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We develop a game model for a supply chain consisting of one e-commerce platform, one supplier from other channels, and one
retailer. ,e platform has a well-known brand that can influence consumers’ purchase decisions, and it provides good-quality
products with high prices, while supplier from other channels provides cheaper products but possibly with low quality, and there
may even be some serious quality problems, sometimes leading to serious problems such as “free-riding” behavior by the retailer
and reducing the profits of the supply chain members. First, we study the decisions of platform and retailer under centralized
decision (CD) scenario, decentralized decision (DD) scenario, cost sharing contract (CS) scenario, and minimum order quantity
contract (QC) scenario. Second, we found that channel conflicts have a negative impact on supply chain members under DD
scenario; however, CS and QC scenarios can make the optimal empowerment level of platform the same as CD scenario and
encourage retailer to order more products from platform. Finally, the improvement effect in QC and CS scenarios is affected by the
substitutability of the two products, the coefficient of empowerment cost, and the reaction coefficient of product price on goodwill.
Furthermore, we found that under QC scenario, only within an appropriate range can the platform and the retailer achieve a win-
win situation.

1. Introduction

In recent years, with the continuous development of in-
formation technology, e-commerce platforms have devel-
oped rapidly. In the United States, Amazon has become the
largest e-commerce company after decades of development
and has transformed from an online bookstore to a com-
prehensive e-commerce platform. Especially, its sales rev-
enue is 280.52 billion dollars in 2019, which is more than 8
times as much as that of 2010 (https://www.touzhibang.com/
1132.html). Similarly, Alibaba is in a leading position in
China’s e-commerce market with 55.9% sales share in 2019
(https://www.iimedia.cn/c1061/71838.html). However, as
the competition intensifies, the profit growth of online re-
tailers begins to slow down. For example, though e-com-
merce sales in the United States reached $599 billion in 2019,
the growth rate has slowed in recent years, and even declined
in 2017 and 2018 (https://www.199it.com/archives/1148207.

html). In order to compensate for the decline in profits from
online channels, e-commerce platforms have tried to expand
offline channels. ,e impact of e-commerce platforms and
the competitive pressure of peers make offline retail stores
face severe challenges, especially in some small cities, towns,
and even villages, although there are abundant customer
demands in the offline market, retail stores that are run by
individuals lack brand influence and management, and they
have no advantage in market competition. ,erefore, they
also hope to get the help of e-commerce platforms to obtain
high-quality products and enhance the brand image. ,en,
e-commerce platforms begin to export brands and infor-
mation technology to retail stores to expand offline channels,
and the retail stores often accept the help of e-commerce
platforms in order to increase their profits. We define this
type of behavior made by e-commerce platform as “em-
powerment,” which means the platform use big data anal-
ysis, brand effects, integrated services, and other means to
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improve other participants’ capabilities in the enhancement
of brand influence, data utilization and user perception, so as
to improve the overall operational performance of e-com-
merce supply chains. For example, Alibaba cooperates with
offline retailers so that they can use Ali’s digital tools and
solutions to understand consumers’ purchase preferences
and optimize the delivery of goods to attract new consumers,
instead of just selling products on Ali’s platforms.

In practice, there are many forms of empowerment,
among which “brand empowerment” is an emerging way.
,e platform brand empowerment (PBE) mainly refers to
the platform empowers the retail store with more well-
known e-commerce platform brand, while providing some
popular products available only on e-commerce platform’s
channels, which help retail stores enhance brand influence in
order to attract more customers and win customers’ trust. At
the same time, the e-commerce platform can achieve online
and offline integration, such as JD.com formulated the “JD
Convenience Store” plan in 2017, followed by Ali and Suning
also launched “Tmall Convenience Store” and “Suning
Convenience Store” respectively, using their own advantages
to empower offline retail stores with brand. Taking JD New
Channel as an example, it has abundant commodities and
powerful supply chain resources of JD.com and provides
professional terminal services and data support for small-
and medium-sized retail stores, so it launched JD Conve-
nience Store. It can rely on its own resources to promote
cooperation between JD Convenience Store and well-known
companies, such as Unilever, to optimize the depth of
distribution, brand promotion, and preferential promotion.
In addition, it can provide JD Convenience Stores with
operational planning based on consumption scenarios,
which include product types, store layouts, and marketing
plans with characteristics of JD.com, and regular im-
provement suggestions by analyzing relevant data of sur-
rounding consumers. ,rough these measures, the retail
stores improve their abilities to accurately analyze what kind
of products are marketable and provide more personalized
service to consumers so that consumers’ experience and the
efficiency of store are both improved. Furthermore, JD.com
also expands its brand’s influence and directs more cus-
tomers’ demands from offline to online.

However, PBE is still in the primary stage of development
and e-commerce platform does not have enough power to
restrict the behaviors of retailer. Due to the existence of op-
portunism, retailer may order some counterfeit products with
cheaper wholesale price from other channels, which are similar
to genuine products but of poor quality and sell them to
consumers in the name of platform, and the “free-riding”
behavior will hurt the interests of consumers; it may even
endanger their health and safety, whichwill also greatly damage
the platform’s brand goodwill. As a result, there is a channel
conflict that means although channelmembers depend on each
other, they often dispute over what kind of benefits they want
to get. Obviously, different opinions on goals, roles, and returns
often lead to channel conflicts [1]. In practice, JD.com allows
retailers to order less than 50%of products fromother channels
and requires them to pay a warranty of 5,000 to 20,000 yuan to
ensure that the products are 100% free of counterfeits, while

there are no other specific measures to prevent the inflow of
counterfeits. Although the products provided by JD.com are of
good quality, the wholesale price is higher, so some retailers
order counterfeit products from other channels with lower
wholesale prices for their own interests. Once consumers buy
these counterfeits from convenience stores, they will think that
there is a problemwith the quality of JD.com’s products, and its
brand image will be seriously damaged. ,erefore, our study
attempts to address the following questions:

(1) How much negative impact will vertical channel
conflicts bring to supply chain members?

(2) What are the optimal ordering decisions of retailer
and optimal empowerment level of platform in some
common scenarios?

(3) Can the supply chain incentive mechanism en-
courage the retailer to order more products from the
platform and reduce vertical channel conflicts?

We construct a single-cycle and two-echelon supply chain
consisting of one e-commerce platform, one retailer and one
supplier from other channels, and try to solve the channel
conflicts under PBE and improve the decisions of platform
and retailer. First, we found that channel conflicts affect the
decisions of supply chain members and decrease the profits,
especially in decentralized decision (DD) scenario. Second, we
studied the effect of the contracts on the supply chain with
empowerment cost sharing contract (CS) and minimum
order quantity contract (QC), where CS means e-commerce
platform determines cost sharing ratio and level of PBE, and
QC scenario refers to that e-commerce platform determines
the level of PBE and designs the reward and punishment
mechanism for the retailer’s ordering decisions. We conclude
that both contracts can induce retailer to accept cooperation,
increase the quantity of products that retailer order from the
platform, and have an equal role in increasing the level of PBE.
Finally, through comparison, we find that CD scenario is
always the best choice for the supply chain members. At the
same time, QC scenario plays a greater role in reducing
channel conflicts; however, it is necessary for the platform to
design appropriate reward and punishment mechanism.

,e remainder of the paper is organized as follows:
Section 2 reviews the relevant research studies. Section 3
mainly introduces the model assumptions and the meanings
of various symbols in the article. Section 4 discusses the
impact of the empowerment cost sharing contract and
minimum order quantity contract on supply chain decision-
making and performance. Section 5 compares and analyzes
the optimal decisions and profits. Section 6 uses numerical
simulation to illustrate the conclusions of the proposed
model. Section 7 concludes the article and points out the
shortage and suggested the future research directions.

2. Literature Review

,is article is closely related to platform empowerment,
channel conflict, supply chain contract, and other fields. To
emphasize our contribute in the research, we review some
representative literature in this part.
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2.1. Platform Empowerment. ,e concept of “empower-
ment” was first proposed by the field of positive psy-
chology. Later, the researches extended to management,
which initially focused on the individual and were con-
sidered to delegate decision-making power to subordi-
nates [2]. ,en, empowerment on the organizational level
was gradually rising, which means the organization
provides resources to support employees or teams. With
the rapid development of the platform economy, em-
powerment is applied to platform. Most researchers have
studied data empowerment (PDE), which refers to the
concept that platform empowers the suppliers, customers,
and other participants through intelligence capability,
connect capability, and analytic capability [3], and im-
proves their data analysis capabilities and information
utilization capabilities.

However, there are few literature studies directly
studying PBE. ,e closest concept to PBE is the retailer’s
store brand. According to PLMA (Private Label Manufac-
turers Association), store brand or private brand are the
products that carry the retailer’s name or private brands. It
can help retailers improve bargaining power and increase
customers’ loyalty [4, 5], while most of them have product
quality problems, for example, Wal-Mart and IKEA have
experienced quality problems with their own brand prod-
ucts. ,ree different extended warranty contracts [6] and
money-back guarantees provided by retailers [7] can ef-
fectively improve the quality of these products and increase
supply chain profits.

,e existing literatures mainly study the empower-
ment behaviors from the aspects of psychology and re-
sources, while rarely discuss the impact of empowerment
behaviors, especially PBE, on the operational decision-
making and performance of e-commerce supply chain
members. Our study conducts quantitative analysis and
research under the context of PBE by constructing
mathematical models to enrich existing research and solve
more practical problems.

2.2. Counterfeit Product and Goodwill. Our study is related
to the previous works on counterfeit product, which refers
to these products that are very similar to the genuine
products and sneak into the supply chain for sale at an
equivalent price and consumers cannot easily distinguish
[8, 9]. Counterfeiters always benefit from their products
because they can be sold at high prices with relatively low
cost. In particular, when product infringement is deceptive
or the counterfeit portion of the market is high, coun-
terfeiters can obtain free rides with improved quality [10].
However, goodwill of enterprise, which is one of the
strategic resources and intangible assets for it to form a
sustainable competitive advantage, is vulnerable to dam-
age [11, 12]. Most existing studies believe that the level of
enterprise’s goodwill is affected by the quality of the
products and the level of advertising [13–15], when en-
terprise’s goodwill level is higher, the competition based
on product quality will be more intense [16] and the higher
the degree of product defects will have a greater negative

impact [17]. ,us, it is very important to prevent coun-
terfeit products from entering the market and identify
parties that may be involved in counterfeiting activities
[18]. Qian [19] points that product differences have an
impact on counterfeits; consumer purchase intentions [20]
and government regulation strategies [21] are the same. In
alleviating the problems of counterfeit products, the de-
velopment of relevant laws [22], website recommendation
systems [23], and RFID tags [24] are helpful.

Different from the most studies focusing on the mea-
sures taken by downstream enterprises to prevent coun-
terfeiters from entering, this article mainly studies the
quality control of the upstream platform on the products
ordered by the downstream retailer and the incentive
mechanisms established by platform to reduce the moti-
vation of retailer to order counterfeit products from other
channels.

2.3. Channel Conflicts. Channel conflict is defined as a sit-
uation that one channel member believes that the behaviors
of other channel members threaten its profit, their interests
are inconsistent, and the decisions are made to maximize
their own interests [25, 26]. ,e causes of channel conflict
mainly include different role positioning [27], scarce re-
sources [28], different objectives [29], and so on. Obviously,
channel conflicts have a negative impact on channel per-
formance [30, 31], such as reducing the satisfaction [32] and
cooperation level [33] among channel members. In the
context of e-commerce, the researches mainly focus on the
horizontal channel conflict between online channels and
offline channels, price competition [34–36], asymmetric
information [37], and differences in service quality [38]
between the two channels is fierce. Chen et al. [39] think that
appropriate local advertising level can reduce conflicts be-
tween online and offline channels; adding value to products
by retailers [40], adjusting the price difference between
channels [41], and implementing segmentation and inte-
gration strategies all have the same effect [42].

When channel conflicts occur, traditional contracts
cannot coordinate the supply chain. Tsay and Agrawal [43]
studied the coordination of supply chain with benefit
compensation contract. Also, through the improved revenue
sharing contract [44, 45] and option contract [46], channel
conflicts can be effectively reduced.

According to the relevant literatures, there are few re-
lated to vertical channel conflict; however, we study the
vertical channel conflict between e-commerce platform and
retailer in offline channel. Our article introduces the supply
chain coordination contract into the new scenario of PBE,
pays attention to the design of vertical conflict management
mechanism, and considers the influence of goodwill on the
result of contract coordination.

2.4. Supply Chain Contract

2.4.1. Cost Sharing Contract. As an effective supply chain
coordination mechanism, cost sharing contract has been
widely used in the field of supply chain management.
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Generally, it can achieve supply chain coordination when
cost sharing ratio is within a reasonable range [47–49].
Moreover, cost sharing contract can not only improve
quality of product in the supply chain [50] but also reduce
price competition in dual channels [51].

2.4.2. Minimum Order Quantity Contract. ,e contract
requires the retailers to have a minimum order quantity
every time or within a certain period, and they can choose
not to order [52, 53]. ,e researches on the minimum order
quantity contract can be divided into two categories. One
considers the contract as a necessary constraint, which
thinks that the retailer’s order quantity must be greater than
or equal to the critical value of the minimum order quantity
[54–56]. ,e other is the current mainstream of researches
that regards the contract as an incentive constraint, which
effectively motivate retailers and suppliers and ultimately
realize the coordination of the supply chain [57–59].

Our model first considers whether empowerment cost
sharing contract and minimum order quantity contract that
is seen as an incentive constraint can coordinate the supply
chain compared with DD scenario under the context of PBE,
and then studies which of the two contracts can improve the
profit of supply chain members more.

,is article has the following contributions to existing
researches. First, existing researches on platform empow-
erment mainly focuses on platform data empowerment,
while this study studies platform brand empowerment,
exploring the retailer’s ordering decisions and e-commerce
platform’s empowerment-level decision through quantita-
tive analysis. Second, though Zhang and Zhang [60] con-
struct a two-echelon supply chain to study channel conflicts
with counterfeit products, they mainly discuss the impact of
counterfeit products on consumers’ perception of quality
and price of products. Our research studies the vertical
channel conflict between the platform and retailer and
considers the impact of counterfeit products on the plat-
form’s loss of goodwill. Finally, we extend cost sharing
contract and minimum order quantity contract to the
vertical channel conflict management mechanism of the
e-commerce supply chain in the context of platform brand
empowerment and consider the impact of goodwill on the
coordination results on the basis of traditional researches.

3. Assumptions and Model Description

We construct a single-cycle two-echelon supply chain model
that includes one e-commerce platform (such as JD New
Channel), one supplier from other channels, and one retailer
(such as JD Convenience Store). We believe that the platform is
strong and rich in resources, the products provided are of high
quality and qualified, and the price is relatively expensive.
However, the products from the supplier of other channels
whose management level is low have a certain unqualified rate
λ, and a single unqualified product will cause the loss of
goodwill on the platform to be cf. ,us, retailer order qp units
of products from platform at wholesale price wp and qs units

fromother channels at wholesale pricews, where the ratio to the
total order quantity is r.We assumewp � ws + u andwp > λcf,
where u> 0 denotes that the wholesale price of platform’s
products is higher than that of other channels; at the same time,
it is an exogenous variable and cannot be changed in the short
term [55]. ,e latter is to ensure that the platform is profitable.
,e structure of supply chain considered is shown in Figure 1.

,e market sale prices of the two products are pp and ps,
respectively. Because counterfeit products and genuine
products have similar functions, the substitution rate between
them is β, where β ∈ (0, 1] denotes that there must be
competition between the two channel products, the smaller
the β, the greater the product difference, the less price
competition.

In the cooperation of the e-commerce platform and
retail store, the platform provides retail store with the level of
PBE (tp) to help it enhance the influence and competi-
tiveness of brand, where tp is considered as an endogenous
variable because the platform needs to make decisions on the
level of PBE. With the development of new retail, many
e-commerce platforms have raised the exploitation of offline
retail stores to a strategic position. PBE gradually presents
the characteristics of continuity, diversification, and per-
sonalization. For example, in recent years, JD.com has
continuously empowered offline retail stores through public
relations and marketing activities in cooperation with fa-
mous brands, while Ali general provides customized mar-
keting solutions for offline retail stores through “city
partners” to improve the uniqueness of Tmall Convenience
Store. In addition, tp ≥ 0 indicates that at least the brand of
the platform does not harm the retailer. ,e empowerment
cost function of the platform is kt2p/2 [61, 62], where k is the
cost coefficient of PBE, and k> 0 denotes PBE definitely
imposes costs on the platform.

In this article, the market demand is certain, we use the
inverse demand function, assuming that the price functions
of products provided by the platform and other channels are
pp � a − qp − βqs + cg and ps � a − qs − βqp + cg, respec-
tively, which show the competition in the order quantity of
products from the two channels and the positive effect of
PBE on product price, which are widely adopted by liter-
atures [63–66], especially, g � θtp indicates that PBE helps
retailers enhance their brand power, where θ denotes the
maximum of retailer’s brand power and c denotes the re-
action coefficient of product price to goodwill, which is
always nonnegative. Furthermore, we assume that
k(β + 1)> θ2c2 and k≥ [θc(2a − ws − λcf) + 2θ2c2]/
(2(β + 1)) to ensure that the PBE level is nonnegative, and
the value range is [0, 1].

,e profit functions of the retailer and e-commerce
platform are as follows. Especially, we do not consider the
purchase cost of the platform from its suppliers or the
production cost of supplier from other channels [60].

ΠR � pp − wp􏼐 􏼑qp + ps − ws( 􏼁qs; (1)

Πp � wsqp −
kt

2
p

2
− λqscf. (2)
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4. Supply Chain Decisions

In the following part, we discuss the centralized decision
scenario as benchmark in Section 4.1 and decentralized
decision scenario in Section 4.2, which explores whether
PBE is adversely affected by independent decisions of supply
chain members. Furthermore, Sections 4.3 and 4.4, re-
spectively, study the role of empowerment cost sharing
contract and minimum order quantity contract in reducing
vertical channel conflicts.

4.1. CD Scenario. In the CD scenario, the e-commerce
platform and retailer operate jointly as a unified whole. ,is
is an ideal decision-making method, in which the decision is
globally optimal and provides a benchmark for the im-
provement of the supply chain members under following
scenarios. Decisions on product ordering and the level of
PBE are made to maximize the whole supply chain profit.

Note that the total profits of platform and retailer in the
CD scenario is as follows, which is the same as that under the
CS and QC scenarios.

ΠCD � ppqp + ps − ws( 􏼁qs −
k

2
t
2
p − λqscf. (3)

We conclude the equilibrium solutions in the CD sce-
nario with Proposition 1, and all proofs in this study are
provided in the Appendix.

Proposition 1. For the CD scenario, the equilibrium solu-
tions are as follows:

(1) ;e PBE level is tCD∗p � θc(2a − ws − λcf)/2K1.
(2) ;e order quantities from the platform and other

channels are qCD∗p � [2ak(1 − β) + (ws + λcf)(2kβ −

θ2c2)]/(4(1 − β)K1) and qCD∗s � [2ak (1 − β)

− (ws + λcf)(2k − θ2c2)]/(4(1 − β)K1), respectively,
where 2ak(1 − β)> (ws + λcf)(2k − θ2c2) and
K1 � k(1 + β) − θ2c2, K1 > 0.

Corollary 1. ;e monotonicity of equilibrium solutions is as
follows:

(1) qCD∗p increases with cf, qCD∗s and tCD∗p decrease with
cf

(2) qCD∗p , qCD∗s , and tCD∗p increase with c, decrease with
β and k

Corollary 1 (1) shows that the optimal quantity of
products from platform increases with cf, the reason is that
the losses caused by counterfeit products will be greater
when cf increases, so retailer will order more products from
the platform in the CD scenario. However, the PBE level
decreases with cf because with the increase of goodwill loss,
the platform will reduce the cost by reducing the PBE level,
so as to ensure its own profit.

Corollary 1 (2) indicates that the quantity of products
from both channels and empowerment level increase with c

but decrease with β and k. ,e greater the c, the higher the
price of the product, so the profits of retailer and platform
will increase when market demand is determined; thus, the
quantity of products ordered by retailer from platform will
increase, and the platform will also be willing to invest in the
PBE. Regarding the substitutability of the two products, the
higher it is, the more intense the product competition, and
the profit of retailer decreases because of low price.,en, the
retailer will buy more products from other supplier with
lower wholesale prices. ,is means that with high product
substitution, PBE encourages retailer to order more prod-
ucts from other channels, which will decrease the empow-
erment level and hurt platform’s profit. Also, there is an
intuitive conclusion that the empowerment level is inversely
related to the k, which is the higher the empowerment cost
coefficient, the lower the platform’s empowerment level.

4.2. DD Scenario. In the DD scenario, the e-commerce
platform and the retailer with decentralized decision are
pursuing their own interests to maximize. ,e corre-
sponding game steps are as follows: (1) ,e e-commerce
platform determines the PBE level (tp). (2) ,e retailer
decides the order quantity from e-commerce platform (qp)

and from other channels (qs).
Because the platform is the leader in the game, the

second stage of the game is first calculated. From the formula
(1), we can get the optimal decisions in Proposition 2.

Proposition 2. For the DD scenario, the equilibrium solu-
tions are as follows:

(1) ;e PBE level is tDD∗p � θc(u +ws − λcf)/(2k(β + 1))

(2) ;e equilibrium order quantities from the platform
and supplier are

q
DD∗
p �

(1 − β) a − ws + θcK2 u + ws − λcf􏼐 􏼑􏼐 􏼑 − u􏽨 􏽩

2 1 − β2􏼐 􏼑
,

q
DD∗
s �

(1 − β) a − ws + θcK2 u + ws − λcf􏼐 􏼑􏼐 􏼑 + βu􏽨 􏽩

2 1 − β2􏼐 􏼑
,

(4)

respectively, where K2 � θc/(2k(β + 1)).

Corollary 2. ;emonotonicity of the equilibrium solutions is
qDD∗p , qDD∗s , and tDD∗p all increase with c and decrease with
cf, β, and k.

Other channel 
supplier (S) 

Retailer (R)E-commerce 
platform (P) Customer

ws

tp
wp

pp
ps

Figure 1: Two-echelon supply chain with vertical channel conflicts.
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Different from the CD scenario, the greater the cf, the less
the product quantity ordered by retailer from e-commerce
platform and the lower the empowerment level in the DD
scenario; the reason is that e-commerce platform and retailer
are chasing their own profits, and retailer does not consider
the loss of e-commerce platform and orders more products
from other channels with lower wholesale price and quality.
Similarly, e-commerce platform reduces the invest in PBE to
reduce the costs. As the tp decreases, the product price of
e-commerce platform decreases; thus, the retailer’s order
quantity from supplier of other channels also reduces.

4.3. CS Scenario. In the scenario, e-commerce platform
adopts empowerment cost sharing contract on the basis of
DD scenario. Similar to the literatures of Ghosh et al. [67]
and Zha et al. [68], we use μ (0≤ μ≤ 1) to represent the cost
sharing ratio of retailer.

,e corresponding game steps are as follows: (1) ,e
brand empowerment cost sharing contract with retailer’s
sharing ratio (μ) is provided by e-commerce platform; (2)
the e-commerce platform decides the PBE level (tp) and the

unit wholesale price (ws); and (3) the retailer, respectively,
decides the product quantity from e-commerce platform
(qp) and supplier of other channel (qs).

Under the CS scenario, the platform’s profit function is

ΠCSp � wpqp −
k

2
(1 − μ)t

2
p − λqscf. (5)

,e retailer’s profit function is

ΠCSR � pp − wp􏼐 􏼑qp −
k

2
μt

2
p + ps − ws( 􏼁qs. (6)

According to the decision-making order, we still use the
reverse induction method to solve the model, and the fol-
lowing conclusions can be drawn.

Proposition 3. For the CS scenario, the equilibrium solutions
are as follows:

(1) ;e PBE level is tCS∗p � θc(2a − ws − λcf)/2K1;
(2) ;e equilibrium product quantities from the e-com-

merce platform and other channels are

q
CS∗
p �

2k(1 + β) (1 − β) a − ws( 􏼁 − u􏼂 􏼃 + θ2c2 2u +(1 − β) ws − λcf􏼐 􏼑􏽨 􏽩

4K1 1 − β2􏼐 􏼑
,

q
CS∗
s �

2k(1 + β) (1 − β) a − ws( 􏼁 + uβ􏼂 􏼃 − θ2c2
(β − 1) ws − λcf􏼐 􏼑 + 2uβ􏽨 􏽩

4K1 1 − β2􏼐 􏼑
.

(7)

(3) ;e empowerment cost sharing ratio of retailer is

μCS∗ �
θ2c2

u + ws − λcf􏼐 􏼑 + k(1 + β) 2a − u − 2ws( 􏼁

k(1 + β) 2a − ws − λcf􏼐 􏼑
.

(8)

Corollary 3. ;emonotonicity of the equilibrium solutions is
as follows:

(1) qCS∗p , qCS∗s , and tCS∗p decrease with cf; μCS∗ increases
with cf

(2) qCS∗p , qCS∗s , tCS∗p , and μCS∗ increase with c and de-
creases with β and k

Corollary 3 illustrates that with the increase of cf, the
empowerment cost sharing ratio will increase. In the case of
other conditions unchanged, the e-commerce platform will
increase the cost sharing ratio with retailer to reduce its own
costs.

In addition, μCS∗ increase with c, the increase of μCS∗
inspires e-commerce platform to invest more in PBE; then, the
price will be higher and profits of e-commerce platform and
retailer will both increase. Moreover, μCS∗ decrease with k.
Under the other conditions unchanged, the e-commerce
platform will reduce the PBE level with the k increase and the

price will be lower, while the retailer’s profit decreases with the
increase in cost sharing ratio and retailer will order more
products from supplier of other channels in order to increase
profit, which leads to a greater loss of goodwill suffered by
e-commerce platform, so platform has to lessen the μCS∗ to
reduce losses. Corollary 3 also shows that μCS∗ decrease with β,
the reason is that the increase in β leads to the decrease in
product price, and retailer will ordermore products with lower
wholesale price from other channels to ensure its own profits,
and e-commerce platform has to decrease cost sharing ratio in
order to encourage retailer to order more products from it.

4.4. QC Scenario. In the scenario, e-commerce platform
offers minimum order quantity contract to retailer on the
basis of DD scenario. We assume that e-commerce platform
takes incentive and punishment measures for retailer’s order
behaviors [57]. When qp >T, the platform rewards τ(qp −

T) to retailer’s overfulfilled order. When qp <T, the platform
punishes τ(T − qp) to the retailer for incomplete order,
where τ is the reward and punishment coefficient, and
0< τ < 1, T is the reward and punishment standard that is set
in advance as sales target in the contract between e-com-
merce platform and retailer.

Under the QC scenario, the profit of platform is written
as follows:
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ΠQCP � wpqp −
k

2
t
2
p − λqscf − τ qp − T􏼐 􏼑. (9)

,e retailer’s profit function is given by

ΠQCR � pp − wp􏼐 􏼑qp + ps − ws( 􏼁qs + τ qp − T􏼐 􏼑. (10)

Proposition 4. For the QC scenario, the equilibrium solu-
tions are as follows:

(1) ;e PBE level is tQC∗p � θc(2a − ws − λcf)/2K1.
(2) ;e equilibrium order quantities from the platform

and supplier are

q
QC∗
p �

2ak(1 − β) + ws + λcf􏼐 􏼑 2kβ − θ2c2
􏼐 􏼑􏽨 􏽩

4K1(1 − β)
,

q
QC∗
s �

2ak(1 − β) − λcf 2kβ2 − θ2c2
(2β − 1)􏼐 􏼑 − ws 2k − θ2c2

􏼐 􏼑􏽨 􏽩

4K1(1 − β)
.

(11)

(3) ;e coefficient of reward and punishment is

τQC∗ � u + ws + βλcf. (12)

Corollary 4. ;emonotonicity of the equilibrium solutions is
as follows:

(1) qQC∗s and tQC∗p decrease with cf; qQC∗p increases with
cf

(2) qQC∗p , qQC ∗s , and tQC ∗p increase with c and decrease
with β and k

Corollary 4 shows that qQC∗p increases with cf and c but
decreases with β and k, which is the same as CD scenario; the
greater the cf, the more the products are ordered from
platform. With the cf increase, the reward and punishment
coefficient τ also increases, which encourages retailer to
order products from platform, and the risk of goodwill loss
to the platform also reduces.

5. Comparative Analysis of Different Supply
Chain Scenarios

In different scenarios, the retailer’s order decisions and the
e-commerce platform’s PBE level decision are key decision
variables for the supply chain. In this section, we focus on
analyzing the relationships between these decision variables
and the impact of these variables on the profits of supply
chain members.

5.1.DecisionComparisons. To get more insights on decision-
making of supply chain members under the different sce-
narios, we compare the important variables in the following.

Corollary 5. ;e optimal PBE levels under different scenarios
satisfy the relationship as tQC∗p � tCS∗p � tCD∗p > tDD∗p .

Corollary 5 shows that the optimal PBE level of
e-commerce platform can reach the level of CD scenario,
and it is greater than that under the DD scenario through the
coordination of CS and QC. It means that by implementing

cost sharing contract and minimum order quantity contract,
e-commerce platform can better exert its PBE level and
retailer can also get much support from the platform.

Corollary 6. ;e optimal decisions about products quantities
ordered by retailer from e-commerce platform under different
scenarios satisfy the relationship as qCD∗p � q

QC ∗
P >

qCS∗P > qDD∗P .

Corollary 6 reveals that optimal product quantities or-
dered by retailer from platform under CS and QC scenarios
are greater than that under DD scenario. Moreover, under
the QC scenario, the optimal product quantity is the same as
that under the CD scenario and is greater than that under the
CS scenario. ,erefore, the e-commerce platform can ef-
fectively encourage retailer to order more products from
itself through CS and QC, which guarantees product quality
sold by retailer to a certain extent, especially QC is more
helpful to achieve the goal.

Corollary 7. ;e optimal product quantity ordered by re-
tailer from other channels under different scenarios satisfy the
following:

(1) When 0< c2 < (φ/θ2), we have qCS∗s > qDD∗s

> qQC∗s > qCD∗s

(2) When (φ/θ2)< c2 < (k(β + 1)/θ2), we have qCS∗s

> qQC∗s > qDD∗s > qCD∗s

FromCorollary 7, we find that CS always encourages retailer
to ordermore products from other channels whether the impact
of price on goodwill is high or low.,e reason is that retailer has
to share part of the cost of PBE under the CS scenario. In order
to make up for the decline of its own profit, retailer order more
products from supplier with lower wholesale prices. In addition,
the products ordered from supplier in the QC scenario are less
than that in the DD scenario when c is small; otherwise, the
situation is the opposite. ,is is because that when goodwill has
little impact on the price, the price of products ordered from
other channels is lower so that the retailer’s profit gained from
other channels is relatively low.With the incentive of the reward
and punishment mechanism, retailer is more inclined to order
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products from the platform. While when goodwill has a greater
impact on the price, the price of products ordered from other
channels is higher, which increase the profit of retailer and
retailer prefer to order products from other channels.

Both Corollaries 6 and 7 illustrate that QC can effectively
motivate the retailer to order more products from platform,
especially, it can reduce the product quantity ordered from
other channels when goodwill has less of an effect on price,
which is more effective than CS in reducing channel conflicts
and ensuring product quality.

Corollary 8. ;e optimal ratio of product quantities ordered
by retailer from e-commerce platform to total quantity under
different scenarios satisfy the relationship as
rCD∗p > rQC ∗p > rCS∗p > rDD∗p .

,rough Corollary 8, we find that QC and CS can ef-
fectively encourage retailer to increase the proportion of
product quantity ordered from the platform and reduce that
from other channels. Especially, the ratio under the QC
scenario is greater than that under CS and DD scenarios.

,us, e-commerce platform can effectively stimulate
retailer’s order ratios from itself by adopting minimum
order quantity contract. Although Corollary 7 shows that
QC will increase the product quantity from other channels
when (φ/θ2)< c2 < (k(β + 1)/θ2), the retailer’s order ratio
from the platform is greater than that under the CS and DD
scenarios. ,at is to say, the platform can stimulate the
retailer’s quantity order from itself by providing QC, which
possibly reduce the loss of goodwill of the platform caused
by counterfeit products.

What’s more, although Corollaries 6 and 7 show that
products ordered from other channels in the CS scenario is
more than that in the DD scenario, the CS also increases
product quantity ordered from the platform. It can be drawn
from Corollary 8 that the ratio of product quantity from
platform in CS scenario is higher than that of DD scenario,
which means CS contract still has a positive effect on en-
couraging retailer to order more products from the platform
on the whole.

5.2. Comparison of Profits. In order to better analyze the
changes in the profits of e-commerce platform and retailer
under different scenarios, we assumed that ws � 0. ,at is to
say, the wholesale price of products ordered from other
channels is very low, which closes to zero.

Corollary 9. Comparing the profit of platform and retailer
under CS scenario and DD scenario, we have

(1) ΠCS∗P >Π
DD∗
P

(2) ΠCS∗R >Π
DD∗
R

Obviously, the empowerment cost sharing contract can
alleviate the channel conflicts between e-commerce platform
and retailer and realize the Pareto improvement of their
profits compared with DD scenario.

Corollary 10. ;e optimal total profit of platform and re-
tailer under different scenarios satisfies the relationship as
ΠCD∗C >Π

QC∗
C >Π

CS∗
C >Π

DD∗
C .

Both Corollaries 8 and 10 show that compared with CS,
QC can not only better motivate retailer to order more
products from platform but also improve the profits of
platform and retailer.

Theorem 1. If platform provides an incentive mechanism as
τ(Q − T) in a nonvertically integrated mixed channel sce-
nario, where τ � wp + βλcf. ;ere is T1, T2, T3, T4, T5, T6
and T4 >T3 >T2 >T1, T6 >T5:

(1) When T ∈ (T1, T2], after coordination of QC, the
retailer’s profit is greater than that under the DD
scenario, but e-commerce platform’s profit is opposite

(2) When T ∈ (T2, T3), both e-commerce platform and
retailer’s profits are greater than that under the DD
scenario

(3) When T ∈ [T3, T4), e-commerce platform’s profit is
greater than that under the DD scenario, while re-
tailer’s profit is the opposite

(4) When T ∈ (T5, T6), both the profits of e-commerce
platform and retailer are greater than that under the
CS scenario

,e first three illustrate that the QC can effectively re-
duce vertical channel conflicts of supply chain with PBE in a
suitable range, and ,eorem 1 (4) shows that the QC has a
better effect than the CS; thus, e-commerce platform can
choose incentive and punishment standard acceptable to
itself and retailer according to the actual situation, so that
they can achieve a win-win situation.

Corollary 11. When T � 0, ΠQC ∗P < 0, the linear rebate with
minimum order quantity cannot achieve the coordination of
supply chain.

Corollary 11 demonstrates that the minimum order
quantity contract can degenerate into a linear rebate
mechanism when T � 0, and retailer will receive rebate τ > 0
when qQCp > 0 of each unit product. In order to encourage
retailer to order the same product quantity from e-com-
merce platform as CD scenario, the rebate provided by the
platform needs to satisfy τ � u + ws + βλcf, which makes
e-commerce platform’s profit negative. ,erefore, the linear
rebate mechanism does not coordinate the supply chain.

6. Numerical Simulation

,is part further analyzes the impact of key variables on the
supply chain. Especially, we assume that ws ≠ 0, and consider
the numerical analysis of the sensitivity of the coefficients
and variables. From the assumptions and practical situa-
tions, the basic parameter values are assigned as follows:
a � 1, β � 0.4, θ � 0.2, c � 0.15, λ � 0.2, cf � 0.15, u � 0.2,
k � 0.005, ws � 0.2.
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6.1. Impact of Reward and Punishment Standard T on the
Profits of PlatformandRetailer. Figure 2 shows the results of
profit comparison under different scenarios. We find that both
platform and retailer’s profit under CS scenario are always
higher than that under DD scenario. However, the situation
under QC scenario is more complicated. When T is at (0.19,
0.33), the platform’s profit is less than that under CS and DD
scenarios, whereas the retailer’s profit is highest of three sce-
narios, that is, the platform’s profit is damaged and QC is
beneficial to the retailer; as T increases in (0.33, 0.37), retailer’s
profit is still the highest under all three different scenarios; the
platform’s profit is higher than that under DD scenario but
lower than that under CS scenario. As T increases in (0.37,
0.48), both the platform and retailer have the highest profit
under the three scenarios and QC is the best choice for them.
WhenT is at (0.48, 0.55), the platform’s profit increases and it is
the highest of the three scenarios, whereas retailer’s profit
decreases and it is greater than that under DD scenario but less
than CS scenario, and QC is the best choice for platform. ,e
reason is that retailer order expensive products from platform
because of high standard, and platform’s profit will be higher,
whereas the retailer’s profit will be lower with the increase of T.

In summary, platform and retailer have always embraced
CS because it increases their profits. When T is small, the
platform is not willing to provide QC for that the expected
profit it brings will be lower than that under DD scenario.
Figure 2 verifies ,eorem 1 that only when T is within the
appropriate range can QC be accepted by both retailer and
platform, and there is Pareto improvements of platform and
retailer’s profits. For example, Alibaba requires that retailers
must order more than 30% of products from Ali Retail Link
every month, if the amount of money reaches 5000 yuan, the
retailers can get a reward, which can greatly encourage them
to order more products from platform, and the profits of both
sides can be improved. Otherwise, QCwill reduce the profit of
one party and the channel conflicts cannot be alleviated.

6.2.;e Impact ofReactionCoefficient ofPrice toGoodwillcon
theTotal Profit of PlatformandRetailer. It can be seen that as
c increases, the price of product increases and retailer will
order more products from e-commerce platform, which
increases the profits of both. However, due to the existence
of channel conflicts, the profit growth is slow, and the profits
under DD scenario are always the lowest.

Figure 3 shows that as c increases, the effect of the two
contracts on channel conflicts gradually increases; especially,
QC’s effect is always better. When c is small, the effect of CS
is not obvious, and it gradually increases only when c is
large. What’s more, the gap between the two contracts’
improvement effects gradually becomes smaller as c in-
creases. ,erefore, for the platform, it is necessary to choose
contract based on the degree of influence of the products it
provides on the goodwill, minimum order quantity contract
can be selected for products whose prices are less affected by
goodwill, such as JD Convenience Store mainly deals in
snacks and daily necessities, whose price is less affected by
goodwill. With the incentive of minimum order quantity
contract, retailers are more willing to order products from
the platform in order to increase profits, and channel
conflicts have been effectively reduced; otherwise, both QC
and CS contracts can be selected. However, by comparing
Figures 2 and 3, we can find that QC is not always the best
choice for the platform, if the reward and punishment
mechanism is not set properly, platform’s profit in QC will
decline, which is a problem it needs to be aware of.

6.3. Impact of Product Substitutability β on the Total Profit of
Platform and Retailer. Figure 4 shows that with the increase
of β, not only is profit decreases but also is their im-
provement on channel conflicts, especially the downward
trend of QC slow down as the competition intensifies be-
cause the incentive and punishment coefficient set by the
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Figure 2: Impact of T on e-commerce platform and retailer’s profits.
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platform will increase, which encourages retailer to increase
product quantity ordered from the platform, and the
goodwill loss suffered by it will gradually reduce. With the
intensification of product competition, QC’s effect in im-
proving profits is more obvious.

In order to improve the features and differences of
products, e-commerce platform often takes product dif-
ferentiation strategy, such as improve the product quality
and style to reduce channel conflicts. For example, JD.com
has established differentiated competitive advantage by
making its own products to ensure their quality and cost

performance. However, as can be seen from Figure 4,
because the wholesale price of the products provided by
the platform is higher, retailers will order cheaper but
lower quality products from other suppliers in order to
maximize their profits. ,erefore, the platform will still
suffer the loss of goodwill due to the potential quality
problems of products. ,us, for commodities and other
competitive products, e-commerce platform can adopt
QC and CS to coordinate, while for some valuable
products, e-commerce platform can reduce channel
conflicts through QC.
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Figure 4: Impact of β on the profit of platform and retailer.
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Figure 3: Impact of c on the total profit of platform and retailer.
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6.4. Impact of Empowerment Cost Coefficient k on the Total
Profit of Platform and Retailer. Figure 5 indicates that the
increase of k has a negative impact on the total profit of
platform and retailer under three different scenarios, the
reason is that platform will increase products’ wholesale
price because of high empowerment cost; thus, retailer will
order more products from supplier to increase its profit,
which may cause goodwill loss to platform. We find that the
improvement effect of CS and QC both weaken with the
increase in k in a small range, whereas when k increases in a
large range, their decreasing trends gradually slow down.
Especially, the improvement effect of QC is always better
than that of CS in the part of analysis.

On the one hand, when the cost of PBE is high, the
platform can use QC to reduce channel conflicts; otherwise,
both CS and QC can be used. On the other hand, Figure 5
shows that the profit will increase rapidly as k decreases.
,us, how to reduce the cost coefficient of PBE is an im-
portant issue for the platform to consider. For example,
platform can use event marketing, personalized custom-
ization, and other ways to improve the efficiency of em-
powerment to reduce the cost of empowerment. Take JD
Convenience Store as an example, with the help of JD.com, it
became the design theme of a design competition and
successfully publicized its brand and concept to the society;
also, JD.com uses its advantages to help it optimize the
consumption scene and make it more in line with the
shopping habits of target customers, thus stimulating
consumers’ demand.

7. Conclusion

In this article, we construct a two-echelon supply chain
model, explore how to mitigate vertical channel conflicts
caused by retailer’s “free-rider” behavior chasing short-term
interests and inconsistent business goals between the two
parties, and further study the coordination effect of cost
sharing contract and minimum order quantity contract on
vertical channel conflicts.

First, channel conflicts can reduce product quantity
ordered by retailer from platform and lead to a loss of
goodwill of platform. Secondly, both cost sharing contract
and minimum order quantity contract can effectively reduce
channel conflicts, and the effect of minimum order quantity
contract is greater than that of cost sharing contract.
Minimum order quantity contract can not only help
e-commerce platform and retailer obtain more profits but
also achieve the optimal PBE level and product quantity
from platform under centralized decision scenario. ,irdly,
e-commerce platform through differentiated product
strategy can reduce the degree of competition between the
two products and reduce vertical channel conflicts, but it
cannot achieve the coordination of the supply chain, and
platform still needs to design proper contract to improve the
product quantity ordered from itself. Finally, with the in-
crease in the degree of competition between the two
products and the cost of PBE, the improvement effect of
empowerment cost sharing contract decreases, whereas the
effect of minimum order quantity contract increase.
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Figure 5: Impact of k on the profit of platform and retailer.
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However, with the increase in the reaction coefficient of
prices on goodwill, the effect of those two contracts
increases.

,ere are some directions for future research:

(1) We only consider the problem under the context of
information symmetry; however, the information
between platform and retailer is probably asym-
metric in reality. Taking JD.com as an example, in
order to better meet the market demand, retailers are
allowed to order products from other channels;
however, JD.com does not know the quality of these
products. High-quality products will not affect the
goodwill of the platform, while unqualified products
may hurt the goodwill of the platform.,erefore, the
study of asymmetric information about product
quality is very useful to reduce channel conflict.

(2) ,is article studies the coordination strategy of
channel conflicts under the determined demand,
future research can explore channel conflicts under
the uncertain demand, which is a classic problem
that has always been studied in supply chain man-
agement. Also, as competition intensifies, the busi-
ness environment is undergoing dynamic changes,
and market demand is in an uncertain state, so it is
necessary to study the problem of channel conflict
under the uncertain demand.

(3) ,is article examines the single-period model;
however, PBE is a continuous process and the
platform will decide the level of PBE according to its
own interests, market environment, and other spe-
cific circumstances. ,erefore, the study of channel
conflict in multiperiod dynamic environment can
indicate the dynamic decision-making process of the
platform.

Appendix

Proof of Proposition 1. First, from function (3), the first-
order partial derivative of qs, qp, and tp for ΠCD are as
follows:

zΠCD
zqp

� a − 2qp − 2qsβ + tpθc � 0, (A.1)

zΠCD
zqs

� a − 2qs − cfλ − 2qpβ + θtpc − ws � 0, (A.2)

zΠCD
ztp

� qpcθ − ktp + qscθ � 0. (A.3)

,en, we continue to calculate partial derivative, and the
results are as follows:

z
2ΠCDC

zq
2
p

� − 2,

z
2ΠCDC

zq
2
s

� − 2,

z
2ΠCDC

zt
2
p

� − k,

z
2ΠCDC

zqpzqs

� − 2β,

z
2ΠCDC

zqpztp

� θc,

z
2ΠCDC

zqszqp

� − 2β,

z
2ΠCDC

zqsztp

� θc,

z
2ΠCDC

ztpzqp

� θc,

z
2ΠCDC

ztpzqs

� θc.

(A.4)

When k(β + 1) − θ2c2 > 0, the Hesse matrix on ΠCD is
negative, so ΠCD can get the maximum under specific qp, qs,
and tp.

From the formulation (A.1)–(A.3), we get the equilib-
rium solution in the centralized scenario:

q
CD∗
p �

2ak(1 − β) + ws + λcf􏼐 􏼑 2kβ − θ2c2
􏼐 􏼑

4(1 − β)K1
, (A.5)

q
CD∗
s �

2ak(1 − β) − ws + λcf􏼐 􏼑 2k − θ2c2
􏼐 􏼑

4(1 − β)K1
, (A.6)

t
CD∗
p �

θc 2a − ws − λcf􏼐 􏼑

2K1
. (A.7)

According to 0≤ tp ≤ 1, we get k(β + 1)> θ2c2, and
k≥ (θc(2a − ws − λcf) + 2θ2c2)/(2(1 + β)). □

Proof of Corollary 1. (1) From equation (A.5)–(A.7), the
first-order partial derivatives of cf, c, k, and β can be shown
as follows:

12 Mathematical Problems in Engineering

http://JD.com
http://JD.com


zq
CD∗
p

zcf

�
λ 2kβ − θ2c2
􏼐 􏼑

4(1 − β)K
2
1
> 0,

zq
CD∗
s

zcf

� −
λ 2kβ − θ2c2
􏼐 􏼑

4(1 − β)K
2
1
< 0,

zt
CD∗
p

zcf

� −
θλc

2K1
< 0,

zq
CD∗
p

zc
�
θ2kc 2a − ws − λcf􏼐 􏼑

2K
2
1

> 0,

zt
CD∗
p

zc
�
θ k + θ2c2

+ kβ􏼐 􏼑 2a − ws − λcf􏼐 􏼑

2K
2
1

> 0;

zq
CD∗
p

zk
� −

θ2c2 2a − ws − λcf􏼐 􏼑

4K
2
1

< 0,

zq
CD∗
s

zk
� −

θ2c2 2a − ws − λcf􏼐 􏼑

4K
2
1

< 0,

zq
CD∗
s

zc
�
θ2kc 2a − ws − λcf􏼐 􏼑

2K
2
1

> 0,

zt
CD∗
p

zk
� −

θc(β + 1) 2a − ws − λcf􏼐 􏼑

2K
2
1

< 0;

zq
CD∗
p

zβ
� −

2ak
2
(1 − β)

2
− ws + λcf􏼐 􏼑 θ2c2

− 2k + θ2c2
− 2kβ􏼐 􏼑 + 2k

2 β2 + 1􏼐 􏼑􏽨 􏽩

4(1 − β)
2
K

2
1

< 0.

(A.8)

,e reason is that 2ak2(1 − β)2 − (ws + λcf)(θ4c4 + 2k2β2 +

2k2 − 2kθ2c2 − 2kβθ2c2)> (k − θ2c2 + kβ)(ws + λcf)> 0
due to 2a>ws + λcf.

zq
CD∗
s

zβ
� −

ws + λcf􏼐 􏼑 θ2c2
+ 2k

2β2 + 2k
2

− 2kθ2c2
− 2kβθ2c2

􏼐 􏼑

4K
2
1(1 − β)

2 < 0,

zt
CD∗
p

zβ
� −

kθc ws + λcf􏼐 􏼑

2K
2
1
< 0.

(A.9)

□
Proof of Proposition 2. From equation (1), the first-order
partial derivatives of ΠR to qp, qs, we get
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q
DD
p tp􏼐 􏼑 �

a − ws + θtpc􏼐 􏼑(1 − β) − u

2 1 − β2􏼐 􏼑
, (A.10)

q
DD
s tp􏼐 􏼑 �

a − ws + θtpc􏼐 􏼑(1 − β) + uβ

2 1 − β2􏼐 􏼑
. (A.11)

Taking equation (A.10) and (A.11) into ΠDDp and cal-
culating its first-order partial derivative, we get (

zΠDDp /ztp) � ((− 2ktp(β + 1) + θc

(u + ws − λcf))/2(β + 1)).
Let it equal to 0, we obtain the equilibrium solution,

t
DD∗
p �

θc u + ws − λcf􏼐 􏼑

2k(β + 1)
. (A.12)

In order to simplify the formula, let K2 � θc/(2k(β + 1)),
thus,

t
DD∗
p � K2 u + ws − λcf􏼐 􏼑. (A.13)

Taking (A.13) into formula (1), we get

q
DD∗
p �

(1 − β) a − ws + θcK2 u + ws − λcf􏼐 􏼑􏼐 􏼑 − u

2 1 − β2􏼐 􏼑
,

(A.14)

q
DD∗
s �

(1 − β) a − ws + θcK2 u + ws − λcf􏼐 􏼑􏽨 􏽩 + βu

2 1 − β2􏼐 􏼑
,

(A.15)

and (1 − β)[a − ws + θcK2(u + ws − λcf)]≥ u. □

Proof of Corollary 2. From equation (A.13)–(A.15), the first-
order partial derivatives of c, cf, β, and k can be are as
follows:

zq
DD∗
p

zc
�
θ2c u + ws − λcf􏼐 􏼑

2k(β + 1)
2 > 0,

zq
DD∗
s

zc
�
θ2c u + ws − λcf􏼐 􏼑

2k(β + 1)
2 > 0,

zt
DD∗
p

zc
�
θ u + ws − λcf􏼐 􏼑

2k(β + 1)
> 0;

zq
DD∗
p

zcf

� −
θ2λc

2

4k(β + 1)
2 < 0,

zt
DD∗
p

zcf

� −
θλc

2k(β + 1)
< 0,

zq
DD∗
s

zcf

� −
θ2c2λ

4k(β + 1)
2 < 0;

zq
DD∗
p

zk
� −

θ2c2
u + ws − λcf􏼐 􏼑

4k
2
(β + 1)

2 < 0,

zq
DD∗
s

zk
� −

θ2c2
u + ws − λcf􏼐 􏼑

k
2
(β + 1)

2 < 0,

zt
DD∗
p

zk
� −

θc u + ws − λcf􏼐 􏼑

2k
2
(β + 1)

< 0;

zq
DD∗
p

zβ
� −

(β − 1)
2

ak(β + 1) − kws(β + 1) + θ2c2
u + ws − λcf􏼐 􏼑􏼐 􏼑 + 2kuβ(β + 1)

k(β − 1)
2
(β + 1)

3 < 0,

zq
DD∗
s

zβ
� −

(β − 1)
2

k(β + 1) a − ws( 􏼁 + θ2c2
u + ws − λcf􏼐 􏼑􏼐 􏼑 − ku(β + 1) β2 + 1􏼐 􏼑

2k(β − 1)
2
(β + 1)

3 ,

zt
DD∗
p

zβ
� −

θc u + ws − λcf􏼐 􏼑

2k(β + 1)
2 < 0.

(A.16)
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Let f(k) � (β − 1)2(k(β + 1) (a − ws) + θ2c2 (u

+ws − λcf)) − ku(β + 1)(β2 + 1), f′(k) � (β + 1) ((β − 1)2

(a − ws) − u(β2 − 1))> 0, we have f(k)> 0 because k> 0 and
f(k � 0) � θ2c2(β − 1)2(u + ws − λcf)> 0; thus, (zqD D ∗

s

/zβ) � − (((β − 1)2 (k(β + 1)(a − ws) + θ2c2(u + ws

− λcf)) − ku(β + 1) (β2 + 1))/(2k(β − 1)2(β +1)3)) < 0. □

Proof of Proposition 3. From equation (6), the first-order
partial derivatives of qCSp and qCSs can be shown as

zΠCSR

zqp

� a − 2qp − u − ws − 2βqs + θctp � 0, (A.17)

zΠCSR

zqs

� a − 2qs − ws − 2βqp + θctp � 0. (A.18)

From the formula (A.17) and (A.18), we get

q
CS
p �

− a + u + ws + aβ − βws − θctp + θβctp

2 β2 − 1􏼐 􏼑
, (A.19)

q
CS
s �

aβ − a + u + θβctp − βws − βu − θctp

2 β2 − 1􏼐 􏼑
. (A.20)

Taking (A.19) into equation 5 and calculating the partial
derivatives of tp, we have

t
CS
p �

θc u + ws − λcf􏼐 􏼑

− 2k(μ − 1)(β + 1)
. (A.21)

Similarly, taking (A.19) and (A.21) into ΠC and calcu-
lating the partial derivatives of u, we have

μCS
∗

�
θ2c2

u + ws − λcf􏼐 􏼑 + k(β + 1) 2a − u − 2ws( 􏼁

k(β + 1) 2a − ws − λcf􏼐 􏼑
,

(A.22)

where μCS∗ ∈ [0, 1].
Taking (A.22) into (A.19) and (A.21), we get

t
CS∗
p �

θc 2a − ws − λcf􏼐 􏼑

2K1
, (A.23)

q
CS∗
p �

2k(β + 1) (1 − β) a − ws( 􏼁 − u( 􏼁 + θ2c2 2u +(1 − β) ws − λcf􏼐 􏼑􏼐 􏼑

4K1 1 − β2􏼐 􏼑
, (A.24)

q
CS∗
s �

2k(β + 1) (1 − β) a − ws( 􏼁 + uβ( 􏼁 − θ2c2
(β − 1) ws − λcf􏼐 􏼑 + 2uβ􏼐 􏼑

4K1 1 − β2􏼐 􏼑
. (A.25)

□
Proof of Corollary 3. From the formula (A.22)–(A.25), the
first-order partial derivative of cf, c, k, and β can be shown
as

zq
CS∗
P

zcf

� −
θ2c2λ

4K1(β + 1)
< 0,

zq
CS∗
s

zcf

� −
θ2c2λ

4K1(β + 1)
< 0,

zt
CS∗
p

zcf

� −
θcλ
2K1
< 0,
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zμCS∗

zcf

�
λK1 2a − u − 2ws( 􏼁

k(β + 1) 2a − ws − λcf􏼐 􏼑
2 > 0,

zq
CS∗
p

zc
�
θ2kc 2a − ws − λcf􏼐 􏼑

2 − k + θ2c2
− kβ􏼐 􏼑

2 > 0,

zq
CS∗
s

zc
�
θ2kc 2a − ws − λcf􏼐 􏼑

2 − k + θ2c2
− kβ􏼐 􏼑

2 > 0,

zt
CS∗
p

zc
�
θ k + θ2c2

+ kβ􏼐 􏼑 2a − ws − λcf􏼐 􏼑

2 − k + θ2c2
− kβ􏼐 􏼑

2 > 0,

zμCS∗

zc
�

2θ2c u + ws − λcf􏼐 􏼑

k(β + 1) 2a − ws − λcf􏼐 􏼑
> 0,

zq
CS∗
p

zk
� −

θ2c2 2a − ws − λcf􏼐 􏼑

4 − k + θ2c2
− kβ􏼐 􏼑

2 < 0,

zq
CS∗
s

zk
� −

θ2c2 2a − ws − λcf􏼐 􏼑

4 − k + θ2c2
− kβ􏼐 􏼑

2 < 0,

zt
CS∗
p

zk
� −

θc(β + 1) 2a − ws − λcf􏼐 􏼑

2 − k + θ2c2
− kβ􏼐 􏼑

2 < 0,

zμCS∗

zk
�

θ2c2
u + ws − λcf􏼐 􏼑

k
2
(β + 1) ws + λcf − 2a􏼐 􏼑

< 0;

zq
CS∗
p

zβ
� −

2k
2
(β + 1)

2
(β − 1)

2
a − ws( 􏼁 + 2uβ􏼐 􏼑 + θ2c2

− 2k − 2kβ + θ2c2
􏼐 􏼑 (β − 1)

2 λcf − ws􏼐 􏼑 + 4uβ􏼐 􏼑

4K
2
1 β2 − 1􏼐 􏼑

2 .

(A.26)

Let f(k) � 2k2(β + 1)2 ((β − 1)2(a − ws) +2uβ) + θ2c2

(− 2k − 2kβ + θ2c2)((β − 1)2(λcf − ws) + 4uβ), f′(k)

� 4(β + 1)2 ((β − 1)2(a − ws) + 2uβ)> 0, (1 − β)(a − ws

+θcK2(u + ws − λcf))≥ u and f(k � (θ2c2 /2β))

� θ4c4(β − 1)2 (((β − 1)(a − ws +aβ − βλcf)

− 2uβ)/2β2)> 0, thus f(k)> 0.
Similarly,

zq
CS∗
s

zβ
�

− 2k
2
(β + 1)

2
(β − 1)

2
a − ws( 􏼁 − u β2 + 1􏼐 􏼑􏼐 􏼑 + θ2c2

− 2k + θ2c2
− 2kβ􏼐 􏼑 2u β2 + 1􏼐 􏼑 +(β − 1)

2
ws − λcf􏼐 􏼑􏼐 􏼑

4 β2 − 1􏼐 􏼑
2

k + kβ − θ2c2
􏼐 􏼑

2 < 0,

zt
CS∗
p

zβ
�
θck ws − 2a + λcf􏼐 􏼑

2 k + kβ − θ2c2
􏼐 􏼑

2 < 0;

zμCS∗

zβ
�

θ2c2
u + ws − λcf􏼐 􏼑

k(β + 1)
2

ws + λcf − 2a􏼐 􏼑
< 0.

(A.27)

□
Proof of Proposition 4. From the equation (10), the first-
order partial derivatives of qp and qs can be shown as
follows:
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q
QC
p �

(β − 1) a − ws + θctp􏼐 􏼑 + u − τ

2 β2 − 1􏼐 􏼑
, (A.28)

q
QC
s �

(β − 1) a − ws + θctp􏼐 􏼑 + β(τ − u)

2 β2 − 1􏼐 􏼑
. (A.29)

Taking (A.28) and (A.29) into (9) and calculating the
first-order partial derivatives of tp, τ, we have

τ � u + ws + βλcf, (A.30)

t
QC∗
p �

θc 2a − ws − λcf􏼐 􏼑

2K1
. (A.31)

We take (A.30) and (A.31) into (A.28) and (A.29) the
equilibrium solutions are as follows:

q
QC∗
p �

2ak(1 − β) + ws + λcf􏼐 􏼑 2kβ − θ2c2
􏼐 􏼑

4K1(1 − β)
, (A.32)

q
QC∗
s �

2ak(1 − β) − λcf 2kβ2 − θ2c2
(2β − 1)􏼐 􏼑 − ws 2k − θ2c2

􏼐 􏼑

4K1(1 − β)
. (A.33)

□
Proof of Corollary 4. From the equation (A.31)–(A.33), the
partial derivative of cf, c, k, and β, we get

zq
QC∗
p

zcf

� −
λ θ2c2

− 2kβ􏼐 􏼑

4(β − 1) − k + θ2c2
− kβ􏼐 􏼑
> 0,

zq
QC∗
s

zcf

�
− θ2c2

− 2kβ2 + 2θ2c2β􏼐 􏼑λ

4(β − 1) − k + θ2c2
− kβ􏼐 􏼑
< 0,

zt
QC∗
p

zcf

�
θλc

2 − k + θ2c2
− kβ􏼐 􏼑
< 0;

zq
QC∗
p

zc
�
θ2ck 2a − ws − λcf􏼐 􏼑

2 − k + θ2c2
− kβ􏼐 􏼑

2 > 0,

zq
QC∗
s

zc
�
θ2ck 2a − ws − λcf􏼐 􏼑

2 − k + θ2c2
− kβ􏼐 􏼑

2 > 0,

zt
QC∗
p

zc
�
θ k + θ2c2

+ kβ􏼐 􏼑 2a − ws − λcf􏼐 􏼑

2 − k + θ2c2
− kβ􏼐 􏼑

2 > 0;

zq
QC∗
p

zk
� −

θ2c2 2a − ws − λcf􏼐 􏼑

4 − k + θ2c2
− kβ􏼐 􏼑

2 < 0,

zq
QC∗
s

zk
� −

θ2c2 2a − ws − λcf􏼐 􏼑

4 − k + θ2c2
− kβ􏼐 􏼑

2 < 0,

zt
QC∗
p

zk
� −

θc(β + 1) 2a − ws − λcf􏼐 􏼑

2 − k + θ2c2
− kβ􏼐 􏼑

< 0;

zq
QC∗
p

zβ
� −

2ak
2
(β − 1)

2
− 2k

2 β2 + 1􏼐 􏼑 + θ2c2
− 2k + θ2c2

− 2kβ􏼐 􏼑􏼐 􏼑 ws + λcf􏼐 􏼑

4(β − 1)
2

− k + θ2c2
− kβ􏼐 􏼑

2 .

(A.34)
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Let f(k) � 2ak2(β − 1)2 − (2k2 (β2 + 1) + θ2c2 (− 2k + θ2c2

− 2kβ))(ws + λcf), we have f″(k) � 4 (a(β − 1)2 − (β2 +1)

(ws + λcf))> 0,

f′ k �
θ2c2

β + 1
􏼠 􏼡 � 2θ2c2

(β − 1)
22a − ws − λcf

β + 1
> 0,

f k �
θ2c2

β + 1
􏼠 􏼡 � θ4c4

(β − 1)
22a − ws − λcf

(β + 1)
2 > 0,

(A.35)

and thus, (zqQC∗p /zβ)< 0.

zq
QC∗
s

zβ
� −

2ak
2
(β − 1)

2
+ θ2c2

− 2k􏼐 􏼑 θ2c2
− 2kβ􏼐 􏼑 ws + λcf􏼐 􏼑

4(β − 1)
2

− k + θ2c2
− kβ􏼐 􏼑

2 < 0,

zt
QC∗
p

zβ
� − θkc

2a − ws − λcf

2 − k + θ2c2
− kβ􏼐 􏼑

2 < 0.

(A.36)

□
Proof of Corollary 5. From (A.7), (A.13), (A.23) and (A.31),
we get tQC∗p � tCS∗p � tCD∗p ,

t
CD∗
p − t

DD∗
p � θc

k(β + 1) 2a − u − 2ws( 􏼁 + θ2c2
u + ws − λcf􏼐 􏼑

2kK1(β + 1)
> 0, (A.37)

and thus, tCD∗p � tQC∗p � tCS∗p > tDD∗p . □

Proof of Corollary 6. From (A.5), (A.14), (A.24) and (A.32),
we have qCS∗p − qQC∗p � ((u + ws + βλcf)/2(β2 − 1))< 0 and
qCS∗p − qDD∗p � θ2c2 ((k(β + 1)(2a − u − 2ws) + θ2c2

(u + ws − λcf)) /(4K1(β + 1)2))> 0.

Hence, qQC∗p > qDD∗p and qQC∗p � qCD∗p . □

Proof of Corollary 7. From (A.6), (A.15), (A.25), and (A.33),
we have qCS∗s − qQC∗s � β((u + ws + βλcf)/2(1 − β2))> 0,

q
CS∗
s − q

DD∗
s � θ2c2k(β + 1) 2a − u − 2ws( 􏼁 + θ2c2

u + ws − λcf􏼐 􏼑

4kK1(β + 1)
2 > 0, (A.38)

and qQC∗s − qDD∗s � ((2k2β(β + 1)2(u +ws + βλcf)

+f(θ2c2))/(4K1k(β − 1)(β + 1)2)).
Let f(θ2c2) � θ2c2[k(β + 1) (2a(β − 1) − u (3β − 1) −

2ws(2β − 1) − 2β2λcf) + θ2c2(u + ws − λcf)(β − 1)] and
g(θ2c2) � 2k2β (β + 1)2(u + ws + βλcf) + f(θ2c2), g′(θ2c2)

< 0, g(0) � 2k2β(β + 1)2(u + ws + βλcf)> 0 and
g(k(β + 1)) � k2(β − 1)(β + 1)2(2a − ws − λcf)< 0.

Hence, there must be φ> 0 that makes g(φ) � 0 and
φ � g− 1(0). Especially, g(θ2c2)> 0 when θ2c2 ∈ (0,φ] and
g(θ2c2)< 0 when θ2c2 ∈ (φ, k(β + 1)].
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,erefore, when 0< θ2c2 <φ, qQC∗s < qDD∗s ; when
φ< θ2c2 < k(β + 1). qDD∗s < qQC∗s . □

Proof of Corollary 8. From (A.6), (A.15), (A.25), and (A.33),
we have

r
CD∗
s �

q
CD∗
s

q
CD∗
s + q

CD∗
p

�
2ak(β − 1) + ws + λcf􏼐 􏼑 2k − θ2c2

􏼐 􏼑

2k(β − 1) 2a − ws − λcf􏼐 􏼑
,

r
DD∗
s �

q
DD∗
s

q
DD∗
s + q

DD∗
p

�
2ak 1 − β2􏼐 􏼑 + 2k(β + 1) − ws + uβ + βws( 􏼁 + θ2c2

(1 − β) u + ws − λcf􏼐 􏼑

2(1 − β) k(β + 1) 2a − u − 2ws( 􏼁 + θ2c2
u + ws − λcf􏼐 􏼑􏼐 􏼑

,

r
CS∗
s �

q
CS∗
s

q
CS∗
s + q

CS∗
p

�
2ak 1 − β2􏼐 􏼑 + 2k(β + 1) − ws + uβ + βws( 􏼁 − θ2c2 2uβ +(β − 1) ws − λcf􏼐 􏼑􏼐 􏼑

(1 − β) k(β + 1) 2a − u − 2ws( 􏼁 + θ2c2
u + ws − λcf􏼐 􏼑􏼐 􏼑

,

r
QC∗
s �

q
QC∗
s

q
QC∗
s + q

QC∗
p

�
2ak(1 − β) − 2k ws + β2λcf􏼐 􏼑 + θ2c2

ws − λcf + 2βλcf􏼐 􏼑

2(1 − β) − kws + 2ak − θ2c2λcf + kβλcf􏼐 􏼑
,

r
DD∗
s − r

CS∗
s � θ2c2

u
β + 1

2(1 − β) k(β + 1) 2a − u − 2ws( 􏼁 + θ2c2
u + ws − λcf􏼐 􏼑􏼐 􏼑

> 0,

r
CS∗
s − r

QC∗
s �

K1 2k(β + 1) a − ws( 􏼁 + θ2c2
ws − λcf􏼐 􏼑􏼐 􏼑 u + ws + βλcf􏼐 􏼑

(1 − β) k 2a − ws( 􏼁 + λcf kβ − θ2c2
􏼐 􏼑􏼐 􏼑 k(β + 1) 2a − u − 2ws( 􏼁 + θ2c2

u + ws − λcf􏼐 􏼑􏼐 􏼑
> 0.

(A.39)

,us, we get rDD∗s > rCS∗s > rQC∗s > rCD∗s and similarly,
rSC∗p > rQC∗p > rCS∗p > rDD∗p . □

Proof of Corollary 9. From the above proposition, we have

ΠCS∗p �
4k(β + 1) a u − λcf􏼐 􏼑(β − 1) + u u + βλcf􏼐 􏼑􏽨 􏽩

8K1 β2 − 1􏼐 􏼑
,

ΠCS∗R �
2k(β + 1) 2a(β − 1)(a − u) − u

2
􏽨 􏽩 + θ2c2 2u(aβ − a + u) + λcf(β − 1)(u − 2a)􏽨 􏽩

8K1 β2 − 1􏼐 􏼑
,

ΠDD∗p �
au(1 − β) − u

2
− λcf(a − aβ + βu) − K2 λcf − u􏼐 􏼑

2
(β − 1) θc − kK2 − kβK2( 􏼁

2 1 − β2􏼐 􏼑
,

ΠDD∗R �
2a(β − 1)(a − u) − u

2
− 2θcK2(β − 1) λcf − u􏼐 􏼑 2a − u + θcK2 u − λcf􏼐 􏼑􏽨 􏽩

4 β2 − 1􏼐 􏼑
.

(A.40)

ΠCS∗p − ΠDD∗p � ((θ2c2(u − λcf)[k(β +1)(2a − u)

+θ2c2 (u − λcf)])/(8kK1(β + 1)2))> 0 because of 2kβ> θ2c2

and k≥ ((θc(2a − ws − λcf) + 2θ2c2)/2(1 + β)). Similarly,
ΠCS∗R − ΠDD∗R � (θ2c2[k (β + 1)(2a − 2u + λcf) + θ2c2(wp

− λcf)][k(β + 1)(2a − u) + θ2c2(u − λcf)])/(8K1k
2(β + 1)3).

Let f(k) � k(β + 1)(2a − u) + θ2c2(u − λcf), (zf(k)

/zk) � (β + 1)(2a − u)> 0 and k> (θ2c2/(β + 1)), which
show that f(k � (θ2c2/(β + 1))) � θ2c2(2a − λcf)> 0 and
f(k) � k(β + 1)(2a − u) + θ2c2(u − λcf)> 0, thus ΠCS∗R

>ΠDD∗R . □
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Proof of Corollary 10. From profit of platform and retailer,
we have

ΠCD∗C �
4ak(1 − β) a − λcf􏼐 􏼑 + λ2c2f 2k − θ2c2

􏼐 􏼑

8(1 − β)K1
,

ΠCD∗C �
u u + 2βλcf􏼐 􏼑 + 2a(β − 1) a − λcf􏼐 􏼑 − 2K2 λcf − u􏼐 􏼑(β − 1) θc 2a − λcf􏼐 􏼑 + K2K1 λcf − u􏼐 􏼑􏽨 􏽩

4 β2 − 1􏼐 􏼑
,

ΠCS∗C �
2K1u u + 2βλcf􏼐 􏼑 + θ2λ2c2

c
2
f(β − 1) + 4ak β2 − 1􏼐 􏼑 a − λcf􏼐 􏼑

8K1 β2 − 1􏼐 􏼑
,

ΠQC∗C �
4ak(β − 1) a − λcf􏼐 􏼑 + λ2c2f − 2kβ2 + θ2c2

(2β − 1)􏼐 􏼑

8(β − 1)K1
,

ΠCS∗
C − ΠD D ∗

C �
θ2c2

− ku + 2ak + 2akβ + θ2c2
u − kβu − θ2c2λcf􏼐 􏼑

2

8k
2
(β + 1)

3
K1

> 0,

ΠCS∗C − ΠQC∗C �
u + βλcf􏼐 􏼑

2

4 β2 − 1􏼐 􏼑
< 0,

ΠQC∗C − ΠCD∗C � −
1
4
λ2c2f < 0.

(A.41)

Hence, ΠCD∗C >Π
QC∗
C >Π

CS∗
C >Π

DD∗
C . □ Proof of ;eorem 1. From equations (9) and (10), we have

􏽙

QC∗

p

�
8TuK

2
1 − 4a

2θ2kc
2

+ λcf θ2c2 4ak(β + 2) + λcf K1 + kβ − θ2c2􏼐 􏼑􏽨 􏽩 − 4ak
2
(β + 1)

2
+ 8TβK

2
1􏽨 􏽩

8K
2
1

, (A.42)

􏽙

QC∗

R

�
4(β − 1) − a

2
k
2
(β + 1) + 2TuK

2
1􏼐 􏼑 + λcf 8Tβ(β − 1)K

2
1 + 4ak β2 − 1􏼐 􏼑 θ2c2

− kβ􏼐 􏼑 + λcf θ4c4
− 2kβ(β + 1) θ2c2

− kβ􏼐 􏼑􏽨 􏽩􏽨 􏽩

8K
2
1(1 − β)

.

(A.43)

From (A.42) and (A.43), the partial derivative of equi-
librium with T can be shown as (zΠQC∗p /zT) � u + βλcf > 0,
and (zΠQC∗R /zT) � − (u + βλcf)< 0.

Let ΠQCp (T � T1) � 0, ΠQCR (T � T4) � 0, we have

T1 �
4ka

2θ2c2
− λcf − 4ak

2
(β + 1)

2
+ θ2c2 λcf K1 − θ2c2

+ kβ􏼐 􏼑 + 4ak(β + 2)􏼐 􏼑􏼐 􏼑

8K
2
1 u + βλcf􏼐 􏼑

,

T4 �
4a

2
k
2 β2 − 1􏼐 􏼑 − λcf λcf θ4c4

− 2kβ θ2c2
− kβ􏼐 􏼑(β + 1)􏼐 􏼑 + 4ak θ2c2

− kβ􏼐 􏼑 β2 − 1􏼐 􏼑􏽨 􏽩

8K
2
1(β − 1) u + βλcf􏼐 􏼑

.

(A.44)
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T4 − T1 � − ((4ak(β − 1)(a − λcf) + λ2c2f [2β
(θ2c2 − kβ) − θ2c2])/(8K1(1 − β)(u + βλcf)))> 0, where
T ∈ (T1, T4) because of ΠQC∗p > 0 and ΠQC∗R > 0.

Similarly, let ΠQCP (T � T2) � ΠDCP , ΠQCR (T � T3) � ΠDCR ,
we have T2 � ((R2 + R3)/(wp + βλcf)), T3 � − ((R4
+R5)/(u + βλcf)), where

R2 �
1

2 β2 − 1􏼐 􏼑
u u + βλcf􏼐 􏼑 +

1
2

u − λcf􏼐 􏼑(β − 1) 2a + θcφ u − λcf􏼐 􏼑􏼐 􏼑􏼒 􏼓,

R3 � −
1

8K
2
1

λcf − 4ak
2
(β + 1)

2
+ θ2c2 λcf K1 − θ2c2

+ kβ􏼐 􏼑 + 4ak(β + 2)􏼐 􏼑􏼐 􏼑 − 4a
2θ2c2

k􏼐 􏼑,

R4 �
1

4 β2 − 1􏼐 􏼑
− u

2
+ 2a(β − 1)(a − u) + 2θcφ(β − 1) u − λcf􏼐 􏼑 2a − u + θcφ u − λcf􏼐 􏼑􏼐 􏼑􏼐 􏼑,

R5 �
λcf λcf θ4c4

− 2kβ θ2c2
− kβ􏼐 􏼑(β + 1)􏼐 􏼑 + 4ak θ2c2

− kβ􏼐 􏼑 β2 − 1􏼐 􏼑􏼐 􏼑 − 4a
2
k
2 β2 − 1􏼐 􏼑

8K
2
1(β − 1)

,

T2 − T3 �
8aθcφK1(β − 1) uK1 − ak(β + 1) + θ2c2λcf􏼐 􏼑 + 2K

2
1u

2
(θcφ(β − 1)(2θcφ − 1) + 1) + R6

8K
2
1 β2 − 1􏼐 􏼑 u + βλcf􏼐 􏼑

,

(A.45)

where R6 � λcf(− 4K2
1u(2θ2c2φ2 (β − 1) − β) + λcfK1

(2β2K1 − 4φ2θ4c4(β − 1)))> 0. We have T2 <T3.
Let f(T) � ΠCS∗R − ΠQC∗R , we have f′(T) � u +βλcf > 0,

and when f(T) � 0, T6 � − ((R7 + R8)/(u + βλcf)), where

R7 �
4ak β2 − 1􏼐 􏼑 ak − λcf θ2c2

− kβ􏼐 􏼑􏼐 􏼑 − λ2c2f θ4c4
− 2kβ(β + 1) θ2c2

− kβ􏼐 􏼑􏼐 􏼑

8(1 − β)K
2
1

,

R8 �
2u

2
K1 − (β − 1) 4ak(β + 1)(a − u) + θ2c2 2a u − λcf􏼐 􏼑 + λucf􏼐 􏼑􏼐 􏼑

8 1 − β2􏼐 􏼑K1
.

(A.46)

Similarly, let g(T) � ΠCS∗P − ΠQC∗P , we have
g′(T) � − (u + βλcf)< 0, and when g(T) � 0,
T5 � − ((R9 + R10)/(u + βλcf)), where

R9 �
λcf θ2c2 λcf k(2β + 1) − 2θ2c2

􏼐 􏼑 + 4ak(2 + β)􏼐 􏼑 − 4ak
2
(β + 1)

2
􏼐 􏼑 − 4a

2θ2c2
k

8K
2
1

,

R10 �
ak u − λcf􏼐 􏼑(β − 1) + uk u + βλcf􏼐 􏼑

2K1(1 − β)
,

T5 − T6 �
2aθ2c2 λcf − u􏼐 􏼑(β − 1) − u 2k(β + 1) u + 2βλcf􏼐 􏼑 + θ2c2 2u + λcf(β − 1)􏼐 􏼑􏼐 􏼑 + λ2c2f(β + 1) θ2c2(2β − 1) − 2kβ2􏼐 􏼑

1 − β2􏼐 􏼑 u + βλcf􏼐 􏼑K1
< 0.

(A.47)

□
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