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COORDINATING A PLATFORM SUPPLY CHAIN WITH REFERENCE
PROMOTION EFFECT AND BIG DATA MARKETING

Zhihui Wu1,2,* and Hong Lang3

Abstract. In this paper, the differential game model is constructed to study the coordination problem
of platform supply chain by introducing the impacts of Big Data marketing and reference promotion
effect on consumer conversion rate. Firstly, the optimal strategies and the profits under centralized and
decentralized modes are given by applying the optimal control theory, and the comparative analyses
are carried out. Subsequently, in order to coordinate the platform supply chain, a combined contract
including a two-part tariff scheme and a promotion cost sharing scheme is designed. Finally, the effects
of system parameters on equilibrium strategies and coordination contract are analyzed. The results
show that the respective decisions of the manufacturer and the e-commerce platform as well as the
total profit of the supply chain are higher under centralized mode. Moreover, within the feasible region,
the combined contract not only achieves channel coordination but also improves the economic situations
of channel members. It can be also observed that the coordination capacity of the proposed contract
reduces with an increase in the memory parameter and improves with an increase in parameters such
as the effectiveness of the Big Data marketing and the effectiveness of the reference promotion effect.

Mathematics Subject Classification. 91A40, 90B60.

Received November 18, 2023. Accepted February 3, 2024.

1. Introduction

Over the past two decades, the online shopping has become increasingly popular with the development of e-
commerce. The scale of online shopping users in China has reached 845 million by December 2022. Accordingly,
the e-commerce platforms such as Tmall, JD.com, Suning.com, have changed their business modes, i.e., from
a traditional retail to platform business one. Under this mode, the manufacturers are allowed to sell their
products to the users on platform through a revenue-sharing scheme [1]. So far, this platform mode has been
widely adopted because it not only meets the consumers’ needs of fast and convenient shopping, but also provides
more opportunities for manufacturers to explore the market. According to statistics in 2022, the number of new
merchants on JD.com has revealed 34% year-on-year growth and the revenue brought by the platform mode
have accounted for 51.5% of the total platform revenue, which reflect that the platform mode has become
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an important business mode for JD.com. In addition, with the introduction of a large number of sellers and
buyers on the platform, a huge online marketplace has gradually formed, and the data on various transactions
and user behavior have been recorded. In order to help manufacturers improve their transaction rates and
optimize the purchase experience of consumers, the e-commerce platform adopts its own Big Data technology
to provide the marketing services [2]. Through its own accumulation of massive user sales information, the
e-commerce platform can use Big Data technology to identify potential consumer groups, provide accurate
personalized recommendation service and enhance the purchase intentions for them [3]. For instance, JD.com
use Big Data technology to implement meticulous analysis and in-depth evaluation of the data on consumers’
online browsing records, transaction records and others. On this basis, a personalized recommendation system
has been established to effectively assist the consumers in discovering their preferred products quickly. The fact
shows that the purchasing efficiency of consumers and product sales of merchants can be improved, and the
degree of customer satisfaction can increase.

In practice, in order to achieve win–win cooperation with e-commerce platforms, the manufacturers also carry
out price discounts, coupon discounts, buy-gift activities, member rewards and other promotional activities to
attract potential consumer in the holidays such as 6.18, Double 11, and Double 12 [4]. According to the statistics,
the transaction value of the whole Internet on Double 11 in 2022 amounted to 557.1 billion RMB, which set a
new record. That is to say, this campaign significantly boosted the product sales and proved the effectiveness
of online promotional strategies. However, frequent promotional activities will produce a reference promotion
effect in the minds of consumers and affect the effectiveness of future promotional activities [5]. When making
a purchase decision, the consumers will compare the current promotion level with the reference one. If the
current promotion level is lower than the reference one, the consumers will think that it is a small promotion
and postpone or abandon the purchase. Conversely, the consumers will regard it as an attractive promotion
activity and choose to buy immediately. For instance, the daily discount of Lancome beauty brand in Chinese
counters is 10% off, which is always regarded as a reference promotion point. However, during the Double 11
holiday, the brand offers 20% off all its products, and even most of the products carry out a buy-one-get-one free
campaign. At this time, the promotional activities successfully satisfy the consumers’ inner desires and drive
them to make a purchase decision quickly. Therefore, it is necessary for managers to consider the consumers’
reference promotion effect when conducting the promotional activities.

Although the abundant efforts have been devoted concerning on promotion problem in marketing channels,
the promotion reference effect has been ignored. In fact, the reference promotion effect not only affects on
current sales, but also has a lasting impact on future profits. Moreover, in the past decade, the combination
of the Big Data marketing and promotional campaigns is used to influence consumer purchasing behavior. At
this point, the channel members are likely to adjust their promotion and Big Data marketing strategies to
eliminate the adverse impact of promotion reference effect. In this study, we develop a differential game in a
platform supply chain with reference promotion effect and Big Data marketing. Our objective is to provide a
better understanding of reference promotion and Big Data marketing. In particular, we address the following
questions:

(1) In the presence of reference promotion effect, what are the equilibrium strategies of the manufacturer and
the e-commerce platform? What is the influence of the reference promotion effect on the channel profit?

(2) How to design an effective coordination contract? Under what conditions does the proposed contract make
both parties better off?

(3) How do the key parameters such as reference promotion factor and memory parameter affect equilibrium
strategies and channel profits as well as coordination contract?

Based on the above issues, the main contributions of the research in this paper are summarized as follows:

– A differential game model is constructed with the consumers’ reference promotion point and consumer
conversion rate as state variables;

– By applying the optimal control theory, the Big Data marketing strategies, promotion strategies, time
trajectories of reference promotion point, time trajectories of consumer conversion rate and profits of supply
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chain under centralized and decentralized decision modes are given respectively, and comparative analyses
are carried out;

– A combined contract including a two-part tariff scheme and a promotion cost sharing scheme is designed to
improve the performance of the decentralized platform supply chain and achieve the channel coordination.

The rest of the paper is organized as follows. Section 2 provides the literature review and research gaps.
Section 3 provides the problem statement and model establishment. In Section 4, the equilibrium solutions in
the centralized and decentralized modes are stated, and their relationship is revealed. In Section 5, the combined
contract is designed. Section 6 presents the numerical results. Section 7 describes the managerial insights and
practical implications. Finally, the conclusions are drawn in Section 8.

2. Literature review

The literature involved in this paper is mainly reflected in three aspects: platform supply chain, Big Data
marketing, and reference effects. After analyzing the literature covered, we try to determine research gaps and
propose the issue of this study.

2.1. Platform supply chain

In recent years, the platform supply chain management mode has attracted an increasing research attention
due to its wide applications in the e-commerce [6–8]. For example, the optimal promotional strategies under
three scenarios are given in [9], and it has revealed that launching promotion activities proactively is not always
advantageous for the platform or seller. In [10], the optimal pricing problem has been discussed by considering
the effects of online reviews and competition between manufacturers. Moreover, the optimal logistics service
strategy has been provided in [11], and it has found that the logistics service cost plays an essential role in
formulating the optimal logistics strategy. In addition, the issues of design and coordination for supply chain
network have attracted considerable attention and some effective results have been given in [12–17]. For instance,
the supply chain network design problem has been studied in [16] by constructing an interesting multi-objective
mathematical programming model, where the scenario-based robust optimization method has been used to deal
with uncertainty. In [17], the influence of manufacturers’ fairness concern behavior on optimal decisions and
coordination in the platform supply chain has been discussed by using the game theory, where the results have
revealed that the manufacturers’ fairness concern behavior has negative impact on the incomes of supply chain
members. Further, the problem of demand information sharing in the platform supply chain has been discussed
in [18], where it has found that whether an e-tailer chooses to share demand information is closely related
to the supplier’s offline entry cost, channel substitution rate, and information uncertainty. Subsequently, by
introducing the preference behavior of consumer, the optimal service quality strategy has been given in [19].
The results indicated that the service quality level of the e-commerce platform under decentralized decision
mode is higher than the one in the centralized decision mode, which is different from previous conclusions. By
reviewing the relevant literature, we have found that there is a lack of attention to Big Data marketing strategies
and consumers’ reference behavior in platform supply chain.

2.2. Big Data marketing

With the advent of the Internet era, the Big Data technology has been widely adopted in many areas such
as market, business, and so on [20, 21]. The application of Big Data technology in intelligent transportation
system has been analyzed in [22], and it has revealed that the efficiency and safety of intelligent transportation
system can be improved by using Big Data technology. In [23], an application framework of Big Data technology
has been proposed to build a robust data-driven agri-food supply chain. Also, the early warning effect of Big
Data technology on disease prevention of users has been proved in [24]. In recent years, many studies have
addressed the issue related to application of Big Data in the marketing field [25]. Specifically, in [26], how to
use the Big Data technology to gain insights with respect to behaviors and preferences of consumers and then
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help the enterprises carrying out marketing activities more accurately has been discussed. The results in [27]
demonstrated that the use of Big Data not only helped companies in marketing analysis but also improved their
operational capabilities. In brief, the above studies have focused primarily on the Big Data from the standpoint
of empirical analysis. In [28], the pricing method for the green supply chain with Big Data marketing has
been given, and the corresponding change trend of prices has been provided from a theoretical perspective.
Furthermore, in [29], the dynamic cooperation problem in a closed-loop supply chain with the involvement of
an internet service platform has been further investigated. The results show that the Big Data marketing from
Internet service platform can increase product sales and facilitate the recall of used products, which is conducive
to the environmental sustainability as well as business operations. However, although the Big Data services of
third-party platforms have been analyzed in the above-mentioned references, the fact that the e-commerce
platforms in platform supply chain also are providers of Big Data marketing services has been ignored.

2.3. Reference effects

Currently, the examinations of reference effect mainly focuses on reference price, reference quality, and refer-
ence low-carbon [30–32]. The reference price refers to a comprehensive product evaluation in consumer’s mind
and is affected by a large number of variables including the historical price, advertising campaign, product quan-
tity, etc [33]. Therefore, the reference price has received considerable research attention due to its important
influence on consumers’ purchase behavior. In [34], the price promotion and advertising investment strategies
have been discussed for the supply chain with the reference price effect, where it has revealed that the impact
from memory factor onto the equilibrium strategy and the total channel profits has been revealed. In [35], the
reference price effect has been introduced into the green supply chain and the optimal results under different
contracts have been compared and analyzed. The results showed that the cost-sharing contract is superior to
the wholesale price contract in improving product greenness and demand when considering the reference price
effect of consumers. Subsequently, the idea of the reference effect has been extended to product quality and low-
carbon. In [36], the dynamic quality investment program has been given for a distributed channel by taking the
reference quality into account. In addition, the coordination problem of dual-channel supply chain considering
the reference quality effect has been further discussed in [37]. On the other hand, under the background of a
low-carbon economy, the reference low-carbon effect of consumers has become a factor that cannot be ignored.
In [38], the impact of reference low-carbon effect on the joint carbon reduction strategies has been examined, the
results showed that the reference low-carbon effect can help companies achieve their low-carbon management
goals better. In addition, the joint influences of reference low-carbon effect and altruistic behavior on carbon
emission reduction decisions of the supply chain have been considered in [39]. In the previous studies, it has been
observed that the reference effect in promotion is ignored. In [40], the dynamic evolution process of reference
promotion point has been described, and the equilibrium strategies have been given by introducing impact of
reference promotion effect on the demand. So far, the studies on the coordination problem of the supply chain
with reference promotion effect are still relatively few.

2.4. Research gaps

The related studies and the systematic comparison between this paper and related studies are tabulated in
Table 1. As shown in Table 1, it should be noted that it is very important to discuss the promotion and the Big
Data marketing campaigns due to the growing transparency of information in the Internet era. Unfortunately,
there is insufficient attention to platform supply chain with reference promotion effect and Big Data marketing.
Moreover, the complexity of reference effect and marketing process often leads to the situation that the tradi-
tional contracts lose their coordination ability. Therefore, in order to shorten this research gap, the coordination
contract design issue of a platform supply chain subject to reference promotion effect and Big Data marketing
will be discussed by using differential game theory in this paper.
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Table 1. A comparison of the present work with related previous works.

References
Big

Data
Promotion

Reference

promotion
Uncertain

Theme Objectives
Methodology

Supply chain

Network

design
Coordination Economic Environmental PSC Others

[7] X X X DG X
[9] X X SG X
[12] X X X MILP+GAMS X
[13] X X X X MILP+MOGWO+MORDA X
[16] X X X X MINLP+GAMS X
[17] X X SG X
[18] X X SG X
[53] X X X DG X
[28] X X SG X
[15] X X X MILP+GAMS X
[34] X X SG X
[40] X X X DG X
[43] X X X MILP+GAMS X
[44] X X X MINLP+GAMS X
[45] X X X X MILP+GAMS X
[46] X X X MILP+GAMS X
[47] X X X X LP+GAMS X
[48] X X X NLP+GAMS X
[29] X X X DG X
[49] X X X MILP+GAMS X
[50] X X X MILP+GAMS X
[51] X X X MILP+GAMS X
[52] X X X X DG X
[14] X X X MILP+GAMS X
This

research
X X X X X DG X

Notes. MILP: Mixed Integer Linear Programing; MINLP: Mixed Integer Non-linear Programing; LP: Linear Programing;
NLP: Non-linear Programing; PSC: Platform Supply Chain; DG: Differential Game; SG: Static Game.

Figure 1. The model structure of the platform supply chain.

3. Problem statement

3.1. Problem statement

We consider a platform supply chain consisting of a manufacturer (𝑀) and an e-commerce platform (𝑅).
Under the platform selling mode, the manufacturer directly distributes its products to consumers through the
e-commerce platform and compensates the platform with a fixed commission for each unit sold. In order to gain
more benefits, the manufacturer and the e-commerce platform invest in promotion and Big Data marketing
respectively to increase the conversion rate of potential consumers. Let the manufacturer’s promotion effort is
𝑃 (𝑡) and the e-commerce platform’s Big Data marketing effort is 𝐵(𝑡) at time 𝑡. In addition, the e-commerce
platform charges the manufacturer for the Big Data marketing services, which is denoted as 𝐹 . The model
structure is shown in Figure 1.
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3.2. Assumptions

Before establishing modes, we first present the following assumptions:

Assumption 3.1. As in [41], the costs of both promotion effort and Big Data marketing effort can be described
by quadratic functions, i.e.,

𝐶(𝑃 (𝑡)) =
1
2
𝑐𝑃 𝑃 2(𝑡), 𝐶(𝐵(𝑡)) =

1
2
𝑐𝐵𝐵2(𝑡), (1)

where 𝑐𝑃 > 0 and 𝑐𝐵 > 0 represent the cost coefficients.

Assumption 3.2. As described in [40], when consumers decide whether to purchase a product, they will compare
the current level of promotion effort with the expected level. The consumers’ expectation of the promotion effort
level is called the reference promotion point, which is dynamically adjusted with the difference between promotion
effort and reference point. Thus, the evolution equation of reference promotion point 𝑟(𝑡) can be described as

𝑟̇(𝑡) = 𝜂(𝑃 (𝑡)− 𝑟(𝑡)), (2)

where 𝜂 > 0 is the “memory parameter”. A larger 𝜂 indicates that the consumer has a shorter memory of past
promotional effort and purchase experiences. Besides, 𝑟(0) = 𝑟0 depicts the initial reference promotion point.

Assumption 3.3. The platform’s Big Data marketing and the manufacturer’s promotion play an important role
in increasing consumer conversion rate. On this basis, we further introduce the influence of reference promotion
effect on the consumer conversion rate. Thus, the consumer conversion rate 𝑆(𝑡) is given by:

𝑆̇(𝑡) = 𝛼𝐵(𝑡) + 𝛽𝑃 (𝑡) + 𝛾(𝑃 (𝑡)− 𝑟(𝑡))− 𝛿𝑆(𝑡), (3)

where the consumer conversion rate satisfies 0 ≤ 𝑆(𝑡) ≤ 1, 𝑆(0) = 𝑆0 is the initial conversion rate, 𝛼 > 0
denotes the effectiveness of the Big Data marketing effort, 𝛽 > 0 is the effectiveness of the promotion effort,
and 𝛾 > 0 stands for the effectiveness of the reference promotion effect. If 𝑃 (𝑡)− 𝑟(𝑡) > 0, it indicates that the
reference promotion effect positively influences the consumer conversion rate. 𝛿 > 0 represents the decay rate of
the consumer conversion rate.

3.3. Model establishment

The product demand 𝐷(𝑡) is assumed to linearly depend on the consumer conversion rate 𝑆(𝑡), i.e.,

𝐷(𝑡) = 𝐷0 + 𝑁𝑆(𝑡), (4)

where 𝐷0 > 0 represents base demand, 𝑁 > 0 is the number of potential consumers who may be induced to
consume through Big Data marketing and promotional activities.

Let 𝜋 be the manufacturer’s marginal revenue for the unit product sold and 𝜙𝜋 be the commission paid by
the manufacturer to the e-commerce platform with the commission rate 𝜙. Therefore, for an infinite horizon
with discount rate 𝜌 > 0, the profit functions of the whole supply chain can be formulated as follows:The profit
functions of the manufacturer and the e-commerce platform can be respectively formulated as follows:

𝐽𝑀 =
∫︁ +∞

0

𝑒−𝜌𝑡[(1− 𝜙)𝜋𝐷(𝑡)− 𝐶(𝑃 (𝑡))− 𝐹 ] d𝑡, (5)

𝐽𝑅 =
∫︁ +∞

0

𝑒−𝜌𝑡[𝜙𝜋𝐷(𝑡)− 𝐶(𝐵(𝑡)) + 𝐹 ] d𝑡, (6)

𝐽𝐶 =
∫︁ +∞

0

𝑒−𝜌𝑡[𝜋𝐷(𝑡)− 𝐶(𝑃 (𝑡))− 𝐶(𝐵(𝑡))] d𝑡. (7)

Moreover, in order to enhance the readability, the notations used in this research are summarized in
Tables 2 and 3.
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Table 2. Indices and variables.

Notations Description

Superscript
𝐶 Centralized decision mode
𝐷 Decentralized decision mode
𝐸 Combined contract mode
* Optimal
Subscript
𝑀 Manufacturer
𝑅 E-commerce platform
Decision variables
𝑃 (𝑡) Promotion effort
𝐵(𝑡) Big Data marketing effort
Dependent variables
𝑟(𝑡) Reference promotion point
𝑆(𝑡) Consumer conversion rate
𝐽𝑀 Manufacturer’s profit
𝐽𝑅 E-commerce’s profit
𝐽𝐶 Whole supply chain’s profit

Table 3. Parameters.

Notations Description

𝜂 Memory parameter
𝛼 Effectiveness of the Big Data marketing effort
𝛽 Effectiveness of the promotion effort
𝛾 Effectiveness of the reference promotion effect
𝛿 Decay rate of consumer conversion rate
𝐷0 Market base demand
𝑁 Number of potential consumers
𝑐𝑃 Cost coefficient of promotion effort
𝑐𝐵 Cost coefficient of Big Data marketing effort
𝜋 Marginal revenue
𝜙 Commission rate
𝜌 Discount rate
𝐹 Big Data marketing service fee

4. Modelling and solutions

4.1. Centralized decision mode (𝐶 mode)

In the centralized decision mode, the manufacturer and the e-commerce platform decide promotional strategy
𝑃 (𝑡) and Big Data marketing strategy 𝐵(𝑡) by maximizing the profit of the whole supply chain. In order to
obtain the optimal strategies under centralized decision mode, we need to solve the following optimal control
problem:

max
𝑃 (𝑡)>0,𝐵(𝑡)>0

𝐽𝐶 =
∫︁ +∞

0

𝑒−𝜌𝑡[𝜋𝐷(𝑡)− 𝐶(𝑃 (𝑡))− 𝐶(𝐵(𝑡))] d𝑡

s.t. 𝑟̇(𝑡) = 𝜂(𝑃 (𝑡)− 𝑟(𝑡)), 𝑟(0) = 𝑟0
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𝑆̇(𝑡) = 𝛼𝐵(𝑡) + 𝛽𝑃 (𝑡) + 𝛾(𝑃 (𝑡)− 𝑟(𝑡))− 𝛿𝑆(𝑡), 𝑆(0) = 𝑆0. (8)

Theorem 4.1. In the centralized decision mode, the optimal strategies of the supply chain are

𝑃𝐶*

𝑀 (𝑡) =
𝜋𝑁 [𝛽(𝜌 + 𝜂) + 𝜌𝛾]
𝑐𝑃 (𝜌 + 𝛿)(𝜌 + 𝜂)

, (9)

𝐵𝐶*

𝑅 (𝑡) =
𝜋𝑁𝛼

𝑐𝐵(𝜌 + 𝛿)
, (10)

the optimal trajectories of the reference promotion point and the consumer conversion rate are

𝑟𝐶*
(𝑡) = 𝑟𝐶𝑆 +

(︀
𝑟0 − 𝑟𝐶𝑆

)︀
𝑒−𝜂𝑡, (11)

𝑆𝐶*
(𝑡) = 𝑆𝐶𝑆 +

𝛾

𝜂 − 𝛿

(︀
𝑟0 − 𝑟𝐶𝑆

)︀
𝑒−𝜂𝑡 +

[︂
𝑆0 − 𝑆𝐶𝑆 − 𝛾

𝜂 − 𝛿

(︀
𝑟0 − 𝑟𝐶𝑆

)︀]︂
× 𝑒−𝛿𝑡, (12)

where 𝑟𝐶𝑆 = 𝑃𝐶*

𝑀 (𝑡) and 𝑆𝐶𝑆 = 𝛼𝐵𝐶*
𝑅 +𝛽𝑃 𝐶*

𝑀

𝛿 represent the steady states of reference promotion point and
consumer conversion rate, respectively.

Furthermore, the optimal profit of the whole supply chain is

𝐽*𝐶 =
𝜋𝐷0

𝜌
+

𝜋𝑁

𝜌
𝑆𝐶𝑆 +

𝜋𝑁
(︀
𝑆0 − 𝑆𝐶𝑆

)︀
𝜌 + 𝛿

−
𝜋𝑁𝛾

(︀
𝑟0 − 𝑟𝐶𝑆

)︀
(𝜌 + 𝜂)(𝜌 + 𝛿)

− 𝑐𝑃

2𝜌

(︁
𝑃𝐶*

𝑀

)︁2

− 𝑐𝐵

2𝜌

(︁
𝐵𝐶*

𝑅

)︁2

. (13)

Proof. Introducing the costate variables 𝜇𝐶𝑟(𝑡) and 𝜇𝐶𝑆(𝑡) associated with 𝑟(𝑡) and 𝑆(𝑡), the corresponding
current-value Hamiltonian is given by:

𝐻𝐶 = 𝜋(𝐷0 + 𝑁𝑆(𝑡))− 𝑐𝑃

2
𝑃 2(𝑡)− 𝑐𝐵

2
𝐵2(𝑡) + 𝜇𝐶𝑟(𝑡)[𝜂(𝑃 (𝑡)− 𝑟(𝑡))]

+ 𝜇𝐶𝑆(𝑡)[𝛼𝐵(𝑡) + 𝛽𝑃 (𝑡) + 𝛾(𝑃 (𝑡)− 𝑟(𝑡))− 𝛿𝑆(𝑡)]. (14)

According to literature [18], the necessary conditions for promotion and Big Data marketing efforts are as
follows:

𝜕𝐻𝐶

𝜕𝑃
= −𝑐𝑃 𝑃 (𝑡) + 𝜇𝐶𝑟𝜂 + 𝜇𝐶𝑆(𝛽 + 𝛾) = 0, (15)

𝜕𝐻𝐶

𝜕𝐵
= −𝑐𝐵𝐵(𝑡) + 𝜇𝐶𝑆𝛼 = 0, (16)

𝜇̇𝐶𝑟 = 𝜌𝜇𝐶𝑟 −
𝜕𝐻𝐶

𝜕𝑟
, (17)

𝜇̇𝐶𝑆 = 𝜌𝜇𝐶𝑆 −
𝜕𝐻𝐶

𝜕𝑆
· (18)

The equations (15) and (16) imply

𝑃𝑀 (𝑡) =
𝜇𝐶𝑟𝜂 + 𝜇𝐶𝑆(𝛽 + 𝛾)

𝑐𝑃
, (19)

𝐵𝑅(𝑡) =
𝜇𝐶𝑆𝛼

𝑐𝐵
· (20)

In order to solve 𝜇𝐶𝑟 and 𝜇𝐶𝑆 , substituting (19) and (20) into (17) and (18), we have[︂
𝜇̇𝐶𝑟

𝜇̇𝐶𝑆

]︂
= 𝐵1

[︂
𝜇𝐶𝑟

𝜇𝐶𝑆

]︂
+ 𝑏1, (21)
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where 𝐵1 =
[︂
𝜌 + 𝜂 𝛾

0 𝜌 + 𝛿

]︂
, 𝑏1 =

[︂
0

−𝜋𝑁

]︂
.

The two characteristic roots of the matrix 𝐵1 can be obtained by calculation as: 𝜆1 = 𝜌 + 𝜂 and 𝜆2 = 𝜌 + 𝛿.
The eigenvector matrix corresponding to the two characteristic roots is

𝐻1 =
[︂
1 𝛾

𝛿−𝜂

0 1

]︂
. (22)

Then, the solution of differential equation (21) can be expressed as[︂
𝜇𝐶𝑟

𝜇𝐶𝑆

]︂
= 𝐻1

[︂
𝑒𝜆1𝑡 0

0 𝑒𝜆2𝑡

]︂[︂
𝑐1

𝑐2

]︂
−𝐵−1

1 𝑏1 =

[︃
𝑒𝜆1𝑡 𝛾

𝛿−𝜂 𝑒𝜆2𝑡

0 𝑒𝜆2𝑡

]︃[︂
𝑐1

𝑐2

]︂
−

[︃ 𝜋𝑁𝛾
(𝜌+𝛿)(𝜌+𝜂)

− 𝜋𝑁
(𝜌+𝛿)

]︃
. (23)

According to conditions lim
𝑡→∞

𝑒−𝜌𝑡𝜇𝐶𝑟(𝑡) = 0 and lim
𝑡→∞

𝑒−𝜌𝑡𝜇𝐶𝑆(𝑡) = 0, we arrive at that 𝑐1 = 𝑐2 = 0, i.e.,

𝜇𝐶𝑟 = − 𝜋𝑁𝛾
(𝜌+𝛿)(𝜌+𝜂) and 𝜇𝐶𝑆 = 𝜋𝑁

(𝜌+𝛿) . Substituting 𝜇𝐶𝑟 and 𝜇𝐶𝑆 into (19) and (20), the optimal decisions can
be obtained.

Furthermore, substituting the obtained optimal decisions into equations (2) and (3), one has[︂
𝑟̇(𝑡)
𝑆̇(𝑡)

]︂
= 𝐵2

[︂
𝑟(𝑡)
𝑆(𝑡)

]︂
+ 𝑏2, (24)

where 𝐵2 =
[︂
−𝜂 0
−𝛾 −𝛿

]︂
, 𝑏2 =

[︂
𝜂𝑃𝐶*

𝑀

𝛼𝐵𝐶*

𝑅 + (𝛽 + 𝛾)𝑃𝐶*

𝑀

]︂
.

Similarly, the solution of differential equation (24) can be expressed as[︂
𝑟(𝑡)
𝑆(𝑡)

]︂
= 𝐻2

[︂
𝑒𝑚1𝑡 0

0 𝑒𝑚2𝑡

]︂[︂
𝑑1

𝑑2

]︂
−𝐵−1

2 𝑏2 =

[︃
0 − 𝛿−𝜂

𝛾 𝑒𝑚2𝑡

𝑒𝑚1𝑡 𝑒𝑚2𝑡

]︃[︂
𝑑1

𝑑2

]︂
−

[︃
−𝑃𝐶*

𝑀

−𝛼𝐵𝐶*
𝑅 +𝛽𝑃 𝐶*

𝑀

𝛿

]︃
, (25)

where 𝑚1 = −𝛿, 𝑚2 = −𝜂, 𝐻2 =
[︂
0 − 𝛿−𝜂

𝛾

1 1

]︂
.

According to the initial conditions 𝑟(0) = 𝑟0 and 𝑆(0) = 𝑆0, we can derive that 𝑑1 = 𝑆0 − 𝛼𝐵𝐶*
𝑅 +𝛽𝑃 𝐶*

𝑀

𝛿 −
𝛾(𝑟0−𝑃 𝐶*

𝑀 )
𝜂−𝛿 and 𝑑2 = 𝛾(𝑟0−𝑃 𝐶*

𝑀 )
𝜂−𝛿 . Substituting (9)–(12) into (7), we get the optimal profit of the whole supply

chain as (13). �

From Theorem 4.1, the optimal strategies of the manufacturer and the e-commerce platform are time-
independent, which make it easier to realize the above strategies in practice. Through further analysis of the
optimal strategies, the following proposition can be obtained.

Proposition 4.2. Under centralized decision mode, the impacts of system parameters on the optimal strategies
can be obtained for the both channel members:

(1) 𝜕𝑃 𝐶*
𝑀

𝜕𝛽 > 0, 𝜕𝑃 𝐶*
𝑀

𝜕𝛾 > 0, 𝜕𝑃 𝐶*
𝑀

𝜕𝑁 > 0, 𝜕𝑃 𝐶*
𝑀

𝜕𝜂 < 0;

(2) 𝜕𝐵𝐶*
𝑅

𝜕𝛼 > 0, 𝜕𝐵𝐶*
𝑅

𝜕𝑁 > 0;
(3) 𝜕𝑆𝐶𝑆

𝜕𝛽 > 0, 𝜕𝑆𝐶𝑆

𝜕𝛾 > 0, 𝜕𝑆𝐶𝑆

𝜕𝛼 > 0, 𝜕𝑆𝐶𝑆

𝜕𝑁 > 0, 𝜕𝑆𝐶𝑆

𝜕𝜂 < 0.

From Proposition 4.2, we obtain the following managerial implications. Firstly, the manufacturer should
invest more in the promotion effort owing to the existence of promotion effect (i.e., 𝛾) in the promotion action,
which further induces the higher reference promotion point and consumer conversion rate. Furthermore, the
higher promotion cost and consumer conversion rate brought by higher promotion effort jointly affect the supply
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chain profits. Secondly, when the effectiveness of the promotion effort onto the consumer conversion rate (i.e.,
𝛽) becomes higher, the manufacturer will invest more in promotion effort. For the memory parameter 𝜂, a larger
𝜂 means that the consumers have shorter memory of past promotion experience, which leads to lower promotion
effort. Therefore, it is beneficial for the whole channel to invest less in the promotion effort when the consumers
have a larger 𝜂. In addition, the parameter 𝛼 reflects the positive effect from the Big Data marketing effort on
consumer conversion rate, which means that the expansionary effect of Big Data marketing effort on consumer
conversion rate will become larger accompanying with the increasing of 𝛼. Accordingly, it is better to invest
more in Big Data marketing in order to improve the consumer conversion rate and then increase the demand.
Finally, as the number of potential consumers (i.e., 𝑁) increases, both the Big Data marketing effort by the
e-commerce platform and the promotion effort by the manufacturer will increase. Moreover, the higher number
of potential consumers will result in the case that the manufacturer and the e-commerce platform should invest
more promotion effort and Big Data marketing effort, respectively.

In practice, the decision makers might not take promotional reference effects into account when making
long-term promotional strategies, which leads to reduced profit for the whole channel. In order to explore
more managerial insights, we give the optimal strategies and profit of the supply chain without the promotion
reference effect by setting 𝛾 = 0 in the Theorem 4.1.

Theorem 4.3. When the promotion reference effect is not considered, the optimal strategies of the supply chain
in the centralized decision mode are

𝑃𝐶𝑁*

𝑀 (𝑡) =
𝜋𝑁𝛽

𝑐𝑃 (𝜌 + 𝛿)
, (26)

𝐵𝐶𝑁*

𝑅 (𝑡) =
𝜋𝑁𝛼

𝑐𝐵(𝜌 + 𝛿)
, (27)

the optimal profit of the whole supply chain is

𝐽*𝐶𝑁 =
𝜋𝐷0

𝜌
+

𝜋𝑁

𝜌
𝑆𝐶𝑁𝑆 +

𝜋𝑁
(︀
𝑆0 − 𝑆𝐶𝑁𝑆

)︀
𝜌 + 𝛿

− 𝑐𝑃

2𝜌

(︁
𝑃𝐶𝑁*

𝑀

)︁2

− 𝑐𝐵

2𝜌

(︁
𝐵𝐶𝑁*

𝑅

)︁2

, (28)

where 𝑆𝐶𝑁𝑆 = 𝛼𝐵𝐶𝑁*
𝑅 +𝛽𝑃 𝐶𝑁*

𝑀

𝛿 is the steady state of consumer conversion rate.

Subsequently, the following propositions recapitulate some relative findings.

Proposition 4.4. In centralized supply chain without and with the reference effect, the optimal strategies and
profits are related as follows:

(1) 𝑃𝐶*

𝑀 (𝑡) > 𝑃𝐶𝑁*

𝑀 (𝑡), 𝐵𝐶*

𝑅 (𝑡) = 𝐵𝐶𝑁*

𝑅 (𝑡);
(2) 𝐽*𝐶 > 𝐽*𝐶𝑁 , if 𝛾 > 2(𝜌+𝜂)[𝑟0𝑐𝑃 (𝜌+𝛿)−𝜋𝑁𝛽]

𝜌𝜋𝑁 .

Proposition 4.4 indicates that the entire supply chain will augment the promotion effort in the presence of the
promotion reference effect. Regarding the channel profits, there exists a threshold value for the effectiveness of
the reference promotion effect 𝛾. Specifically, the entire supply chain benefits from the presence of the promotion
reference effect when the effectiveness of the reference promotion effect exceeds the threshold. The reason is
that the higher effectiveness of the reference promotion effect induces the entire supply chain to augment their
promotion effort to attract additional consumers. Otherwise, the entire supply chain should ignore the presence
of the promotion reference effect in order to obtain higher profit when the effectiveness of the reference promotion
effect 𝛾 is smaller than the threshold. The reason is that although the existence of reference effect can promote
the whole supply chain to increase promotion efforts to attract more consumers, it will also lead to an increase in
the promotion cost of the entire supply chain. Ultimately, the presence of the promotion reference effect causes
decreased profit for the entire supply chain. The above findings can be seen as a generalization of the existing
conclusions regarding the promotion.
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4.2. Decentralized decision mode (𝐷 mode)

In the decentralized decision mode, the manufacturer and the e-commerce platform conduct the Nash differ-
ential game. Under this game, both manufacturer and e-commerce platform make their decisions simultaneously.
In particular, the manufacturer determines the promotion effort 𝑃 (𝑡) and the e-commerce platform determines
the Big Data marketing effort 𝐵(𝑡). Accordingly, the optimization problems of the manufacturer and the e-
commerce platform can be respectively formulated as follows:

max
𝑃 (𝑡)>0

𝐽𝑀 =
∫︁ +∞

0

𝑒−𝜌𝑡[(1− 𝜙)𝜋𝐷(𝑡)− 𝐶(𝑃 (𝑡))− 𝐹 ] d𝑡

s.t. 𝑟̇(𝑡) = 𝜂(𝑃 (𝑡)− 𝑟(𝑡)), 𝑟(0) = 𝑟0

𝑆̇(𝑡) = 𝛼𝐵(𝑡) + 𝛽𝑃 (𝑡) + 𝛾(𝑃 (𝑡)− 𝑟(𝑡))− 𝛿𝑆(𝑡), 𝑆(0) = 𝑆0, (29)

and

max
𝐵(𝑡)>0

𝐽𝑅 =
∫︁ +∞

0

𝑒−𝜌𝑡[𝜙𝜋𝐷(𝑡)− 𝐶(𝐵(𝑡)) + 𝐹 ] d𝑡

s.t. 𝑟̇(𝑡) = 𝜂(𝑃 (𝑡)− 𝑟(𝑡)), 𝑟(0) = 𝑟0

𝑆̇(𝑡) = 𝛼𝐵(𝑡) + 𝛽𝑃 (𝑡) + 𝛾(𝑃 (𝑡)− 𝑟(𝑡))− 𝛿𝑆(𝑡), 𝑆(0) = 𝑆0. (30)

Theorem 4.5. In the decentralized decision mode, the optimal equilibrium strategies are given by

𝑃𝐷*

𝑀 (𝑡) =
(1− 𝜙)𝜋𝑁 [𝛽(𝜌 + 𝜂) + 𝜌𝛾]

𝑐𝑃 (𝜌 + 𝛿)(𝜌 + 𝜂)
, (31)

𝐵𝐷*

𝑅 (𝑡) =
𝜙𝜋𝑁𝛼

𝑐𝐵(𝜌 + 𝛿)
, (32)

the optimal trajectories of the reference promotion point and the consumer conversion rate are

𝑟𝐷*
(𝑡) = 𝑟𝐷𝑆 +

(︀
𝑟0 − 𝑟𝐷𝑆

)︀
𝑒−𝜂𝑡, (33)

𝑆𝐷*
(𝑡) = 𝑆𝐷𝑆 +

𝛾

𝜂 − 𝛿

(︀
𝑟0 − 𝑟𝐷𝑆

)︀
𝑒−𝜂𝑡 +

[︂
𝑆0 − 𝑆𝐷𝑆 − 𝛾

𝜂 − 𝛿

(︀
𝑟0 − 𝑟𝐷𝑆

)︀]︂
× 𝑒−𝛿𝑡, (34)

where 𝑟𝐷𝑆 = 𝑃𝐷*

𝑀 (𝑡) and 𝑆𝐷𝑆 = 𝛼𝐵𝐷*
𝑅 +𝛽𝑃 𝐷*

𝑀

𝛿 represent the steady states of reference promotion point and
consumer conversion rate, respectively.

Furthermore, the optimal profits of both players and the whole supply chain are given by

𝐽𝐷*

𝑀 =
(1− 𝜙)𝜋𝐷0

𝜌
+

(1− 𝜙)𝜋𝑁𝑆𝐷𝑆

𝜌
+

(1− 𝜙)𝜋𝑁
(︀
𝑆0 − 𝑆𝐷𝑆

)︀
𝜌 + 𝛿

−
(1− 𝜙)𝜋𝑁𝛾

(︀
𝑟0 − 𝑟𝐷𝑆

)︀
(𝜌 + 𝜂)(𝜌 + 𝛿)

− 𝑐𝑃

2𝜌

(︁
𝑃𝐷*

𝑀

)︁2

− 𝐹

𝜌
, (35)

𝐽𝐷*

𝑅 =
𝜙𝜋𝐷0

𝜌
+

𝜙𝜋𝑁

𝜌
𝑆𝐷𝑆 +

𝜙𝜋𝑁
(︀
𝑆0 − 𝑆𝐷𝑆

)︀
𝜌 + 𝛿

−
𝜙𝜋𝑁𝛾

(︀
𝑟0 − 𝑟𝐷𝑆

)︀
(𝜌 + 𝜂)(𝜌 + 𝛿)

− 𝑐𝐵

2𝜌

(︁
𝐵𝐷*

𝑅

)︁2

+
𝐹

𝜌
, (36)

𝐽*𝐷 = 𝐽𝐷*

𝑀 + 𝐽𝐷*

𝑅 =
𝜋𝐷0

𝜌
+

𝜋𝑁𝑆𝐷𝑆

𝜌
+

𝜋𝑁
(︀
𝑆0 − 𝑆𝐷𝑆

)︀
𝜌 + 𝛿

−
𝜋𝑁𝛾

(︀
𝑟0 − 𝑟𝐷𝑆

)︀
(𝜌 + 𝜂)(𝜌 + 𝛿)

− 𝑐𝑃

2𝜌

(︁
𝑃𝐷*

𝑀

)︁2

− 𝑐𝐵

2𝜌

(︁
𝐵𝐷*

𝑅

)︁2

. (37)

Proof. In order to solve problem (29), the Hamiltonian for the manufacturer is presented as follows:

𝐻𝑀 = (1− 𝜙)𝜋(𝐷0 + 𝑁𝑆(𝑡))− 𝑐𝑃

2
𝑃 2(𝑡)− 𝐹 + 𝜇𝑀𝑟(𝑡)[𝜂(𝑃 (𝑡)− 𝑟(𝑡))]
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+ 𝜇𝑀𝑆(𝑡)[𝛼𝐵(𝑡) + 𝛽𝑃 (𝑡) + 𝛾(𝑃 (𝑡)− 𝑟(𝑡))− 𝛿𝑆(𝑡)], (38)

where 𝜇𝑀𝑟(𝑡) and 𝜇𝑀𝑆(𝑡) are the costate variables associated with 𝑟(𝑡) and 𝑆(𝑡).
Similar to proof of Theorem 4.1, the manufacturer’s optimal decision satisfies the following conditions:

𝜕𝐻𝑀

𝜕𝑃
= −𝑐𝑃 𝑃 (𝑡) + 𝜇𝑀𝑟𝜂 + 𝜇𝑀𝑆(𝛽 + 𝛾) = 0, (39)

𝜇̇𝑀𝑟 = 𝜌𝜇𝑀𝑟 −
𝜕𝐻𝑀

𝜕𝑟
, (40)

𝜇̇𝑀𝑆 = 𝜌𝜇𝑀𝑆 −
𝜕𝐻𝑀

𝜕𝑆
· (41)

From equation (39), we get

𝑃𝑀 (𝑡) =
𝜇𝑀𝑟𝜂 + 𝜇𝑀𝑆(𝛽 + 𝛾)

𝑐𝑃
. (42)

In addition, equations (40) and (41) are combined as follows:[︂
𝜇̇𝑀𝑟

𝜇̇𝑀𝑆

]︂
= 𝐵3

[︂
𝜇𝑀𝑟

𝜇𝑀𝑆

]︂
+ 𝑏3, (43)

where 𝐵3 =
[︂
𝜌 + 𝜂 𝛾

0 𝜌 + 𝛿

]︂
, 𝑏3 =

[︂
0

−(1− 𝜙)𝜋𝑁

]︂
.

The two characteristic roots of the matrix 𝐵3 are 𝜆3 = 𝜌 + 𝜂 and 𝜆4 = 𝜌 + 𝛿. The eigenvector matrix
corresponding to the two characteristic roots is

𝐻3 =
[︂
1 𝛾

𝛿−𝜂

0 1

]︂
. (44)

Then, the solution of differential equation (43) can be expressed as:

[︂
𝜇𝑀𝑟

𝜇𝑀𝑆

]︂
= 𝐻3

[︂
𝑒𝜆3𝑡 0

0 𝑒𝜆4𝑡

]︂[︂
𝑐3

𝑐4

]︂
−𝐵−1

3 𝑏3 =

[︃
𝑒𝜆3𝑡 𝛾

𝛿−𝜂 𝑒𝜆4𝑡

0 𝑒𝜆4𝑡

]︃[︂
𝑐3

𝑐4

]︂
−

⎡⎣ (1−𝜙)𝜋𝑁𝛾
(𝜌+𝛿)(𝜌+𝜂)

− (1−𝜙)𝜋𝑁
(𝜌+𝛿)

⎤⎦. (45)

According to conditions lim
𝑡→∞

𝑒−𝜌𝑡𝜇𝑀𝑟(𝑡) = 0 and lim
𝑡→∞

𝑒−𝜌𝑡𝜇𝑀𝑆(𝑡) = 0, we can determine 𝑐3 = 𝑐4 = 0, i.e.,

𝜇𝑀𝑟 = − (1−𝜙)𝜋𝑁𝛾
(𝜌+𝛿)(𝜌+𝜂) and 𝜇𝑀𝑆 = (1−𝜙)𝜋𝑁

(𝜌+𝛿) . Substituting 𝜇𝑀𝑟 and 𝜇𝑀𝑆 into equation (42), the optimal promotion
decision can be obtained.

On the other hand, the current-value Hamiltonian for the platform is given by

𝐻𝑅 = 𝜙𝜋(𝐷0 + 𝑁𝑆(𝑡))− 𝑐𝐵

2
𝐵2(𝑡) + 𝐹 + 𝜇𝑅𝑟(𝑡)[𝜂(𝑃 (𝑡)− 𝑟(𝑡))]

+ 𝜇𝑅𝑆(𝑡)[𝛼𝐵(𝑡) + 𝛽𝑃 (𝑡) + 𝛾(𝑃 (𝑡)− 𝑟(𝑡))− 𝛿𝑆(𝑡)], (46)

where 𝜇𝑅𝑟(𝑡) and 𝜇𝑅𝑆(𝑡) are costate variables.
According to the same solving process, we have 𝜇𝑅𝑟 = − 𝜙𝜋𝑁𝛾

(𝜌+𝛿)(𝜌+𝜂) and 𝜇𝑅𝑆 = 𝜙𝜋𝑁
(𝜌+𝛿) . Further, the optimal

Big Data marketing effort of the e-commerce platform can be obtained. Substituting (31)–(34) into (5) and
(6), the optimal profits of the manufacturer, the e-commerce platform and the whole supply chain can be
obtained. �
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Theorem 4.5 shows that the optimal strategies of the manufacturer and the e-commerce platform under
decentralization have similar properties to those under centralization. However, the optimal strategies derived
from the decentralized mode are also associated with the commission rate 𝜙. The e-commerce platform should
increase the Big Data marketing effort while the manufacturer should decrease the promotional effort when the
percentage 𝜙 increases. To further investigate the impact of different decision modes on the marketing strategies
and profits of supply chain members, the comparative analysis is carried out and the following proposition is
obtained.

Proposition 4.6. Comparing the optimal results of centralized and decentralized modes, we have

(1) 𝑃𝐶*

𝑀 (𝑡) > 𝑃𝐷*

𝑀 (𝑡), 𝐵𝐶*

𝑅 (𝑡) > 𝐵𝐷*

𝑅 (𝑡);
(2) 𝑟𝐶𝑆 > 𝑟𝐷𝑆, 𝑟𝐶*

(𝑡) > 𝑟𝐷*
(𝑡), 𝑆𝐶𝑆 > 𝑆𝐷𝑆, 𝑆𝐶*

(𝑡) > 𝑆𝐷*
(𝑡);

(3) 𝐽*𝐶 > 𝐽*𝐷.

Proof. According to the results of Theorems 4.1 and 4.5, it follows that

𝑃𝐶*

𝑀 (𝑡)− 𝑃𝐷*

𝑀 (𝑡) =
𝜙𝜋𝑁 [𝛽(𝜌 + 𝜂) + 𝜌𝛾]

𝑐𝑃 (𝜌 + 𝛿)(𝜌 + 𝜂)
> 0,

𝐵𝐶*

𝑅 (𝑡)−𝐵𝐷*

𝑅 (𝑡) =
(1− 𝜙)𝜋𝑁𝛼

𝑐𝐵(𝜌 + 𝛿)
> 0,

𝑟𝐶𝑆 − 𝑟𝐷𝑆 = 𝑃𝐶*

𝑀 (𝑡)− 𝑃𝐷*

𝑀 (𝑡) > 0,

𝑟𝐶*
(𝑡)− 𝑟𝐷*

(𝑡) =
(︀
1− 𝑒−𝜂𝑡

)︀(︀
𝑟𝐶𝑆 − 𝑟𝐷𝑆

)︀
> 0,

𝑆𝐶𝑆 − 𝑆𝐷𝑆 =
𝛼

𝛿

(︁
𝐵𝐶*

𝑅 (𝑡)−𝐵𝐷*

𝑅 (𝑡)
)︁

+
𝛽

𝛿

(︁
𝑃𝐶*

𝑀 (𝑡)− 𝑃𝐷*

𝑀 (𝑡)
)︁

> 0,

𝑆𝐶*
(𝑡)− 𝑆𝐷*

(𝑡) =
(︀
1− 𝑒−𝛿𝑡

)︀(︀
𝑆𝐶𝑆 − 𝑆𝐷𝑆

)︀
+

𝛾

𝛿 − 𝜂

(︀
𝑟𝐶𝑆 − 𝑟𝐷𝑆

)︀
×

(︀
𝑒−𝜂𝑡 − 𝑒−𝛿𝑡

)︀
> 0,

𝐽*𝐶 − 𝐽*𝐷 =
(1− 𝜙)2𝑐𝐵

2𝜌

(︁
𝐵𝐶*

𝑅

)︁2

+
𝜙2𝑐𝑃

2𝜌

(︁
𝑃𝐶*

𝑀

)︁2

> 0,

which end the proof. �

Proposition 4.6 shows that the promotion effort of the manufacturer, the Big Data marketing effort of the
e-commerce platform, the reference promotional point, the consumer conversion rate and the total profit of the
supply chain are relatively higher in the centralization compared to the decentralization. This finding suggests
that the centralized structure not only allows the consumers to enjoy higher promotional benefits but also
improves the consumer conversion rate and the profit of the whole supply chain. Therefore, it is necessary to
design a efficient contract to restrain the behavior of two parties under the decentralized mode.

5. Design of the combined contract (𝐸 mode)

From the preceding analysis, it is clear that the marketing efforts of the two parties and the total profits of the
supply chain in the decentralized structure are relatively lower. In order to get more profits, a combined contract
including a two-part tariff scheme and a promotion cost sharing scheme is developed in section to encourage
both channel parties to increase their marketing investments. The provisions of this combined contract are
designed as follows: the e-commerce platform charges the manufacturer a fixed fee and a variable fee based on
Big Data marketing spend. At the same time, the e-commerce platform shares a portion of the manufacturer’s
promotional cost. Specifically, we assume that the e-commerce platform charges the manufacturer for Big Data
marketing services in the form of 𝐹𝐸 = 𝑛𝐵(𝑡) + 𝐿, where 𝐿 is the fixed fee and 𝑛 is the coefficient of variable
fee. The promotional cost sharing ratio of the e-commerce platform is recorded as 𝜑 (0 < 𝜑 < 1). Therefore,
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the profit functions of the manufacturer and the e-commerce platform under the combined contract can be
expressed as follows:

𝐽𝐸
𝑀 =

∫︁ +∞

0

𝑒−𝜌𝑡

[︂
(1− 𝜙)𝜋𝐷(𝑡)− 1

2
(1− 𝜑)𝑐𝑃 𝑃 2(𝑡)− 𝑛𝐵(𝑡)− 𝐿

]︂
d𝑡, (47)

𝐽𝐸
𝑅 =

∫︁ +∞

0

𝑒−𝜌𝑡

[︂
𝜙𝜋𝐷(𝑡)− 1

2
𝜑𝑐𝑃 𝑃 2(𝑡)− 1

2
𝑐𝐵𝐵2(𝑡) + 𝑛𝐵(𝑡) + 𝐿

]︂
d𝑡. (48)

Theorem 5.1. If the parameters of combined contract satisfy 𝜑 = 𝜙 and 𝑛 = (1−𝜙)𝜋𝑁𝛼
𝜌+𝛿 , the combined con-

tract can realize the coordination of the supply chain. Further, when 𝐿1 < 𝐿 < 𝐿2, then the proposed con-
tact is acceptable for both players and the interval (𝐿1, 𝐿2) is called the feasible region of the contract, where
𝐿1 = 𝜌

[︁
𝐽𝐷*

𝑅 − 𝜙𝐽*𝐶 + 𝑐𝐵

2𝜌 (1− 𝜙)
(︀
𝐵𝐶*

𝑅

)︀2 − (1−𝜙)𝜋𝑁𝛼
𝜌(𝜌+𝛿) 𝐵𝐶*

𝑅

]︁
and 𝐿2 = 𝜌

[︁
(1 − 𝜙)𝐽*𝐶 − 𝐽𝐷*

𝑀 + 𝑐𝐵

2𝜌 (1 − 𝜙)
(︀
𝐵𝐶*

𝑅

)︀2 −
(1−𝜙)𝜋𝑁𝛼

𝜌(𝜌+𝛿) 𝐵𝐶*

𝑅

]︁
.

Proof. The optimal control problems of manufacturer and e-commerce platform under the combined contract
are expressed as follows:

max
𝑃 (𝑡)>0

𝐽𝐸
𝑀 =

∫︁ +∞

0

𝑒−𝜌𝑡

[︂
(1− 𝜙)𝜋𝐷(𝑡)− 1

2
(1− 𝜑)𝑐𝑃 𝑃 2(𝑡)− 𝑛𝐵(𝑡)− 𝐿

]︂
d𝑡

s.t. 𝑟̇(𝑡) = 𝜂(𝑃 (𝑡)− 𝑟(𝑡)), 𝑟(0) = 𝑟0 > 0

𝑆̇(𝑡) = 𝛼𝐵(𝑡) + 𝛽𝑃 (𝑡) + 𝛾(𝑃 (𝑡)− 𝑟(𝑡))− 𝛿𝑆(𝑡), 𝑆(0) = 𝑆0 > 0, (49)

and

max
𝐵(𝑡)>0

𝐽𝐸
𝑅 =

∫︁ +∞

0

𝑒−𝜌𝑡

[︂
𝜙𝜋𝐷(𝑡)− 1

2
𝜑𝑐𝑃 𝑃 2(𝑡)− 1

2
𝑐𝐵𝐵2(𝑡) + 𝑛𝐵(𝑡) + 𝐿

]︂
d𝑡

s.t. 𝑟̇(𝑡) = 𝜂(𝑃 (𝑡)− 𝑟(𝑡)), 𝑟(0) = 𝑟0 > 0

𝑆̇(𝑡) = 𝛼𝐵(𝑡) + 𝛽𝑃 (𝑡) + 𝛾(𝑃 (𝑡)− 𝑟(𝑡))− 𝛿𝑆(𝑡), 𝑆(0) = 𝑆0 > 0. (50)

Similar to the solution process of Theorem 4.5, the optimal promotion effort of the manufacturer and the
Big Data marketing effort of the e-commerce platform can be obtained, i.e., 𝑃𝐸*

𝑀 (𝑡) = (1−𝜙)𝜋𝑁 [𝛽(𝜌+𝜂)+𝜌𝛾]
(1−𝜑)𝑐𝑃 (𝜌+𝛿)(𝜌+𝜂) and

𝐵𝐸*

𝑅 (𝑡) = 𝜙𝜋𝑁𝛼+𝑛(𝜌+𝛿)
𝑐𝐵(𝜌+𝛿) . Let 𝑃𝐸*

𝑀 (𝑡) = 𝑃𝐶*

𝑀 (𝑡), 𝐵𝐸*

𝑅 (𝑡) = 𝐵𝐶*

𝑅 (𝑡), we can get 𝜑 = 𝜙 and 𝑛 = (1−𝜙)𝜋𝑁𝛼
𝜌+𝛿 .

Substituting the optimal decisions with 𝜑 = 𝜙 and 𝑛 = (1−𝜙)𝜋𝑁𝛼
𝜌+𝛿 into (47) and (48), the optimal profits of

the manufacturer and the e-commerce platform under the proposed contract can be obtained as follows:

𝐽𝐸*

𝑀 = (1− 𝜙)𝐽*𝐶 +
𝑐𝐵

2𝜌
(1− 𝜙)

(︁
𝐵𝐶*

𝑅

)︁2

− (1− 𝜙)𝜋𝑁𝛼

𝜌(𝜌 + 𝛿)
𝐵𝐶*

𝑅 − 𝐿

𝜌
, (51)

𝐽𝐸*

𝑅 = 𝜙𝐽*𝐶 −
𝑐𝐵

2𝜌
(1− 𝜙)

(︁
𝐵𝐶*

𝑅

)︁2

+
(1− 𝜙)𝜋𝑁𝛼

𝜌(𝜌 + 𝛿)
𝐵𝐶*

𝑅 +
𝐿

𝜌
· (52)

Besides, it should be pointed out that the designed contract should satisfy 𝐽𝐸*

𝑀 > 𝐽𝐷*

𝑀 and 𝐽𝐸*

𝑅 > 𝐽𝐷*

𝑅 .
Then, the manufacturer and the e-commerce platform can adopt this combined contract. By solving the above
inequalities, we can achieve the conclusions in Theorem 5.1. �

As mentioned in [42], the control-dependent incentive is an inefficient mechanism to improve the profits of
all players under the decentralized decision mode. In this research, a combined contract based on the control-
dependent incentive and cost-sharing contract is proposed to coordinate a platform supply chain, where the
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Table 4. Parameter values.

𝜋 𝛽 𝜂 𝛿 𝛼 𝑁 𝑐𝐵 𝑐𝑃 𝐹 𝑟0 𝑆0 𝐷0 𝜙 𝜌 𝛾

5 0.4 0.5 2 0.4 30 14 8 50 2 0 25 0.4 0.1 0.4

Figure 2. The time trajectory of the reference promotion point.

Figure 3. The time trajectory of consumer conversion rate.

cost of Big Data marketing service is composed of the fixed fee 𝐿 and variable fee (control-dependent incentive)
𝑛𝐵(𝑡). In addition, it follows from Theorem 5.1 that the optimal strategies under the combined contract are
independent of fixed fee 𝐿 and the profits of the e-commerce platform and the manufacturer depend on the
fixed fee 𝐿. Further, when the value of the fixed fee 𝐿 locates in the interval (𝐿1, 𝐿2), the combined contract
can not only achieve perfect coordination of the supply chain, but also improve the profits of both parties to
ensure that they have the willingness to agree on this contract. In other words, the e-commerce platform and the
manufacturer may allocate the profits by adjusting the fixed fee 𝐿 within the feasible region. Subsequently, the
proposed combined contract will be validated by comparing its efficiency with the available result in subsequent
numerical analysis.

6. Numerical results

On the basis of the obtained theoretical results, we explore the effects of several system parameters on the
Big Data marketing effort, the promotion effort, the profits and the feasible region through specific numerical
examples. In response to this analysis process, we can further derive valuable managerial insights. Referring
to [19, 40], the values of parameters are set as shown in Table 4. Correspondingly, all computation results are
outlined in Figures 2–18 and Table 5.
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Figure 4. Big Data marketing and consumer conversion rate with different 𝛼.

Figure 5. The profits of supply chain members with different 𝛼.

6.1. Optimal trajectories of state variables

According to the results of Theorems 4.1 and 4.3, we can obtain Figures 2 and 3. From those figures, we can
see that the optimal trajectories of the reference promotion point and the consumer conversion rate under the
centralized and decentralized modes tend to be stable when time 𝑡 → ∞. It can be seen from Figure 2 that,
regardless of the value of the initial reference promotion point 𝑟0, the stable value of the reference promotion
point in the same decision mode is identical and the trajectories of the reference promotion point are monotonic.
In addition, we can also observe that the reference promotion point under centralized mode is consistently higher
than the one under decentralized mode. Figure 3 shows that the initial values have no effect on the stable value
of the consumer conversion rate and the consumer conversion rate under centralized mode is higher than one
under decentralized mode. However, the trajectory of the consumer conversion rate is not always monotonic,
as it is affected by the initial reference promotion point 𝑟0 and the initial consumer conversion rate 𝑆0. For
example, when 𝑟0 = 0 and 𝑆0 = 3, 𝑆𝐶*

(𝑡) and 𝑆𝐷*
(𝑡) decrease monotonically and then tend to be stable.

However, when 𝑟0 = 6 and 𝑆0 = 3, 𝑆𝐶*
(𝑡) and 𝑆𝐷*

(𝑡) firstly decrease and then increase, and eventually achieve
the stability.

6.2. The effect of system parameters on optimal decisions and profits

The effects of parameters 𝛼, 𝛽, 𝜂, 𝛾 and 𝑁 on the optimal Big Data marketing decisions, the optimal
promotion decisions, the stable values of the reference promotion point and the consumer conversion rate as
well as the profits for the centralized and decentralized modes are given in Figures 4–13, respectively. Because
of 𝑟𝐶𝑆 = 𝑃𝐶*

(𝑡) and 𝑟𝐷𝑆 = 𝑃𝐷*
(𝑡), the variation curves for the stabilized values of the reference promotion

point will not repeat in the subsequent simulations.
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Figure 6. Promotion effort and consumer conversion rate with different 𝛽.

Figure 7. Profits of supply chain members with different 𝛽.

Figure 8. Promotion effort and consumer conversion rate with different 𝜂.

As shown in Figures 4 and 5, the higher effectiveness of the Big Data marketing effort 𝛼 will lead to more Big
Data marketing efforts and channel profits under centralized and decentralized modes. This result indicates that,
regardless of the centralization and decentralization, the e-commerce platform is motivated by high effectiveness
of the Big Data marketing effort to invest more in the Big Data marketing service, which results in a higher
consumer conversion rate. Furthermore, the higher consumer conversion rate by higher Big Data marketing
effort can contribute to higher supply chain profits. However, the profit of the e-commerce platform decreases
accompanying with the increasing effectiveness of the Big Data marketing effort. The main reason is that the
increase of Big Data marketing effort under decentralization leads to a higher cost of the Big Data marketing.
On the other hand, when the parameter 𝛼 increases, the gaps of the Big Data marketing efforts/profits among
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Figure 9. Profits of supply chain members with different 𝜂.

Figure 10. Promotion decision and consumer conversion rate with different 𝛾.

Figure 11. Profits of supply chain members with different 𝛾.

the two decision modes will become large. Therefore, in order to better achieve win–win cooperation among
supply chain members, it is necessary to implement the coordination contract.

From Figures 6 and 7, regardless of the decision modes, the effectiveness of the promotion effort 𝛽 has positive
impacts onto the promotion efforts, reference promotion points, consumer conversion rates and profits. That is,
a higher 𝛽 induces the higher consumer conversion rates and the higher market demands, which leads to higher
profits for all members and whole supply chain. The above results show that even face the adverse impact of
a higher reference promotion point on consumer conversion rate, a higher promotion effort can still effectively
improve the consumer conversion rate, thereby expanding the market demand and profits. Moreover, the gaps
of the promotion efforts/profits among the two decision modes enlarge with increasing of effectiveness of the
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Figure 12. Equilibrium strategy and consumer conversion rate with different 𝑁 .

Figure 13. Profits of supply chain members with different 𝑁 .

promotion effort. Therefore, the coordination contract should be implemented by the manufacturer and the
e-commerce platform to improve the profits of both members under the decentralized mode.

Figures 8 and 9 show that the influences of the memory parameter 𝜂 on the optimal results are opposite to
the effectiveness of the promotion effort 𝛽. In addition, Figures 10 and 11 show that the influences from the
effectiveness of the reference promotion effect 𝛾 onto the optimal strategies, the consumer conversion rates and
supply chain profits. The specific observations are as follows: accompanying with the increasing the effectiveness
of the reference promotion on the consumer conversion rate (i.e., a higher 𝛾), the manufacturer’s promotion
effort increases. A higher manufacturer’s promotion effort results in higher consumer conversion rate and market
demand, which in turn leads to higher profits of the supply chain. The above results show that the high promotion
effort can still offset the promotion cost by effectively improving the consumer conversion rate when the impact of
reference promotion effect on the consumer conversion rate is significant, thereby expanding market demand and
increasing profits. Furthermore, the gaps of the promotion efforts/profits between two decision modes enlarge
with increasing of 𝛾. Figures 12 and 13 illustrate that an increase in the number of potential consumers 𝑁 results
in higher promotion and Big Data marketing efforts by both parties. The higher marketing efforts lead to a
superior consumer conversion rate and greater profits. A higher 𝑁 will also lead to a larger gap of the promotion
investments/Big Data marketing efforts/profits of the two decision modes. Therefore, the coordination contract
in this situation is more attractive to the manufacturer and the e-commerce platform.

6.3. Validation of the proposed combined contract

In order to verify the advantages of the proposed contract, the combination of cost-sharing contract and
control-dependent incentive in [42] (𝑆 mode) is used for comparison in this Section. Correspondingly, 𝐽𝑆*

𝑀

and 𝐽𝑆*

𝑅 represent the profits of the manufacturer and the e-commerce platform under 𝑆 mode, respectively.
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Table 5. The profit comparisons of two members under different contracts.

𝐹 𝐿 𝐽𝐷*
𝑀 𝐽𝐷*

𝑅 𝐽𝑆*
𝑀 𝐽𝑆*

𝑅 𝐽𝐸*
𝑀 𝐽𝐸*

𝑅 𝐽𝑆*
𝑀 − 𝐽𝐷*

𝑀 𝐽𝑆*
𝑅 − 𝐽𝐷*

𝑅 𝐽𝐸*
𝑀 − 𝐽𝐷*

𝑀 𝐽𝐸*
𝑅 − 𝐽𝐷*

𝑅

𝐹 = 30

2 782.8 896.99 1109.52 1031.23 1089.52 1051.23 326.73 134.24 306.73 154.24
10 782.8 896.99 1109.52 1031.23 1009.52 1131.23 326.73 134.24 226.73 234.24
20 782.8 896.99 1109.52 1031.23 909.52 1231.23 326.73 134.24 126.73 334.24
30 782.8 896.99 1109.52 1031.23 809.52 1331.23 326.73 134.24 26.73 434.24
32 782.8 896.99 1109.52 1031.23 789.52 1351.23 326.73 134.24 6.73 454.24

𝐹 = 40

2 682.8 996.99 1109.52 1031.23 1089.52 1051.23 426.73 34.24 406.73 54.24
14 682.8 996.99 1109.52 1031.23 969.52 1171.23 426.73 34.24 286.73 174.24
26 682.8 996.99 1109.52 1031.23 849.52 1291.23 426.73 34.24 166.73 294.24
38 682.8 996.99 1109.52 1031.23 729.52 1411.23 426.73 34.24 46.73 414.24
42 682.8 996.99 1109.52 1031.23 689.52 1451.23 426.73 34.24 6.73 454.24

𝐹 = 50

7 582.8 1096.99 1109.52 1031.23 1039.52 1101.23 526.73 -65.76 456.73 4.24
19 582.8 1096.99 1109.52 1031.23 919.52 1221.23 526.73 -65.76 336.73 124.24
25 582.8 1096.99 1109.52 1031.23 859.52 1281.23 526.73 -65.76 276.73 184.24
37 582.8 1096.99 1109.52 1031.23 739.52 1401.23 526.73 -65.76 156.73 304.24
49 582.8 1096.99 1109.52 1031.23 619.52 1521.23 526.73 -65.76 36.73 424.24

𝐹 = 60

17 482.8 1196.99 1109.52 1031.23 939.52 1201.23 626.73 -165.76 456.73 4.24
23 482.8 1196.99 1109.52 1031.23 879.52 1261.23 626.73 -165.76 396.73 64.24
35 482.8 1196.99 1109.52 1031.23 759.52 1381.23 626.73 -165.76 276.73 184.24
41 482.8 1196.99 1109.52 1031.23 699.52 1441.23 626.73 -165.76 216.73 244.24
53 482.8 1196.99 1109.52 1031.23 579.52 1561.23 626.73 -165.76 96.73 364.24

Figure 14. The influence of 𝛼 on the feasible region.

In addition, the fixed fee 𝐿 is selected based on the feasible region of combined contract in different 𝐹 and
is provided in Table 5. Subsequently, according to the related results in the above sections, the profits and
profit gaps of channel members under different modes also are presented in Table 5. It can be seen from
Table 5 that, regardless of the value of the fixed fee 𝐿, the two contracts can effectively improve the system
performance under the decentralized mode and realize the channel coordination when 𝐹 = 30 or 40. Therefore,
both contracts are likely to be accepted by two parties. However, when 𝐹 = 50 or 60, we find that compared
with the decentralized mode, the contract corresponding to 𝐸 mode still improves the profits of both parties,
but the contract corresponding to 𝑆 mode is ineffective. More specifically, although the 𝑆 mode increases the
profit of the manufacturer, but it damages the profit of the e-commerce platform. It means that the 𝑆 mode
cannot be accepted by e-commerce platform. To sum up, the obtained results demonstrate that the contract
proposed in this paper not only effectively coordinates the supply chain, but also shows strong flexibility.
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Figure 15. The influence of 𝛽 on the feasible region.

Figure 16. The influence of 𝛾 on the feasible region.

Figure 17. The influence of 𝑁 on the feasible region.

6.4. Impact of system parameters on feasible regions

Figures 14–18 illustrate the effects of parameters 𝛼, 𝛽, 𝛾, 𝑁 and 𝜂 onto the feasible region of combined
contract. In particular, we observe from those figures that when 𝐿 locates between 𝐿1 and 𝐿2, the combined
contract including two-part tariff contract and promotion cost sharing contract can coordinate the supply
chain well and improve the economic situations of both parties. Moreover, when the effectiveness of the Big
Data marketing effort 𝛼 (or the effectiveness of the promotion effort 𝛽, or the effectiveness of the reference
promotion effect 𝛾, or the number of potential consumers 𝑁) increases, the feasible region of combined contract
becomes larger. Those implies that, for larger 𝛼, 𝛽, 𝛾 and 𝑁 , the combined contract provides more space for
cooperation between two parties. Therefore, the manufacturer and the e-commerce platform should strengthen
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Figure 18. The influence of 𝜂 on the feasible region.

their partnership by choosing more effective ways to increase these system parameters. However, the feasible
region will gradually shrink with the increasing of the memory parameter 𝜂, which leads to larger constraints
on the cooperative relationship between the two members. In this case, the willingness of the manufacturer and
the e-commerce platform accepting the combined contract can be reduced.

7. Managerial insights and practical implications

Throughout the operation of the supply chain, the e-commerce platform has realized that the advanced Big
Data technology can help manufacturers improve the efficiency and precision of marketing. This is especially true
because manufacturers can better promote product information to target customer groups by using the Big Data
marketing services provided by the platform. At the same time, in order to improve the sales volume and profits
of the platform supply chain, the manufacturers and e-commerce platforms have to invest in promotion and
Big Data marketing efforts respectively. Notably, supply chain managers should pay attention to the influencing
degree of reference promotion onto the demand to determine whether to consider the reference promotion
effect when making marketing strategies. Furthermore, the combined contract can be implemented in order to
maintain sustained and stable cooperative relationship between channel members.

This study has a high scientific value. Academically, the dynamic decision problem of the platform supply
chain has been discussed from perspective of reference effect. Firstly, this paper not only considered the dynamic
evolution of reference promotion point but also the effects of Big Data marketing effort, promotion effort and
reference promotion effect on consumer conversion rate. Secondly, the impacts from reference promotion effect
onto the channel profit and the equilibrium solutions are revealed. Finally, this paper has designed a new
combined contract, and the results confirm that this contract can realize the perfect coordination of the supply
chain.

In practical applications, the conclusions derived from this research can be used to guide implementation of
Big Data marketing and promotional strategies. Furthermore, the designed combined contract provides a new
framework for optimization of mode like the Platform Open Plan (POP) for JD.com in China, because it can
make a coordinated supply chain having more resilience.

8. Conclusions and outlook

8.1. Conclusions

In this paper, we have investigated the problems of optimal decisions and coordination in the presence of
the reference promotion effect for a platform supply chain consisting of a manufacturer and an e-commerce
platform. By applying the optimal control theory, the optimal equilibrium under centralized and decentralized
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decision modes have been given. In addition, a new combined contract has been proposed to coordination this
platform supply chain. We have obtained the following conclusions:

(1) The centralized decision mode can improve the manufacturer’s promotion effort, the e-commerce platform’s
Big Data marketing effort, and total profits of the whole supply chain;

(2) The comparison between the two situations (without and with the reference effect) implied that it is advan-
tageous to consider reference effect when the effects from the reference promotion effect onto the consumer
conversion rate exceeds the critical threshold;

(3) The combined contract including a two-part tariff scheme as well as a promotion cost sharing scheme can
coordinate the platform supply chain, and there exists a suitable feasible region where all channel members
are involved in the execution of the contract;

(4) The coordination ability of the proposed combined contract will become weaker with an increase in the
memory parameter. On the contrary, it will become stronger with the increasing of the effectiveness of the
Big Data marketing effort, the reference promotion effect and other parameters.

In summary, it can be seen that the obtained conclusions can assist the managers reducing their decision
deviations in both the promotion and Big Data marketing. In addition, the novel coordination mechanism
proposed in this study can better solve the profit distribution problem for coordinated supply chain.

8.2. Limitations

There are also some limitations in this study. Firstly, the e-commerce platform is considered only as a
medium for manufacturers to sell their products. It is worth noting that the e-commerce platforms like JD.com
often have their own self-operated channel, and the products they sell may be substitutes for products sold by
manufacturers. Therefore, the competition between the manufacturers and the e-commerce platforms cannot
be ignored. Secondly, the immediate effects of the Big Data marketing and the reference promotion on the
consumer conversion rate are considered simultaneously in this paper. However, the delayed effects are widely
observed in the customers’ purchasing behaviors. Additionally, it is more meaningful explore the coordination
problem for the platform supply chain with input delays in future.

8.3. Future research

To better address the limitations of this study, we can extend in many directions as follows: (i) The single-
channel sales system consisting of a manufacturer and an e-commerce platform can be expanded to a dual-
channel system considering price competition factors. (ii) The delayed effects can be incorporated into the
decision process and appropriate decision models can be constructed to capture the impact of both immediate
and delayed effects accordingly, then more effective marketing strategies can be developed to better cope with
the delayed effects.
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