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Abstract: After the COVID-19 pandemic has subsided, the catering industry has returned to its
previous thriving scene. Many restaurants have launched group buying services and collaborate
with third-party online platforms to attract more customers. For the optimal decisions and maximum
profits of restaurants and online platforms, a two-layer supply chain model is designed to investigate
and study the price strategies and service strategies. Considering the service levels of restaurants and
platforms, we construct the mathematical expressions of the offline retail model, online retail model,
and online group buying model, respectively, and solve the game equilibrium. The results are shown
as follows: (1) With cooperation between the restaurant and platform, both the restaurant and plat-
form can obtain their maximum profits when they apply optimal pricing strategies. (2) The optimal
pricing strategies of the restaurant are influenced by the sensitivity coefficients of customers to the
restaurant and platform’s service levels, and the cost coefficients of the restaurant and platform’s
service levels. (3) The maximum profit of the restaurant is directly proportional to the number of new
potential consumers who are attracted. The more potential consumers who are attracted, the higher
the profit the restaurant earns. The research results provide a reference for restaurants and plat-
forms to formulate price strategies and service strategies, to help restaurants and platforms achieve
more profits.

Keywords: group buying; catering supply chain; O2O model; service level; optimal pricing strategies

1. Introduction

O2O (Online to Offline) is a business model that utilizes e-commerce platforms to
combine online information with offline products [1]. Consumers can browse product
information online, complete payments, and obtain goods or services offline. In recent
years, e-commerce platforms have developed rapidly, and increasingly more consumers
have become accustomed to purchasing goods or booking services online. For restaurants,
collaborating with third-party online platforms and providing group buying services are
also common ways to increase sales channels and expand sales.

Group buying, also, namely, group purchase or Tuangou in Chinese, refers to a
shopping model which consumers with the same needs group together to purchase with
discounted prices [2]. In recent years, various industries have been conducting group
buying businesses to attract more consumers [3]. As early as the late 20th century, the
group buying model appeared in people’s vision, and a large number of group buying
websites emerged at that time. However, due to the complexity of the trading mechanism
and other factors, group buying websites did not achieve the expected profits, and most
were subsequently shut down [4]. At present, there are well-known group buying websites
like Pinduoduo (pinduoduo.com), Meituan (meituan.com), and Groupon (groupon.com).
In China, Pinduoduo provides many kinds of groups with logistics distribution. The
catering group buying (CGB) service is mainly provided by Meituan, which is a mode of
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placing orders online and dining at the restaurant. Both platforms have community group
buying business branches, which is another O2O consumption model. The objective of this
study is to look at one of the Meituan’s CGB models, which mostly focuses on on-demand
dining and does not require delivery.

At present, this group buying model is gradually being integrated into people’s daily
lives. According to data released by China Chain Store and Franchise Association (CCFA)
and Huaxing Capital, the market size of Chinese group meals in 2022 reached 1.98 trillion CNY,
and it is gradually increasing.

The COVID-19 pandemic has had a huge impact on many industries, among which
the catering industry is one of the most severely affected [5]. During the pandemic, many
restaurants were forced to close due to a sharp decline in sales. People trapped by the
pandemic also found it difficult to eat food outside. After the pandemic, people have a
strong desire to consume and amuse themselves. Consumers’ emotional states are more
positive than before [6]. Many restaurants have also issued coupons to further stimulate
consumption. Nowadays, China’s catering industry is in a stage of rapid growth by O2O,
while many restaurants are often experiencing empty seats and queues. According to the
National Bureau of Statistics, from January to February 2023, national catering revenue
increased by 9.2% year-by-year [7]. People’s lives and work have returned to normal in
all aspects. Most people choose to travel together, and dining with friends is an important
way to connect with each other. At this point, meal purchasing in groups is often more
cost-effective than purchasing separately. Taking a barbecue buffet in Shanghai, China, as
an example, a separate order costs 59 CNY, with a meal for two people costing 103 CNY
(51.5 CNY per person) and a meal for three people costing 154 CNY (51.3 CNY per person).
Reasonable group buying prices and retail prices can attract more consumers to purchase
food and increase restaurant revenue. Therefore, it is particularly important for restaurants
to establish scientific and reasonable group buying and retail prices.

Nowadays, most restaurants have opened online channels [8]. The platform provides
online stores for restaurants, which need to pay a certain percentage of commission to
the platform based on sales revenue. Therefore, the more sales, the higher the revenue
for restaurants and platforms. The service level of restaurants (such as the environment,
service quality of waiters, etc.) and the service level of platforms (such as ease of use,
customer quality, etc.) are both factors that affect the sales volume of food. Consequently,
the service qualities of restaurants and platforms require careful decision-making. However,
restaurants mostly rely on experience and lack scientific basis when setting group buying
and retail prices, making it difficult to maximize profits. Possible malicious competition
and price wars among platforms are hidden dangers that restrict the development of CGB.
Therefore, reasonable price setting can help restaurants acquire more revenue and earn a
good reputation.

This article focuses on the catering supply chain, establishes the demand function
based on consumer utility theory and perceived value theory, and constructs a game model
solving the price and service strategies of restaurants and platforms to maximize profits, so
that both restaurants and platforms can obtain more profits from it. The aim of this study is
to address the following two issues:

(1) What are the optimal prices, best service levels, and maximum profits for both
parties in these models of offline retail, online retail, and online group buying for restaurants
and platforms?

(2) How do the sensitivity coefficients, the cost coefficients of service levels, the
cost coefficients of grouping, and the number of potential consumers attracted to each
model affect the optimal decision-making and maximum profits of restaurants and
online platforms?

The main contributions of this study are as follows:
(1) The business of online group buying catering supply chain is studied, including

offline retail, online retail, and online group buying. We establish several game models
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to study the optimal price strategies and service strategies, providing a reference for
restaurants and platforms to make decisions.

(2) The impact of the sensitivity coefficient, cost coefficient of service level, cost of
assembling a group, and the number of potential consumers attracted by each model on
the optimal decisions and maximum profits of both parties is analyzed, and reasonable
suggestions are provided for the catering supply chain.

(3) The impact of the numbers of new potential consumers attracted by the online retail
and online group buying models on the profits of restaurants and platforms is discussed.
The more new consumers who are attracted, the greater the profits.

2. Literature Review

The development of information technology has promoted the prosperity of e-commerce
and the emergence of new sales models, with online group buying being one of them.
Among this, related research mainly focuses on three aspects: online group buying pricing
strategies, factors affecting online group buying, and O2O supply chain pricing strategies.
This paper will review the relevant literature from these three aspects.

2.1. Online Group Buying Pricing Strategies

In terms of pricing strategies for online group buying, scholars have conducted much
research from different perspectives in various situations. For example, Zhu et al. [9]
proposed a pricing method for online group buying based on continuous price functions,
which dynamically set prices based on the buyer’s demand and thereby encouraged the
buyer to provide realistic quotations. Zhang et al. [10] proposed a pricing method for online
group buying based on buyer fixed bidding, aiming at the impact of buyer demand quantity
on the participant population. Ming and Tunca [11] established a continuous-time dynamic
game theory model to study consumer behavior and solve its equilibrium, mathematically
explaining the extent to which group buying can increase profit.

Some scholars have also studied group buying pricing strategies in specific situations.
For example, Ni [12] considered both positive and negative network effects and proposed
three possible sales strategies for group buying, individual buying, and hybrid buying, as
well as their optimal decision on price. Wu et al. [13] studied the method for restaurants
to set group buying prices and the optimal promotion strategy for the platform, given the
promotion level of group buying websites. He et al. [14] explored fairness-focused behavior
in the group buying supply chain and found that the retailer’s fairness-focused behavior
does not always harm the supplier’s profits. Guan et al. [15] explored the optimal group
buying price strategy in social e-commerce with information sharing. They found that when
the cost of information sharing is small or the cost function is a quadratic function, sellers
would choose to share information independently. To ensure the quality of fresh food and
the profitability of merchants in community group buying, Shui and Li [16] designed a
community group buying pricing model and a cold chain vehicle route planning model.
Wang and Song [17] found that the emergence of community group buying caused concern
about the fairness of businesses. They also found that online retailers would weaken the
market position of offline sellers after entering the market. Ando [18] analyzed the pricing
strategy of merchants by predicting the market demand and competitive environment.
Although there have been many studies on group buying pricing strategies, few scholars
have studied catering group buying (CGB). Therefore, it is worthwhile focusing on the issue
of online CGB, considering the characteristics of the catering industry while developing
pricing strategies and other strategies.

2.2. Factors Affecting Online Group Buying

The second stream of research is the factors affecting online group buying.
Hsu et al. [19] conducted a survey on members of online group buying platforms in
Taiwan and found that the expected value, hedonic value, and social value of online
group buying could affect customer loyalty. Chou [20] studied the influence of differ-
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ent countdown time units on consumers’ willingness to participate in group buying
with limited time. He argued that using countdowns expressed with a contracted scale
(vs. an expanded scale) can increase their willingness. Kozáková [21] studied the im-
pact of reputation and perceived scale, system quality, information quality, and service
quality of online group buying websites on customer confidence and satisfaction in Xi’an
group buying, finding that reputation and perceived scale were the most important factors.
Ou et al. [22] found that customer consistency behavior had a significant positive impact
on online group buying willingness, and that perceived risk had a disruptive effect. Chow
et al. [23] constructed an inverted U-shaped relationship between the popularity of group
buying and consumers’ purchase intention and found that popularity can promote group
buying at low levels, while reaching a certain value would have an inhibitory effect on
group buying. Hongsuchon and Li [24] explored the impact of consumer privacy concerns
on the willingness to group purchase in communities. Hossain and Rahman [25] stud-
ied five personality traits that affect group buying in China, among which extroversion,
affinity, and responsibility directly affect the group buying behavior of China customers.
Klein and Sharma [26] studied the influence of consumers’ decision-making style and
consumers’ intervention (the energy spent by consumers in searching and processing
commodity-related information) on consumers’ group purchase intention. Xiao [27] used
qualitative methods to explore the factors that motivate consumers to participate in online
group buying and explanatory structure modeling to develop a context-specific hierarchical
motivation model. Many scholars have analyzed the factors that affect group buying
intention by constructing utility functions, which also provides a certain theoretical basis
for the following model constructed.

2.3. O2O Supply Chain Pricing Strategies

The third stream of research related to this article is about O2O supply chain pricing
strategies. In the related research of O2O supply chain pricing strategy, most scholars used
game theory to build a model and solved the best decision. Lin and Hu [28] reviewed the
commonly used game models for supply chain pricing and discussed the maximization
of supply chain benefits and coordination mechanism. They believed that the profit
maximization of agricultural companies and the consumer-centered research perspective
would become the focus of future research. Song et al. [29] summarized the types of
dual-channel supply chain considering consumers’ green preference and thought that the
influence of politics and media should be considered when studying this issue. Yu and
Ren [30] used a Stackelberg game model and a Bertrand game model to formulate the
best pricing strategy for each member of the food supply chain from online to offline.
Some scholars have studied the pricing strategy of O2O retail supply chain. Considering
the dynamic reference quality effect of consumers, Qiu et al. [31] established an O2O
retail supply chain model composed of suppliers and retailers, and designed a wholesale
price, cost sharing, and two-part tariff contract to coordinate the supply chain. Amrouche
et al. [32] studied the O2O competition game model in three scenarios: no service input,
full compensation for offline service by retailers, and online service by manufacturers. It
was found that the cooperation mechanism of full payment for offline service by retailers
and revenue sharing could coordinate the O2O supply chain. Datta et al. [33] discussed the
dynamic pricing problem of retailers under the condition of stochastic price and sensitive
demand of sales efforts, arguing that O2O retail and sales work can help retailers improve
profits and reduce waste.

Some scholars studied the pricing strategy of the catering supply chain, which is
also the focus of this part. Zheng and Guo [34] believed that not all restaurants should
be encouraged to participate or offer online price discounts. Especially for restaurants
with fixed service capacity, it was recommended to participate in online price discounts
when the number of loyal offline customers is relatively small. The following year [35],
they studied a hybrid game model consisting of Nash games between multiple restaurants
and Stackelberg games between these restaurants and third-party websites. Xu et al. [36]
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explored the different strategies that restaurants and third-party online platforms should
adopt when collaborating on retail prices within different ranges. Tong et al. [37] compared
the impact of dynamic pricing and static pricing strategies on platform profits, based
on more than 2.4 million orders traded on the three platforms in China, and found that
dynamic pricing performed better. Niu et al. [38] discussed the cooperation strategy
between fast food restaurants and third-party online sales platforms when considering
logistics strategies (platform logistics and self-logistics). Zhang et al. [39] studied the impact
of price subsidies on product pricing and revenue in a single channel supply chain, as well
as the impact of price subsidies and fairness concerns on supply chain revenue in a dual
giant supply chain. Guo et al. [40] studied the impact of online ordering and in-store dining
strategies on restaurant optimal decision-making and maximum profit; they found that
when the unit carbon tax price is relatively high, using this strategy can reduce carbon tax
costs. Du et al. [41] discussed four combinations of the pricing strategies (online and offline
unified pricing and differential pricing) and delivery modes (self-distribution and platform
distribution) of restaurants. By comparing the profits in four scenarios, the restaurant
can choose the appropriate strategy. Zhang et al. [42] explored the take-away mode of
restaurants and found that only when the income from take-away reaches a certain level
can restaurants benefit from it. Webb et al. [43] put forward a priority mixed bundling
strategy to solve the problems faced by traditional pricing methods and demonstrated its
theoretical feasibility in the meantime. In these studies, few scholars have discussed the
pricing and other strategies of group buying in catering.

Through a review of the relevant literature, it was found that although there are many
studies on group buying and O2O pricing strategies, few scholars have studied the pricing
strategies of CGB and how catering merchants using the O2O model set retail prices and
group buying prices when collaborating with third-party online platforms. Therefore, the
optimal decisions and maximum profits of restaurants and online platforms under each
model are calculated, providing a reference for both parties’ decision-making.

3. Problem Description and Assumptions

Considering the service levels of restaurants and third-party online platforms, O2O
catering supply chain models are established for three scenarios: offline retail model (OFM),
online retail model (ONM), and online group buying model (GBM). Because the real scene
is very complicated, the models are reasonably simplified before being established and
some assumptions are put forward.

3.1. Problem Description

Consider a scenario where an offline restaurant collaborates with a third-party on-
line sales platform. The restaurant offers online food reservation services through a third-
party online platform. Customers can book meals or seats on the third-party online plat-
form and use their reservation voucher to enter the restaurant for dining purposes. The
third-party online platform charges a certain amount of commission to the restaurant. In
the process, the service levels of the third-party online platform and restaurant could affect
customer utility, thereby affecting the sales volume of meals, and ultimately the profits of
the restaurant and platform.

The pricing methods of restaurants cooperating with Meituan are shown in Figure 1.
Usually, the original price and discount price of the meal are set by the restaurants, with
some restaurants with group buying services setting the group buying price based on the
original price. To increase customer traffic, the platform would issue platform coupons
during special periods (such as holidays), which are normally universal across the platform.
Since all restaurants will set a discounted price (the final price shown to the customer), it is
the only decision-making goal, without considering the original price of the restaurants
and the platform’s discounts.

This article uses the Stackelberg game model to study the pricing and service strategies
of restaurants and third-party online platforms. In this game, third-party online platforms
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and restaurants are the relationship between the leaders and the followers. Before collabo-
rating with third-party platforms, restaurants only had retail services, namely, the offline
retail model (OFM). When restaurants choose to settle on third-party online platforms, they
can choose to continue their previous sales model, namely, the online retail model (ONM).
It is also possible to sell multiple meals simultaneously at a lower price using the online
group buying model (GBM). This article will consider the best strategies of restaurants and
platforms using these three models.
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3.2. Assumptions

Assumption 1. Retail price and unit meal cost
Assuming that the restaurant only sells one type of meal, its retail price is p1. The unit

cost of the meal is c(c > 0), including the unit cost of water, electricity, and rent, and the
sensitivity coefficient of consumers to meal prices is k(k > 0).

Assumption 2. Third-party online platform’s service level
On the one hand, the third-party online platform is responsible for the operation and

maintenance of the website, such as the beauty and comfort of the website interface, the
ease of operation, and the response speed of customer service, which all belong to the
platform’s service level. On the other hand, third-party online platforms will also invest in
advertisements to attract an audience, which is also a way for the platform to improve its
service level. Assuming that the service level selected by the third-party online platform
is s, the sales volume will increase λs and the amount required is 1

2 θs2, where λ is the
sensitivity coefficient of consumers to the service level of the platform and θ is the cost
coefficient of the service level of the third-party platform, 0 < θ, λ < 1 [44].

Assumption 3. Restaurant’s service level
The sales volume of meals is closely related to the restaurant’s service level. The

restaurant’s service level here refers to the service attitude of the restaurant staff (including
waiting time) and the environment of the restaurant (customer capacity, decoration style,
completeness of facilities, geographical location of the restaurant, etc.). Since these factors
are all services provided by restaurants to consumers and can affect consumers’ perceived
value, these factors are categorized as the restaurant’s service level, represented by t. When
the restaurant’s service level is t, the sales volume will increase αt, which will require 1

2 gt2,
where α is the sensitivity coefficient of consumers to the restaurant’s service level and g is
the cost coefficient of the restaurant’s service level, 0 < α, g < 1.
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Assumption 4. Customer’s valuation of the meal
Different customers have different estimates of the value v of the meal. Assuming that v

follows a uniform distribution on [0, 1] and that the consumer utility is U = v− kp + λs + αt,
only when the consumer’s utility is greater than 0 (U > 0) will consumers purchase meals.

Assumption 5. Group buying price and grouping cost
The group buying price (the average price of each meal in the case of group purchase)

is p2. Generally, p2 < p1. The average cost that each person needs to pay for a successful
group purchase is β(β > 0), including time, energy, and other costs. When the required
number of group buyers is n, the cost of group buying is β(n− 1) and the average cost per
person is β(n− 1)/n. In order to calculate the method, β(n− 1)/n is recorded as β.

Assumption 6. Number of potential customers in each model
Assume that the original potential customers of the restaurant offline is a0. In the

online retail model, the number of new potential customers that can be attracted by entering
the online platform is a1 . (Potential customers refer to customers who are likely to make
a purchase, and only those with utility greater than 0 will really make a purchase.) The
number of new potential customers that the restaurant can attract by directly entering the
online platform through the group purchase model is a2.

Assumption 7. Commission rate
Suppose that when a restaurant sells products through a third-party online plat-

form, it needs to pay a sales commission of b to the platform for each order. The plat-
form will evaluate the restaurant before the game and determine the commission rate b.
Generally, 0 < b < 0.3.

Assumption 8. Online sales of meals
Suppose that in order to increase online sales, restaurants also require customers to

place orders online when receiving offline customers. In other words, there is essentially
only an online sales channel. The retail sales volume under each model is d1 and the sales
volume of group purchase is d2.

Superscripts F, N, and G indicate the offline retail model, online retail model,
and group purchase model, respectively. To make the total profit of the supply chain
greater than 0 and make the model meaningful, assume 2kg− (a0 + a1)(1− b)α2 > 0,
2kg(1− β)− α2ck(a0 + a2) > 0, (1− b)(1− β)− ck > 0, and a0 > a1, a2. All notations and
meanings used in this paper are shown in Table 1.

Table 1. Notations description.

Notations Name Notations Descriptions

Superscripts
F Offline retail model
N Online retail model
G Online group buying model

Decision-making variables

p1 Retail price
p2 Group buying price
s Third-party online platform’s service level
t Restaurant’s service level

Other variables

c Unit cost
β Grouping cost
n Required number of group buyers
k Price sensitivity coefficient
θ Cost coefficient of platform’s service level
λ Sensitivity coefficient of platform’s service level
α Sensitivity coefficient of restaurant’s service level
g Cost coefficient of restaurant’s service level
b Commission rate

a0
Number of potential consumers in offline

sales model
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Table 1. Cont.

Notations Name Notations Descriptions

Other variables

a1
Number of new potential consumers attracted by

online retail model

a2
Number of new potential consumers attracted by

online group buying model
d1 Retail sales volume
d2 Group buying sales volume
U Consumer utility
v Consumer perceived value of meal

πr Profit of restaurant
πw Profit of third-party online platform

4. Decision-Making Model Analysis

This paper constructs demand functions based on consumer utility theory and per-
ceived value theory. The price of food and the service strategies of restaurants and third-
party online platforms will all affect consumers’ perceived value, thus affecting consumers’
utility. The demand function is expressed as the part of potential consumers whose utility
is greater than 0, so the price and service levels will affect the sales volume of restaurants,
thus affecting the income of restaurants and platforms. For restaurants and third-party
online platforms, it takes a cost to improve their service levels. And the service strategies
will also affect the expenditure of restaurants and platforms. Therefore, according to the
relationship between price and service strategies and the profits of supply chain members,
three catering supply chain are established in the offline retail model (OFM), online retail
model (ONM), and online group buying model (GBM), respectively.

4.1. Offline Retail Model (OFM)

Before the restaurant enters a third-party online platform, it adopts the offline retail
model. Its sales volume is only related to price, restaurant service level, and the number of
potential consumers, which is:

dF = a0

∫ 1

kpF−αtF
f (v)dv= a0

(
1− kpF + αtF

)
(1)

The profit of the restaurant is:

πF =
(

pF − c
)

dF − 1
2

gtF2
(2)

According to the principle of profit maximization, the best pricing strategy of the
restaurant can be obtained as follows:

pF∗ =
a0cα2 − (ck + 1)g

a0α2 − 2kg
(3)

tF∗ =
a0c(ck− 1)g
a0α2 − 2kg

(4)

The maximum profit of the restaurant is:

πF
r
∗
=

a0g(1− ck)2

4kg− 2a0α2 (5)

It shows that in the OFM, when the restaurant sets the price of food as pF* and the
service level is tF*, the restaurant can achieve the maximum profit πF

r
*.
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4.2. Online Retail Model (ONM)

When a restaurant cooperates with a third-party online sales platform in a retail model,
customers can only purchase meals separately. Restaurants and third-party online platforms
aim to maximize their respective profits and choose the strategy that is most advantageous
to them. When entering the platform, the number of new potential consumers attracted is
a1, and the total number of potential consumers is a0 + a1. The decision-making order is,
first, the platform determines its own service level sN , and then the restaurant decides the
retail price pN

1 of the meal and restaurant’s service level tN . At this point, the platform is
the leader and the restaurant is the follower.

Figure 2 is a schematic diagram of the pricing process. There are three participants in
the catering supply chain, namely, restaurant, customer, and third-party online platform
(TP-OLPM). Among them, the customer chooses and buys food in the restaurant after
browsing the third-party online platform. The relationship between the restaurant and
third-party online platform is cooperative, and the two are mutually beneficial. Both the
restaurant and platform aim at profit maximization, and their profits can be calculated
based on income minus cost. The restaurant sells through the platform, and at the same
time gives the platform a commission according to the sales, that is, bpN

1 , and b is the
commission rate. The customer’s willingness to spend directly determines the sales volume
of the restaurant. It is related to the price, the service levels of the restaurant (Restaurant’s
S.L.) and platform (Platform’s S.L.). And the sensitivity coefficients (Sensitivity Coef.) of
two service levels are α and λ. When the Restaurant’s S.L. is tN and the Platform’s S.L. is sN ,
the consumption willingness will increase by αtN and λsN , and the cost is 1

2 gtN2 and 1
2 θsN2,

respectively. The sales volume is also related to the number of potential customers of the
restaurant (a0 + a1). For the restaurant, the profit of each order is the price after deducting
the commission bpN

1 from each order minus the cost c. The profit of the restaurant is
calculated as the profit of each order multiplied by the sales volume

[
(1− b)pN

1 − c
]
dN

1

minus the service cost of 1
2 gtN2. The profit of the platform is the commission income from

the restaurant bpN
1 dN

1 minus the platform service cost 1
2 θsN2.
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The actual sales volume of meals is:

dN
1 = (a0 + a1)

∫ 1

kpN
1 −λsN−αtN

f (v)dv = (a0 + a1)
(

1− kpN
1 + λsN + αtN

)
(6)

The profit of the restaurant is:

πN
r =

[
(1− b)pN

1 − c
]
dN

1 −
1
2

gtN2
(7)

The profit of third-party online platforms is:

πN
w = bpN

1 dN
1 −

1
2

θsN2
(8)

Theorem 1. The equilibrium result of the online retail model is:

sN∗ =
gbλ(a0+a1)[2kg−α2ck(a0+a1)]

A
A = θ

[
2kg− (a0 + a1)(1− b)α2]2 − 2kg2bλ2(a0 + a1)

(9)

pN
1
∗
=

θ
[
2kg− (a0 + a1)(1− b)α2][2kg− α2ck(a0 + a1)

]
2kA

+
c

2(1− b)
(10)

tN∗ =
α(a0 + a1)

[
θ
[
2kg− (a0 + a1)(1− b)α2](1− b− ck) + ckgbλ2(a0 + a1)

]
A

(11)

At this time, the maximum profits of the restaurant and third-party online platform are:

πN
r
∗
= (1−b)(a0+a1)

4k
θ2[2kg−(a0+a1)(1−b)α2]

2
[2kg−α2ck(a0+a1)]

2

A2 −
c(a0+a1)

2
θ[2kg−(a0+a1)(1−b)α2][2kg−α2ck(a0+a1)]

A −
gα2(a0+a1)

2[θ[2kg−(a0+a1)(1−b)α2](1−b−ck)+ckgbλ2(a0+a1)]
2

2A2 + c2k
4(1−b)

(12)

πN
w
∗
=

b(a0 + a1)

4

[
θ
[
2kg− (a0 + a1)ckα2]2

kA
− c2k

(1− b)2

]
(13)

Proof of Theorem 1. The proof process is shown in Appendix A.1. �

Theorem 1 shows that in the ONM, when the restaurant sets the price of food as pN
1

*,

the service level as tN*, and the service level of the platform is sN*, both the restaurant and
the platform can achieve the maximum profit. The maximum profit of the restaurant is
πN

r
*, and that of the platform is πN

w
*.

Corollary 1. ∂pN
1
∗

∂λ > 0, ∂sN∗

∂λ > 0, ∂tN∗

∂λ > 0, ∂πN
r
∗

∂λ > 0, ∂πN
w
∗

∂λ > 0, ∂pN
1
∗

∂θ < 0, ∂sN∗

∂θ < 0,
∂tN∗

∂θ < 0, ∂πN
r
∗

∂θ < 0, ∂πN
w
∗

∂θ < 0.
∂pN

1
∗

∂α > 0, ∂sN∗

∂α > 0, ∂tN∗

∂α > 0, ∂πN
r
∗

∂α > 0, ∂πN
w
∗

∂α > 0, ∂pN
1
∗

∂g < 0, ∂sN∗

∂g < 0,
∂tN∗

∂g < 0, ∂πN
r
∗

∂g < 0, ∂πN
w
∗

∂g < 0.

Corollary 1 shows that as the sensitivity coefficient of customers to the third-party
online platform or restaurant’s service levels increases, the optimal price and service
levels will both increase, and the total profits of the restaurant and third-party online sales
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platform will also increase. This indicates that the service levels of the restaurant and
platform have a greater impact on customer purchasing the more motivated they are to
improve their own service levels, so the optimal service levels will increase. The optimal
price and maximum profits for both parties will also increase. When the cost coefficient
of the restaurant or platform increases, it will cost more to improve the same service level
than before, which will lead to the platform and restaurant’s reluctance to improve their
own service levels. As the cost of spending increases, the corresponding optimal price and
maximum profits for both parties will decrease.

Proof of Corollary 1. The proof process is shown in Appendix A.2. �

4.3. Online Group Buying Model (GBM)

The online group buying model refers to the restaurant only providing a group buying
service during the cooperation process with third-party platforms. In this model, customers
need to group together to purchase a specified quantity of meals in order to enjoy price
discounts. Figure 3 is a schematic diagram of the pricing process. Unlike the online retail
model, during a group buying transaction, customers need to spend additional time, effort,
and other resources searching for group members, which is the cost of grouping β.
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The group buying sales volume of meals is:

dG
2 = (a0 + a2)

∫ 1

kpG
2 −λsG−αtG+β

f (v)dv = (a0 + a2)
(

1− kpG
2 + λsG + αtG − β

)
(14)

The profit of the restaurant is:

πG
r =

[
(1− b)pG

2 − c
]
dG

2 −
1
2

gtG2
(15)

The profit of third-party online platforms is:

πG
w = bpG

2 dG
2 −

1
2

θsG2
(16)
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Theorem 2. The equilibrium result of the online group buying model is:

sG∗ =
gbλ(a0+a2)[2kg(1−β)−α2ck(a0+a2)]

B
B = θ

[
2kg− (a0 + a2)(1− b)α2]2 − 2kg2bλ2(a0 + a2)

(17)

pG
2
∗
=

θ
[
2kg− (a0 + a2)(1− b)α2][2kg(1− β)− α2ck(a0 + a2)

]
2kB

+
c

2(1− b)
(18)

tG∗ =
α(a0 + a2)

[
θ
[
2kg− (a0 + a2)(1− b)α2][(1− β)(1− b)− ck] + ckgbλ2(a0 + a2)

]
B

(19)
The maximum profits for the restaurant and third-party online platform are:

πG
r
∗
= (1−b)(a0+a2)

4k
θ2[2kg−(a0+a2)(1−b)α2]

2
[2kg(1−β)−α2ck(a0+a2)]

2

B2 −
c(a0+a2)

2
θ[2kg−(a0+a2)(1−b)α2][2kg(1−β)−α2ck(a0+a2)]

B −
gα2(a0+a2)

2[θ[2kg−(a0+a2)(1−b)α2][(1−β)(1−b)−ck]+ckgbλ2(a0+a2)]
2

2B2 + c2k(a0+a2)
4(1−b)

(20)

πG
w
∗
=

b(a0 + a2)

4

[
θ
[
2kg(1− β)− ck(a0 + a2)α

2]2
B

− c2k

(1− b)2

]
(21)

Theorem 2 shows that in the GBM, when the group purchase price of the restaurant is
pG

2
∗, the service level is tG∗, and the service level of the platform is sG∗, both the restaurant

and the platform can achieve the maximum profits πG
r
∗

πG
w
∗.

Corollary 2. ∂pG
2
∗

∂λ > 0, ∂sG∗

∂λ > 0, ∂tG∗

∂λ > 0, ∂πG
r
∗

∂λ > 0, ∂πG
w
∗

∂λ > 0 ; ∂pG
2
∗

∂α > 0, ∂sG∗

∂α > 0,
∂tG∗

∂α > 0, ∂πG
r
∗

∂α > 0, ∂πG
w
∗

∂α > 0;
∂pG

2
∗

∂θ < 0, ∂sG∗

∂θ < 0, ∂tG∗

∂θ < 0, ∂πG
r
∗

∂θ < 0, ∂πG
w
∗

∂θ < 0; ∂pG
2
∗

∂g < 0, ∂sG∗

∂g < 0, ∂tG∗

∂g < 0,
∂πG

r
∗

∂g < 0, ∂πG
w
∗

∂g < 0; ∂pG
2
∗

∂β < 0, ∂sG∗

∂β < 0, ∂tG∗

∂β < 0, ∂πG
r
∗

∂β < 0, ∂πG
w
∗

∂β < 0.

Corollary 2 indicates that in the online group buying model, the optimal price of the
restaurant and the optimal service level of the platform will also increase with the increase
of customer sensitivity to service levels, and that they will decrease with the increase of
the service cost coefficient. Meanwhile, as the grouping cost increases, the optimal price of
meals, the optimal service level of the platform, and the maximum profits of restaurants
and platforms will all decrease. The cost of assembling a group will reduce the total utility
of the customer, and the higher the cost, the more utility will be reduced. As a result,
restaurants need to set slightly lower prices to motivate customers to make purchases. The
cost of group buying is to some extent influenced by the number of group purchases. The
more meals that need to be purchased in a single group transaction, the higher the cost of
group buying.

Proof of Corollary 2. The proof process is shown in Appendix A.3. �

5. Numerical Analysis

Further analysis follows of the sensitivity coefficient of the third-party online plat-
form’s service level (λ), cost coefficient of the third-party online platform’s service level (θ),
sensitivity coefficient of the restaurant’s service level (α), cost coefficient of the restaurant’s
service level (g), grouping cost (β), and the number of new potential customers attracted by



Systems 2023, 11, 562 13 of 26

each model (a1, a2). This section conducts numerical analysis. Assume that a0 = 1, b = 0.2,
c = 0.3, k = 1, λ = 0.4, θ = 0.2, α = 0.3, g = 0.25, a1 = 0.5, a2 = 0.75, and β = 0.05. Unless
otherwise specified, all values in Part 5 are based on the above content. In this part, coef. is
short for coefficient, TP-OLPM is the abbreviation of third-party online platform, and S.L.
means service level.

5.1. Sensitivity Coefficient of Third-Party Online Platform’s Service Level (λ)

Firstly, this paper analyzed the sensitivity coefficient of the third-party online plat-
form’s service level (λ). The value range is [0, 0.5]. Figures 4 and 5 show that there are
positive correlations between the sensitivity coefficient of the third-party online platform’s
service level and the optimal retail price, group buying price, optimal service levels, and
maximum profits of the restaurant and platform in each model. When the sensitivity
coefficient of consumers to the platform’s service level increases, the optimal retail price,
group buying price, and platform’s optimal service level of restaurants will all increase.
This is because as consumers attach greater importance to the service level of the platform,
increasing the service level of the platform will attract more new consumers than before,
and sales of meals will also increase. In this case, both the optimal price and service levels
will increase, and the profits of restaurants and platforms will also increase.
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(b) The impact of sensitivity coef. of TP-OLPM’s S.L. on platform’s S.L.

In fact, in today’s era, consumers value the quality of meals and they care increasingly
about the experience of the purchasing process. Therefore, consumers are increasingly
sensitive to the service level of the platform. For example, to earn more money, many
software place multiple advertisements at the screen opening and inside the software.
Users often click on advertisements and are redirected to new software or websites by
mistake when using the software, greatly reducing the user experience. Users who often
encounter this situation could develop an aversion to the app. Therefore, there is a negative
correlation between service level and the number of advertising placements. Reducing
the number of placements will greatly increase user experience and user utility. Although
it will reduce advertising revenue, it will also increase sales and enhance the platform’s
reputation. In the long run, the advantages outweigh the disadvantages. In addition,
the ease, smoothness of use, aesthetic appearance of the interface, and customer service
response speed of the platform are also of increasing concern for consumers.
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Figure 5. (a) The impact of sensitivity coef. of TP-OLPM’s S.L. on restaurant’s S.L.; (b) The impact of
sensitivity coef. of TP-OLPM’s S.L. on restaurant and platform profits.

5.2. Cost Coefficient of Third-Party Online Platform’s Service Level (θ)

The value range of θ is [0, 0.5]. Figures 6 and 7 show that there is a negative correlation
between the cost coefficient of the third-party online platform’s service level and the optimal
retail price, group buying price, optimal service levels of both sides, and the maximum
profits of the restaurant and platform in each model. When the cost coefficient of the
third-party online platform’s service increases, it means that the marginal cost required to
improve the service level increases, and the platform will not be willing to improve the
service level. For example, when the running speed is relatively high, if the platform wants
to continue improving the running speed, it will incur high costs but the benefits will be
very small. Consequently, when the cost coefficient increases, the optimal service level of
the platform will decrease, leading to a decrease in customer utility. The optimal retail price
and group buying price will also decrease, leading to a decrease in the maximum profits of
restaurants and platforms.
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5.3. Sensitivity Coefficient of Restaurant’s Service Level (α)

The value range of α is [0, 0.5]. Figures 8 and 9 show that there is a positive correlation
between the sensitivity coefficient of the restaurant’s service level and the optimal retail
price, group buying price, optimal service levels of both sides, and the maximum profits of
the restaurant and platform in each model. The service level of a restaurant will greatly
affect the perceived value of customers. The convenient geographical location, short waiting
time, exquisite decoration, complete service facilities, and comfortable waiters all make
customers feel the intention and sincerity of the restaurant, thus leaving a good impression
on them. When customers are more concerned about these conditions, then, for restaurants,
improving these service levels can increase sales volume, and the maximum profits of the
restaurant and platform will also increase.
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5.4. Cost Coefficient of Restaurant’s Service Level (g)

The value range of g is [0, 0.5]. Figures 10 and 11 show that there is a negative
correlation between the cost coefficient of the restaurant’s service level and the optimal
retail price, group buying price, optimal service levels of both sides, and the maximum
profits of the restaurant and platform in each model. Restaurants need to pay more costs to
improve their service levels. For example, restaurants in good locations need to pay higher
rent. The improvement of decoration and facilities, as well as the professional level of
service personnel, also require the restaurant to invest more funds. When the cost coefficient
increases, restaurants need to pay more for improving unit service levels. Therefore, the
optimal price and service level in both models will decrease, and the maximum profits of
both parties will also decrease.
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5.5. Grouping Cost (β)

The value range of β is [0, 0.1]. Figure 12 shows that there is a negative correlation
between the grouping cost and the optimal group buying price, optimal service level, and
the maximum profit in the online group buying model. When the cost of group buying
increases, the additional cost that users need to bear for group buying also increases, and
some customers will abandon group buying. In order to retain this group of customers as
much as possible, the optimal group buying price needs to be reduced. In the online retail
model, the retail price does not change with the change of the grouping cost.
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The cost of group buying is mainly related to the setting of the number of group
purchases (the number of meals to be purchased in a group purchase). The larger the
number of group purchases, the more group members need to be found, and the higher the
cost of group buying. For example, the grouping cost of “six people’s meals” is significantly
higher than that of “three people’s meals”. When the cost of grouping increases, customers
need to spend more time and energy searching for group members, which will reduce their
willingness to purchase. Therefore, restaurants need to set a reasonable number of group
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purchases to achieve the goal of expanding sales while ensuring that the cost of grouping is
not too high.

5.6. Numbers of New Potential Customers Being Attracted (a1, a2)

The numbers of new potential consumers attracted by each model and the changes
in the maximum profits of restaurants and platforms are shown in Figure 13. The values
range of (a1, a2) is [0, 1]. Based on the two graphs, the maximum profits of both restaurant
and platform increase with the increase of new potential consumers that they attract. The
number of new potential consumers depends on both the restaurant’s business model and
the platform’s user base. The more users the platform has, the greater the number of new
potential consumers it will have. Therefore, for restaurants, the larger the scale of online
platforms they collaborate with, the more users they have, and the greater their profits.
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Figure 13. (a) The impact of the number of new potential consumers attracted by the ONM on
restaurant and platform profits; (b) The impact of the number of new potential consumers attracted
by the GBM on restaurant and platform profits.

6. Discussion and Conclusions

This paper studies a catering supply chain system composed of a restaurant and
a third-party online platform. Considering the impact of the service levels of the third-
party online platform and restaurant on the demand for meals in the market, three game
models are established: offline retail model (OFM), online retail model (ONM), and online
group buying model (GBM). The optimal decisions and maximum profits are calculated,
respectively. Then, based on the analysis of several exogenous variables, it is found that
the sensitivity coefficients of consumers to the platform and restaurant’s service levels
are positively correlated with restaurant retail prices, group purchase prices, two service
levels, and restaurant and platform profits, while the cost coefficients of the platform and
restaurant’s service levels are negatively correlated with these variables. More importantly,
there is a significant positive correlation between the maximum profit of a restaurant and
the number of new potential consumers attracted by each model, which is consistent with
Xing et al.’s [45] research results.

From a theoretical perspective, this study expands the research of Li et al. [46] and
Kim et al. [47], which mentioned the importance of geographical location. This paper also
considers the geographical location of the restaurant, which is included in the service of the
restaurant. A good geographical location means high rent, which requires the restaurant
to bear more service costs at the same time. Considering the impact of these services on
revenue and cost to make the best decision, this study discusses the pricing strategies
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and service strategies of an O2O catering supply chain. Different from Reis et al. [48],
who focused on the migration of online services to offline channels and analyzed the
importance of recovery measures in multi-channel services and the transitional role of
O2O in multi-channel services through qualitative analysis, the scenario we study is to
add online sales channels in the traditional offline retail scenario. In addition, we use
quantitative research methods to establish a mathematical model and analyze the service
levels of restaurants and platforms to study the group purchase pricing problem when
restaurants cooperate with third-party platforms. The model built in this paper is in line
with the current business model of offline restaurants cooperating with Meituan, so the
conclusion can help them formulate better price strategies, service strategies, and obtain
more profits. It is conducive to the continuous and stable cooperation between restaurants
and platforms, thus promoting the steady development of the catering industry in China.
In addition, this paper also supplements the research bank of group purchase supply chain
in the catering industry.

However, this model still has limitations. For example, the model only applies to the
three scenarios mentioned above. Although there are many such scenes in China, some
restaurants also provide a take-away service. This model is not suitable for restaurants
that provide a take-away service, because it does not pay attention to delivery service. In
addition, the model is not suitable for the scenario of differential pricing between online
and offline channels. At present, part of the latest food-related research focuses on the
take-away service in restaurants. For instance, Kilders et al. [49] used FM-BBCE to study
consumers’ needs and preferences when eating in restaurants and ordering take-away; they
found that the price elasticity of consumers when eating in restaurants is greater than when
ordering take-away, and the meals provided by in-house food and take-away food were
complementary. Du et al. [41] discussed the selection of two pricing strategies (unified
pricing and differential pricing) and two distribution strategies (platform delivery and self-
delivery) of Chinese restaurants in O2O dual-channel sales, and the best pricing strategies
of restaurants and platforms before and after the online take-out platform launched a
paid on-time delivery service [50]. There were also scholars [51] who paid attention to
the manipulation of online comments by restaurants and discussed the influence of the
quantity and quality of competitors on the manipulation of positive and negative comments
by restaurants. Future research can extend group buying to the take-away industry and
pay more attention to the factors that consumers care about, such as delivery quality and
delivery fee.

It is suggested that both restaurants and third-party online platforms pay close at-
tention to consumers’ considerations regarding pricing sensitivity and their expectations
for platform service levels, and that they adjust pricing and service strategies in a timely
manner based on consumers’ different sensitivity and cost coefficients to meet consumer
needs. It is also recommended that restaurants establish reasonable group buying quantity
requirements to control group buying costs and maintain them within an acceptable range.

In the cooperation between restaurants and third-party online platforms, due to the
significant difference in strength between the platforms and restaurants, online platforms
often control the discourse power. Therefore, restaurants are suggested to be cautious when
collaborating with third-party online platforms, and they should choose the appropriate
platform for cooperation based on the platform’s reputation, cooperation attitude, strength,
and incremental demand [42]. At the same time, it is suggested that restaurants improve
their service level, increase customers’ perceived value, and thereby increase sales volume
and obtain more profits. For restaurants, choosing a group buying model may generate a
significant amount of costs in a short period of time. However, as a traditional marketing
way, group buying can effectively expand sales and help restaurants achieve the goal of
increasing popularity and brand awareness.

This study also has some limitations which provide ideas for future research. Firstly,
this paper considered the situation where the offline and online sales of restaurants in
collaboration with third-party online platforms are unified as the total sales volume but
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did not consider the situation of calculating them individually. Secondly, this article only
studies the cooperation between a restaurant and a third-party online platform. In real life,
a third-party online platform often cooperates with multiple restaurants, and there is also
competition between similar restaurants. A restaurant may also collaborate with more than
one platform. These are all directions that can be improved in the future.
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Appendix A

Appendix A.1

The Proof of Theorem 1. Calculate the first partial derivatives of pN
1 and tN , make the first

derivative equal to 0, and then find the Hessian matrix H1 of πN
r
(

pN
1 , tN).

H1 =

[
−2k(1− b)(a0 + a1) α(1− b)(a0 + a1)

α(1− b)(a0 + a1) −g

]
Owing to−2k(1− b)(a0 + a1) < 0 and (a0 + a1)(1− b)

[
2kg− (a0 + a1)(1− b)α2] > 0,

the first-order principal sub-equation of H1 is less than 0. And the second-order principal
sub-equation of H1 is greater than 0. Therefore, πN

r is a joint concave function of pN
1

and tN . The restaurant has the maximum profit. By making ∂πN
r

∂pN
1

and ∂πN
r

∂tN equal to 0, the

expression of pN
1 and tN about sN can be obtained. pN

1 = 2g(1+λs)−α2c(a0+a1)
2(2kg−(a0+a1)(1−b)α2)

+ c
2(1−b) ,

tN = α(a0+a1)[(1+λs)(1−b)−ck]
2kg−(a0+a1)(1−b)α2 .

Substitute the above into πN
w and calculate the first derivative dπN

w
dsM2 of πN

w and make

it equal to 0, so that the expression of sN*
=

gbλ(a0+a1)[2kg−α2ck(a0+a1)]
θ[2kg−(a0+a1)(1−b)α2]

2−2kg2bλ2(a0+a1)
can be

obtained. As the second derivative is −θ, which is less than 0, then when sN = sN*, the
maximum value of πN

w can be obtained. Substitute sN* into the expression of pN
1 and

tN and finally calculate the maximum profit of restaurants and platforms in the online
retail model.

pN
1
∗
=

2g(1+λsN∗)−α2c(a0+a1)

2(2kg−(a0+a1)(1−b)α2)
+ c

2(1−b)

=
θ[2kg−(a0+a1)(1−b)α2][2kg−α2ck(a0+a1)]

2kA + c
2(1−b)

(A1)

tN∗ =
α(a0+a1)[(1+λsN∗)(1−b)−ck]

2kg−(a0+a1)(1−b)α2

=
α(a0+a1)[θ[2kg−(a0+a1)(1−b)α2](1−b−ck)+ckgbλ2(a0+a1)]

A

(A2)
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πN
r

*
=
[
(1− b)pN

1
∗ − c

]
∗ (a0 + a1)

(
1− kpN

1
∗
+ λsN∗ + αtN∗

)
− 1

2 gtN∗2

= (1−b)(a0+a1)
4k

θ2[2kg−(a0+a1)(1−b)α2]
2
[2kg−α2ck(a0+a1)]

2

A2

− c(a0+a1)
2

θ[2kg−(a0+a1)(1−b)α2][2kg−α2ck(a0+a1)]
A

− gα2(a0+a1)
2[θ[2kg−(a0+a1)(1−b)α2](1−b−ck)+ckgbλ2(a0+a1)]

2

2A2 + c2k
4(1−b)

(A3)

πN
w
∗
= bpN

1 pN
1
∗ ∗ (a0 + a1)

(
1− kpN

1
∗
+ λsN∗ + αtN∗

)
− 1

2 θsN∗2

= b(a0+a1)
4

[
θ[2kg−(a0+a1)ckα2]

2

kA − c2k
(1−b)2

] (A4)

The equilibrium solution and the restaurant and platform’s profits of the online group
buying model can be calculated in the same way. �

Appendix A.2

The Proof of Corollary 1. According to the assumption (1− b)(1− β) − ck > 0,
2kg− α2ck(a0 + a1) > 0, and 0 < 1− β < 1, it can be determined that 1− b− ck > 0 and
2kg− α2(1− b)(a0 + a1) > 0. Owing to 1+ λs > 1, it can be inferred that (1 + λs)(1− b)−
ck > 0. According to these inferences, Corollary 1 can be proved. The specific calculation is
as follows:

∂sN∗

∂λ
=

gb(a0 + a1)
[
2kg− α2ck(a0 + a1)

][
A + 4kg2bλ2(a0 + a1)

]
A2 > 0 (A5)

∂pN
1

*

∂λ
=

2θg2bλ(a0 + a1)
[
2kg− α2ck(a0 + a1)

][
2kg− (a0 + a1)(1− b)α2]

A2 > 0 (A6)

∂tN∗

∂λ = 2αθkgbλ(a0+a1)
2

A2 ·[
2kg− (a0 + a1)(1− b)α2]{c

[
2kg− (a0 + a1)(1− b)α2]+ 2g(1− b− ck)

}
> 0

(A7)

∂πN
w
∗

∂λ
=

b2g2θλ(a0 + a1)
2[2kg− (a0 + a1)ckα2]2

A2 > 0 (A8)

∂πN
r
∗

∂λ
=

∂πN
r
∗

∂sN∗ ·
∂sN∗

∂λ
=

gλ(a0 + a1)[(1 + λs)(1− b)− ck]
2kg− (a0 + a1)(1− b)α2 ·∂sN∗

∂λ
> 0 (A9)

∂sN∗

∂θ
= −

gbλ(a0 + a1)
[
2kg− α2ck(a0 + a1)

][
2kg− (a0 + a1)(1− b)α2]2

A2 < 0 (A10)

∂pN∗

∂θ
= −

g2bλ2(a0 + a1)
[
2kg− α2ck(a0 + a1)

][
2kg− (a0 + a1)(1− b)α2]

A2 < 0 (A11)

∂tN∗

∂θ
= −

2kg2bλ2α(a0 + a1)
2(1− b− ck)

[
2kg− (a0 + a1)(1− b)α2]

A2 < 0 (A12)
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∂πN
w
∗

∂θ
= −

b2g2λ2(a0 + a1)
2[2kg− (a0 + a1)ckα2]2

2A2 < 0 (A13)

∂πN
r
∗

∂θ
=

∂πN
r
∗

∂sN∗ ·
∂sN∗

∂θ
=

gλ(a0 + a1)[(1 + λs)(1− b)− ck]
2kg− (a0 + a1)(1− b)α2 ·∂sN∗

∂θ
< 0 (A14)

∂sN∗

∂α = gbλα(a0 + a1)
2·

{θ[2kg−(a0+a1)(1−b)α2][2kg(1−b−ck)+(1−b)[2kg−α2ck(a0+a1)]]+2ck2g2bλ2(a0+a1)}
A2 > 0

(A15)

∂pN∗

∂α
=

αθ2(1− b− ck)(a0 + a1)

kA2 ·
[
2kg− (a0 + a1)(1− b)α2

]2
·
[
2kg + (a0 + a1)(1− b− ck)α2

]
> 0 (A16)

∂tN∗

∂α = (a0+a1)
A2 ·

θ(1− b− ck)
[
2kg− (a0 + a1)(1− b)α2] A

[
2kg− (a0 + a1)(1− b)α2]

+8kg2bλ2α2(a0 + a1)
2(1− b)


+ckgbλ2(a0 + a1)

[
A + 4(a0 + a1)(1− b)θα2[2kg− (a0 + a1)(1− b)α2]]

 > 0
(A17)

∂πN
w
∗

∂α = 2θgbα(a0 + a1)
2[2kg− (a0 + a1)ckα2]·

{θ(1−b−ck)[2kg−(1−b)(a0+a1)α
2]+ckgbλ2(a0+a1)}

A2 > 0
(A18)

∂πN
r
∗

∂α
=

∂πN
R
∗

∂sN∗ ·
∂sN∗

∂α
=

gλ(a0 + a1)[(1 + λs)(1− b)− ck]
2kg− (a0 + a1)(1− b)α2 ·∂sN∗

∂α
> 0 (A19)

∂sN∗

∂g = bλα2(a0+a1)
2

A2 ·2kgθ(ck− 1 + b)− θ(1− b)
[
2kg− α2ck(a0 + a1)

][
2kg− (a0 + a1)(1− b)α2]

−2ck2g2bλ2(a0 + a1)

 < 0
(A20)

∂pN∗

∂g = θ2α2(a0+a1)(ck−1+b)
A2

[
2kg− (a0 + a1)(1− b)α2]2

−2kg2bλ2(a0 + a1)
[
4kg− α2(a0 + a1)(1− b + ck)

]
< 0

(A21)

∂tN∗

∂g = − (a0+a1)α
A2 · 4θ(1− b− ck)kgbλ2α2(a0 + a1)

2(1− b)
[
2kg− (a0 + a1)(1− b)α2]

+ckbλ2(a0 + a1)
[
2(a0 + a1)(1− b)θα2[2kg− (a0 + a1)(1− b)α2]+ A

]
 < 0

(A22)

∂πN
w
∗

∂g
=

bθα2(a0 + a1)
2[2kg− (a0 + a1)ckα2]

A2 {θ
[
2kg− (1− b)α2(a0 + a1)

]
(ck− 1 + b)−ckbgλ2(a0 + a1)

}
< 0

(A23)
∂πN

r
∗

∂g
=

∂πN
r
∗

∂sN∗ ·
∂sN∗

∂g
=

gλ(a0 + a1)[(1 + λs)(1− b)− ck]
2kg− (a0 + a1)(1− b)α2 ·∂sN∗

∂g
< 0 (A24)
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Appendix A.3

The Proof of Corollary 2. Corollary 2 can be proved in the same way as Corollary 1. The
derivation process of Corollary 2 is as follows:

∂sG∗

∂λ
=

gb(a0 + a2)
[
2kg(1− β)− α2ck(a0 + a2)

][
A + 4kg2bλ2(a0 + a2)

]
B2 > 0 (A25)

∂pG∗

∂λ
=

2θg2bλ(a0 + a2)
[
2kg(1− β)− α2ck(a0 + a2)

][
2kg− (a0 + a2)(1− b)α2]

B2 > 0 (A26)

∂tG∗

∂λ
=

2αθkgbλ(a0 + a2)
2

B2

[
2kg− (a0 + a2)(1− b)α2

]
{c
[
2kg− (a0 + a2)(1− b)α2

]
+2g[(1− β)(1− b)− ck]} > 0

(A27)

∂πG
w
∗

∂λ
=

b2g2θλ(a0 + a2)
2[2kg(1− β)− ck(a0 + a2)α

2]2
B2 > 0 (A28)

∂πG
r
∗

∂λ
=

∂πG
r
∗

∂sG∗ ·
∂sG∗

∂λ
=

gλ(a0 + a2)[(1 + λs− β)(1− b)− ck]
2kg− (a0 + a2)(1− b)α2 ·∂sG∗

∂λ
> 0 (A29)

∂sG∗

∂θ
= −

gbλ(a0 + a2)
[
2kg(1− β)− α2ck(a0 + a2)

][
2kg− (a0 + a2)(1− b)α2]2

B2 < 0 (A30)

∂pG∗

∂θ
= −

g2bλ2(a0 + a2)
[
2kg(1− β)− α2ck(a0 + a2)

][
2kg− (a0 + a2)(1− b)α2]

B2 < 0 (A31)

∂tG∗

∂θ
= −

2kg2bλ2α(a0 + a2)
2[(1− β)(1− b)− ck]

[
2kg− (a0 + a2)(1− b)α2]

B2 < 0 (A32)

∂πG
w
∗

∂θ
= −

b2g2λ2(a0 + a2)
2[2kg(1− β)− ck(a0 + a2)α

2]2
2B2 < 0 (A33)

∂πG
r
∗

∂θ
=

∂πG
r
∗

∂sG∗ ·
∂sG∗

∂θ
=

gλ(a0 + a2)[(1 + λs− β)(1− b)− ck]
2kg− (a0 + a2)(1− b)α2 ·∂sG∗

∂θ
< 0 (A34)

∂sG∗

∂α = 2gbλα(a0 + a2)
2·

{θ[2kg−(a0+a1)(1−b)α2][2kg[(1−β)(1−b)−ck]+(1−b)[2kg(1−β)−α2ck(a0+a1)]]+2ck2g2bλ2(a0+a2)}
B2 > 0

(A35)

∂pG∗

∂α =
2(a0+a2)αθ2g[2kg−(a0+a2)(1−b)α2]

2
[(1−β)(1−b)−ck]

B2 +
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[2kg[(1−β)(1−b)+ck]−2ck(a0+a2)(1−b)α2]

B2 > 0
(A36)

∂tG∗

∂α = (a0+a2)
B2 ·

θ[(1− β)(1− b)− ck]
[
2kg− (a0 + a2)(1− b)α2] B

[
2kg− (a0 + a2)(1− b)α2]

+8kg2bλ2α2(a0 + a2)
2(1− b)


+ckgbλ2(a0 + a2)

[
B + 4(a0 + a2)(1− b)θα2[2kg− (a0 + a2)(1− b)α2]]

 > 0
(A37)

∂πG
w
∗

∂α = 2θgbα(a0 + a2)
2[2kg(1− β)− (a0 + a2)ckα2]

· {θ(1−b−ck)[2kg−(1−b)(a0+a2)α
2]+ckgbλ2(a0+a2)}

B2 > 0
(A38)
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∂πG
r
∗

∂α
=

∂πG
r
∗

∂sG∗ ·
∂sG∗

∂α
=

gλ(a0 + a2)[(1 + λs− β)(1− b)− ck]
2kg− (a0 + a2)(1− b)α2 ·∂sG∗

∂α
> 0 (A39)

∂sG∗

∂g = bλα2(a0+a2)
2

B2 ·
2kgθ[ck− (1− β)(1− b)]

−θ(1− b)
[
2kg− α2ck(a0 + a2)

][
2kg− (a0 + a2)(1− b)α2]

−2ck2g2bλ2(a0 + a2)(1− β)

 < 0
(A40)

∂pG∗
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θ2α2(a0+a2)[2kg−(a0+a2)(1−b)α2]

2
(ck−1+b)

B2

−θgbλ2α2(a0 + a2)
2 [2kg[(1−β)(1−b)+ck]−2ck(a0+a2)(1−b)α2]

B2 < 0
(A41)

∂tG∗

∂g = − (a0+a2)α
B2 ·4θ[(1− β)(1− b)− ck]kgbλ2α2(a0 + a2)

2(1− b)
[
2kg− (a0 + a2)(1− b)α2]

+ckbλ2(a0 + a2)
[
2(a0 + a2)(1− b)θα2[2kg− (a0 + a2)(1− b)α2]+ B

]
 < 0

(A42)

∂πG
w
∗

∂g
= −

b2gλ2θα2(a0 + a2)
2
(1− b)

[
2kg− (a0 + a2)(1− b)α2]

B2 < 0 (A43)

∂πG
r
∗
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=

∂πG
r
∗

∂sG∗ ·
∂sG∗

∂g
=

gλ(a0 + a2)[(1 + λs− β)(1− b)− ck]
2kg− (a0 + a2)(1− b)α2 ·∂sG∗

∂g
< 0 (A44)

∂sG∗

∂β
=
−2kg2bλ(a0 + a2)

B
< 0 (A45)

∂tG∗

∂β
=
−α(a0 + a2)(1− b)θ

[
2kg− (a0 + a2)(1− b)α2]

B
< 0 (A46)

∂pG
2

*

∂β
=
−θg

[
2kg− (a0 + a2)(1− b)α2]

B
< 0 (A47)

∂πG
r
∗

∂β
=

∂πG
r
∗

∂sG∗ ·
∂sG∗

∂β
=

gλ(a0 + a2)[(1 + λs− β)(1− b)− ck]
2kg− (a0 + a2)(1− b)α2 ·∂sG∗

∂β
< 0 (A48)

∂πG
w
∗

∂β
= −

kbgθ(a0 + a2)
[
2kg(1− β)− ck(a0 + a2)α

2]
4B

< 0 (A49)
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