comparison to
decentralized FAPs’ supply chain without the two contract
mechanisms. Thus, another conclusion can be drawn that
the two new contracts proposed can perfectly coordinate
this supply chain. Besides, we find that the profits of the
FAPs’ supply chain are positively correlated with the safety
traceability system availability coefficient and the freshness
level coefficient, but negatively correlated with the online
selling price coefficient and the marginal effort coefficient.
Finally, we find that when consumers are more sensitive to
the safety traceability system availability and the freshness,
the two proposed contract policies are easier to implement
and the supply chain is easier to coordinate; however, when
consumers are more sensitive to the online selling price,

the two proposed contract policies are relatively difficult to
implement and the supply chain is not easy to coordinate.

Our findings convey many interesting managerial implica-
tions. Effective FAPs’ e-commerce supply chainmanagement
is not only crucial to the development of the enterprise at the
micro level, but also to the development of the supply chain at
the middle level, as well as to the development of the social
safe consumption at the macro level. From the perspective
of the enterprises, profits are what members of the supply
chain have been pursuing. Naturally, how to balance cost and
self-profit to make the optimal decision has always been what
they need to think about repeatedly. Our results can provide a
reference for enterprises in safety traceability system invest-
ment, freshness-keeping effort and various pricing decisions,
in order to better balance the costs and the profits. From
the perspective of the overall FAPs’ supply chain, we have
proposed two different types of new contracts and study the
impact of themarket preferences on the implementation of the
proposed contracts. Under different circumstances, the sup-
ply chain node enterprises can coordinate their interests by
adjusting the contract parameters appropriately. The deep-
seated reason behind many factors of supply chain imbalance
is that each member enterprise in the supply chain is indepen-
dent and lacks cooperation. Through reasonable implementa-
tion of these contracts, the supply chain node enterprises will
cooperate more closely. It also helps to promote long-term
maintenance of supply chain partnership, which will make
the supply chain more competitive, cooperative and strategic.
From the perspective of the society and consumers, through
close cooperation, these three channel members can jointly
make active efforts to improve the safety of the FAPs. It is
of great significance to the development of product safety
traceability. This will not only provide necessary support for
the harmonious development of the society, but also make
consumers more comfortable with the consumption of FAPs.
When the utility of society and consumers is well reflected,
it will, in turn, promote the development of the three supply
chain enterprises and the development of the whole supply
chain. At that time, supply chain performance will continue to
move forward through the interplay of the internal elements.

Although this paper provides some insightful results and
managerial implications, still it has some limits and there
are several interesting yet challenging topics worthy of fur-
ther study. In this paper, we only study the FAPs’ supply
chain coordination under the additive non-linear demand
function, and do not discuss other demand functions, such
as the multiplicative demand function [41], and the iso-
elastic demand function [17], which makes the adaptability
of the models have some limitations. In the further work,
we will explore other types of demand functions and examine
the suitable contract coordination mechanisms. In addition,
this paper merely explores the case of complete informa-
tion, so there is an interesting topic that is to consider the
incomplete information dynamic game, so there is an inter-
esting topic that is to consider the complete information static
game, incomplete information static game, and incomplete
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information dynamic game scenarios [58]. Besides, in our
models, we only consider one supply chain structure. How-
ever, in the real FAPs supply chain, there are more complex
supply chain structures, such as considering the consumer
decision-making and the homogeneous supply chain mem-
bers competition. Then, another interesting topic is to study
the coordination issues under the different FAPs’ supply
chain structures [9], [59].
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Solving the Equations, we derive Equations (2), (3) and (4).

APPENDIX B
Proof of Lemma 1. Taking the first derivative and second
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APPENDIX C
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APPENDIX D
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Then Eq. (15) and Eq. (16) can be obtained.

APPENDIX E
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2 < 0. (F28)

∂Qdc
∗

∂b
=
−24b2λ2υ + 2λ(ξ2k2λ+ 2δ2θ20 )[2bυ − a]

[12bλ− (ξ2k2λ+ 2δ2θ20 )]
2 < 0. (F29)

∂
∏dc∗

∂b
= −

λ2[240bλ−
(
ξ2k2λ+ 2δ2θ20

)
] [a− bυ]

2

[12bλ− (ξ2k2λ+ 2δ2θ20 )]
3

−

2υ [a− bυ]
[
20bλ2 −

(
ξ2k2λ

2
+ 2λδ2θ20

)]
[12bλ− (ξ2k2λ+ 2δ2θ20 )]

[12bλ− (ξ2k2λ+ 2δ2θ20 )]
3 . (F30)

∂ec
∗

M

∂λ
=
−4ξ2k2λ [a− bυ]2 δ2θ20
[4bλ− (ξ2k2λ+ 2δ2θ20 )]

3 < 0, (F31)

∂ec
∗

T

∂λ
=
−δθ0[a− bυ](4b− ξ2k2)

[4bλ− (ξ2k2λ+ 2δ2θ20 )]
2 < 0, (F32)

∂Pc
∗

R

∂λ
=

−4δ2θ20 [a− bυ]

[4bλ− (ξ2k2λ+ 2δ2θ20 )]
2 < 0, (F33)

∂Qc
∗

∂λ
=

−2bδ2θ20 [a− bυ]

[4bλ− (ξ2k2λ+ 2δ2θ20 )]
2 < 0, (F34)

∂
∏c∗

∂λ
=

−2δ2k2θ20 [a− bυ]

[12bλ− (ξ2k2λ+ 2δ2θ20 )]
2 < 0, (F35)

∂edc
∗

M

∂λ
=
−4ξ2k2λ [a− bυ]2 δ2θ20

[12bλ− (ξ2k2λ+ 2δ2θ20 )]
3 < 0, (F36)
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∂edc
∗

T

∂λ
=
−δθ0[a− bυ](12b− ξ2k2)

[12bλ− (ξ2k2λ+ 2δ2θ20 )]
2 < 0, (F37)

∂Pdc
∗

R

∂λ
=

−10δ2θ20 [a− bυ]

[4bλ− (ξ2k2λ+ 2δ2θ20 )]
2 < 0, (F38)

∂Qdc
∗

∂λ
=

−2bδ2θ20 [a− bυ]

[12bλ− (ξ2k2λ+ 2δ2θ20 )]
2 < 0, (F39)

∂
∏dc∗

∂λ
=
{λ(20b− ξ2k2)[12bλ− τ ]− λ(24b− 2ξ2k2)[20bλ− τ )]} [a− bυ]2

[12bλ− (ξ2k2λ+ 2δ2θ20 )]
3 . (F40)

than 8bλ2[b(cM + cT + cR + cF )− a]. Therefore,
∂Qc
∗

∂b < 0.
(F25)–(F30) as shown at the top of the previous page. The
first term is less than 0 and the second term is less than 0, thus

we derive ∂
∏dc∗

∂b < 0. Similarly, (F31)–(F36) as shown at the
bottom of the previous page and (F37)–(F40) as shown at the
top of this page. Because ξ2k2 < 4b, so λ

(
20b− ξ2k2

)
<

λ(24b−2ξ2k2). Besides, because 12bλ−
(
ξ2k2λ+ 2δ2θ20

)
<

20bλ− (ξ2k2λ+ 2δ2θ20 ), therefore,
∂
∏
dc∗

∂λ
< 0. That means

they are the increasing function with respect to λ. Where
τ =

(
ξ2k2λ+ 2δ2θ20

)
and υ = cM+cT+cR+cF . Therefore,

the Proposition 1 can be derived.

APPENDIX G
Proof of Proposition 2. We derive that edc

∗

M
e∗M

=

[4bλ−
(
ξ2k2λ+2δ2θ20

)
]
2

[12bλ−
(
ξ2k2λ+2δ2θ20

)
]
2 . The numerator is smaller than the

denominator, then it can be got edc
∗

M < e∗M . By the same

token, we get that edc
∗

T
e∗T
=

4bλ−(ξ2k2λ+2δ2θ20 )
12bλ−(ξ2k2λ+2δ2θ20 )

< 1, Qdc
∗

Q∗ =

4bλ−(ξ2k2λ+2δ2θ20 )
12bλ−(ξ2k2λ+2δ2θ20 )

< 1. Then we drive that edc
∗

T < e∗T ,

Qdc
∗

< Q∗. We get equation (G1),

Pdc
∗

R − P
∗
R

=
8λ[2bλ− (ξ2k2λ+ 2δ2θ20 )][a− b(cM + cT + cR + cF )]

[12bλ−(ξ2k2λ+2δ2θ20 )][4bλ−(ξ
2k2λ+2δ2θ20 )]

,

(G1)

then, we obtain that when ξ2k2λ+2δ2θ20 < 2bλ, Pdc
∗

R > Pc
∗

R ;
When 2bλ < ξ2k2λ + 2δ2θ20 < 4bλ, Pdc

∗

R < Pc
∗

R . Similarly,
it can be obtained (G2).∏dc∗∏c∗

=
80b2λ2 +

(
ξ2k2λ+ 2δ2θ20

)2
− 24bλ

(
ξ2k2λ+ 2δ2θ20

)
144b2λ2 +

(
ξ2k2λ+ 2δ2θ20

)2
− 24bλ

(
ξ2k2λ+ 2δ2θ20

)
< 1 (G2)

and then
∏dc∗

<
∏c∗ can be reasoned out.

APPENDIX H
Proof of Theorem 3. According to dynamic game theory,
the optimal unit online selling price can be gained by
using backward induction. We differentiate

∏cs
R with respect

to PR.
∂
∏cs
R

∂PR
= −2b (1− ω1 − ω2)PR + (1− ω1 − ω2) (a +

ξk
√
eM + δeT θ0) + b (PM + PT + cR + cF )],

∂2
∏cs
R

∂P2R
=

−2b (1− ω1 − ω2) < 0. It can be found that
∏cs

R is a concave
function of PR. Then, we obtain Eq. (30).

APPENDIX I
Proof of Theorem 4. Substituting Eq. (30) into Eq. (28) and
simplifying the equation, we obtain (I1), as shown at the top
of the next page, where ρ = PM + PT + cR + cF . We dif-
ferentiate

∏cs
T with respect to eT .

∂
∏cs
T

eT
=

1
2δθ0 (PT − cT )−

η2λeT −
ω2δθ0[a+ξk

√
eM+δeT θ0]

2b , ∂
2∏cs

T
∂e2T
=

ω2δ
2θ20

2b − η2λ < 0.

Solving ∂
∏cs
T

eT
= 0, we derive the Eq. (31).

APPENDIX J
Proof of Theorem 5. Substituting Eq. (30) into Eq. (27) and
simplifying the equation, we get (J1), as shown at the top
of the next page, where, ρ = PM + PT + cR + cF . We
differentiate

∏cs
M with respect to eM . ∂

∏cs
M

eM
=

ξk(PM−cM )
4
√
eM

−

η1 −
ω1ξk[a+ξk

√
eM+δeT θ0]

8b
√
eM

, ∂2
∏cs
M

∂e2M
= −

ξk(PM−cM )
8
√
e3M

−

ω1ξk[a+ξk
√
eM+δeT θ0]

8b
√
e3M

−
ω1ξk
8b
√
eM

< 0. Solving the equation
∂
∏cs
M

eM
= 0, we derive the Eq. (32).

APPENDIX K
Proof of Proposition 3. When coordinated, there is Pcs

∗

R =

Pc
∗

R , i.e., (1− ω1 − ω2) [a+ξk
√
eM+δeT θ0]+b(PM+PT +

cR + cF ) = (1− ω1 − ω2) [a + ξk
√
eM + δeT θ0 + b(cM +

cT + cR + cF )]. Thus, we can obtain (1− ω1 − ω2) (cM +
cT + cR + cF ) = PM + PT + cR + cF . Similarly,
from ecs

∗

M = ec
∗

M , we get ω1aξk(2bη2λ − ω2δ
2θ20 ) +

ω1ξkδ2θ20ω2a = ξkλa, b (PM − cM ) ξk
(
2bη2λ− ω2δ

2θ20

)
+

ω1ξkδ2θ20b (PT − cT ) = −ξkλb (cM + cT + cR + cF ),
2bη1η2 = 1, 2bη2ω1 = 1, 2bη1ω2 = 1. Therefore, we
have (PM − cM )

(
2bη2λ− ω2δ

2θ20

)
+ω1δ

2θ20 b (PT − cT ) =
−λ (cM + cT + cR + cF ), η1 = ω1, η2 = ω2 and η1η2 =

1
2b .

VOLUME 7, 2019 30483



Z. Song et al.: Decision and Coordination of Fresh Produce Three-Layer E-Commerce Supply Chain

cs∏
T

=
(PT − cT ) [(1− ω1 − ω2) (a+ ξk

√
eM + δeT θ0)− bρ]

2 (1− ω1 − ω2)
−
η2λe2T

2

+
ω2{(1− ω1 − ω2)

[
a+ ξk

√
eM + δeT θ0 + bρ

]
}[a+ ξk

√
eM + δeT θ0 − bρ]

4b (1− ω1 − ω2)
2 , (I1)

cs∏
M

=
(PM − cM ) [(1− ω1 − ω2) (a+ ξk

√
eM + δeT θ0)− bρ]

2 (1− ω1 − ω2)

− η1eM
ω1{(1− ω1 − ω2)

[
a+ ξk

√
eM + δeT θ0 + bρ

]
}[a+ ξk

√
eM + δeT θ0 − bρ]

4b (1− ω1 − ω2)
2 , (J1)

When ecs
∗

T = ec
∗

T , we obtain ω2δ
2θ20a

(
4bη1 − ω1ξ

2k2
)
+

ω2δθ0ξ
2k2ω1a = 2δθ0a, b (PT − cT ) δθ0(4bη1 −

ω1ξ
2k2) + ω2δθ0ξ

2k2b (PM − cM ) = −2δθ0(cM + cT +
cR + cF ), 2bη1η2 = 1, 2bη2ω1 = 1, 2bη1ω2 = 1.
Therefore, we obtain (PT − cT )

(
4bη1 − ω1ξ

2k2
)
+ ω2ξ

2k2

(PM − cM ) = −2 (cM + cT + cR + cF ), η1 = ω1, η2 = ω2
and η1η2 =

1
2b . When Pcs

∗

R = P∗R, e
cs∗
M = e∗M and ecs

∗

T = e∗T ,
there is

∏cs∗
M +

∏cs∗
T +

∏cs∗
R =

∏c∗ .

APPENDIX L
Proof of Proposition 4. To make the supply chain members
adopt the contract mode, the profits of any side need to
be improved. According to Proposition 3, we simplify the
Eq. (27), Eq. (28) and Eq. (29), we obtain (L1)-(L3) as
shown at the bottom of this page. Simplifying the inequalities:∏cs∗

M ≥
∏dc∗

M ,
∏cs∗

T ≥
∏dc∗

T and
∏cs∗

R ≥
∏dc∗

R , we derive
Proposition 4.

APPENDIX M
Proof of Proposition 5. When the prices of the three channel
members are kept in line with the prices of the decentralized

system, if the producer and the TPLSP jointly carry out
the rebate value Pdc

∗

R − Pc
∗

R , the optimal safety traceability
system availability investment e∗M and the optimal freshness-
keeping effort e∗T for the supply chain system, and the fresh
produce e-commerce enterprise provides the revenue share
coefficient ω1 and ω2 for the producer and the TPLSP,∏rc

M +
∏rc

T +
∏rc

R =
∏c is achieved. The smooth imple-

mentation of the CR&RS contract needs to meet the Pareto’s
improvement. Then ∅1 + ∅2 = Pdc

∗

R − Pc
∗

R ,
∏rc∗

M ≥
∏dc∗

M ,∏rc∗
T ≥

∏dc∗
T and

∏rc∗
R ≥

∏dc∗
R . That is (M1)–(M4)

as shown at the bottom of this page. Among them, τ =(
ξ2k2λ+ 2δ2θ20

)
and υ = cM + cT + cR + cF . Simplifying

the equation and inequalities, we derive Proposition 5.

APPENDIX N
Proof. We define 1 as the profit difference between
before and after the coordination. Then we obtain
(N1)–(N3) as shown at the top of the next page, Where
τ =

(
ξ2k2λ+ 2δ2θ20

)
and υ = cM + cT + cR + cF . Due

to ξ2k2λ + 2δ2θ20 < 4bλ, then 3
(
ξ2k2λ+ 2δ2θ20

)
< 20bλ.

cs∗∏
M

=
ω1(4bλ2 − ξ2k2λ) [a− b (cM + cT + cR + cF )]2

[4bλ−
(
ξ2k2λ+ 2δ2θ20

)
]
2 , (L1)

cs∗∏
T

=
ω2(4bλ2 − 2δ2θ20λ) [a− b (cM + cT + cR + cF )]

2

[4bλ−
(
ξ2k2λ+ 2δ2θ20

)
]
2 , (L2)

cs∗∏
R

=
[(1− ω1 − ω2) 4bλ2 − (1− ω1) ξ

2k2λ2 − (1− ω2)2δ2θ20λ)] [a− b (cM + cT + cR + cF )]
2

[4bλ−
(
ξ2k2λ+ 2δ2θ20

)
]
2 . (L3)

∅1 + ∅2 =
10aλ+ (2bλ− τ )υ

12bλ− τ
−

2aλ+ (2bλ− τ )υ
4bλ− τ

, (M1){
4λ(a− bυ)
12bλ− τ

− ∅1 +
ω1[10aλ+ (2bλ− τ )υ]

12bλ− τ

}
2bλ(a− bυ)
4bλ− τ

≥
(8b− ξ2k2)λ2(a− bυ)2

(12bλ− τ )2
+
ξ2k2λ2(a− bυ)2

(4bλ− τ )2
, (M2){

4λ(a− bυ)
12bλ− τ

− ∅2 +
ω2[10aλ+ (2bλ− τ) υ]

12bλ− τ

}
2bλ(a− bυ)
4bλ− τ

≥
(8bλ2 − 2λδ2θ20 )(a− bυ)

2

(12bλ− τ )2
+

2δ2θ20λ(a− bυ)
2

(4bλ− τ )2
, (M3)

(1− ω1 − ω2) [10aλ+ (2bλ− τ) υ]
12bλ− τ

−
8aλ+ (4bλ− τ )υ

12bλ− τ
≥

4bλ2(a− bυ)2

(12bλ− τ )2
4bλ− τ

2bλ(a− bυ)
. (M4)
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1 =
[4bλ2 − τλ][a− bυ]2

[4bλ− τ ]2
−

[
20bλ2 − τλ

]
[a− bυ]2

[12bλ− τ ]2
=
λ [a− bυ]2{[12bλ− τ ]2 − [20bλ− tau][4bλ2 − tau]}

[4bλ− τ ][12bλ− τ ]2

=
64b2λ

3
[a− bυ]2

[4bλ− τ ][12bλ− τ ]2
, (N1)

∂1

∂ξ
=

64b2λ
3
[a− bυ]2 (−1) {−2ξk2λ [12bλ− τ ]− 4ξk2λ [4bλ− τ ]}

[4bλ− τ ]2[12bλ− τ ]3
=

64b2λ
3
[a− bυ]2{2ξk2λ [20bλ− 3τ ]}

[4bλ− τ ]2[12bλ− τ ]3
, (N2)

∂1

∂δ
=

64b2λ
3
[a− bυ]2 (−1) {−4δθ20 [12bλ− τ ]− 8ξk2λ [4bλ− τ ]}

[4bλ− τ ]2[12bλ− τ ]3
=

64b2λ
3
[a− bυ]2{4δθ20 [20bλ− 3τ ]

[4bλ− τ ]2[12bλ− τ ]3
. (N3)

Then we get ∂1
∂ξ
> 0, ∂1

∂δ
> 0. Similarly, we obtain (N4).

∂1

∂b
=
−128bλ3 [a− bυ]2 [24b2λ

2
− (τ )2 + 2bλτ ]

[4bλ− τ ]2[12bλ− τ ]3
. (N4)

Since
(
ξ2k2λ+ 2δ2θ20

)2
< 16b2λ

2
, we derive

24b2λ
2
−
(
ξ2k2λ+ 2δ2θ20

)2
> 0. Because the molecule is

smaller than 0 and the denominator is greater than 0, then we
obtain ∂1

∂b < 0.
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