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The Mutual Impact of Suppliers’ Online Sales Channel Choices
and Platform Credit Decisions for Offline Channels

Yangyang Qin

School of Management, University of Science and Technology of China, Hefei 230026, China;
qyy22204253@mail.ustc.edu.cn

Abstract: This study examines the strategic decisions and profit dynamics of suppliers
marketing their products through both offline and online channels, alongside online e-
commerce platforms providing their own consumer credit services. We develop a model
that incorporates consumer disposable income, channel preferences, and credit utility. Four
supply chain scenarios are analyzed: wholesale and agency models with either private or
open credit strategies. Using Stackelberg game theory, we explore suppliers’ sales model
choices and the conditions under which platforms extend credit to offline channels. Our
results show that increasing credit utility generally leads to higher equilibrium prices, while
higher service fees compel suppliers to adjust their prices, favoring lower-cost channels.
Notably, suppliers are more likely to adopt the wholesale model to secure platform credit
for offline sales, especially when credit service fees or credit utility are high. Furthermore,
platform credit strategies are strongly influenced by suppliers” sales model choices: In
wholesale models, platforms are more inclined to extend credit to offline channels under
specific conditions of high disposable income (DPI) and credit utility, whereas in agency
models, open credit strategies are only adopted when both DPI proportions and credit
utility are low. This research provides new insights into how platforms can tailor credit
offerings based on supplier strategies, offering a theoretical foundation for consumer
credit policies in multi-channel sales environments and valuable guidance for managers in
determining optimal channel strategies and credit service offerings.

Keywords: consumer credit; wholesale model; agency model; game theory

MSC: 91-10; 91A80

1. Introduction

With the rapid growth of global e-commerce, consumer purchasing behaviors and
payment habits have undergone significant transformations. Consumer credit refers to
a system that allows consumers to borrow money or incur debt with deferred repay-
ment. This encompasses various credit products such as bank credit cards, retail platform
consumer credit, and P2P lending. As a new payment method, consumer credit has signifi-
cantly enhanced consumers’ purchasing power. According to the latest industry report,
global retail e-commerce sales exceeded USD 6.1 trillion in 2023 and are expected to sur-
pass USD 8 trillion by 2027 (https:/ /worldpay.globalpaymentsreport.com/en, accessed
on 11 December 2024). As e-commerce continues to grow, the consumer credit market
has expanded rapidly as well. In 2024, the global consumer credit market is expected to
reach USD 120 billion, with a projected compound annual growth rate of 3.9% from 2025 to
2033 (https:/ /www.imarcgroup.com/consumer-credit-market, accessed on 15 December
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2024). In contrast, traditional credit mechanisms, such as credit card approval processes,
are complex and stringent [1], which makes it challenging for younger consumers to ac-
cess credit. Many platforms, facing significant market potential, have leveraged their
technological and data advantages to launch platform-based consumer credit (referred
to as “platform credit”) online, offering consumers the option of deferred payments with
interest-free grace periods. Examples of representative platform credit products include
Alibaba’s Ant Credit, JD.com’s Bai Tiao, and Amazon’s Afterpay. Platform credit pro-
vides purchasing opportunities for consumers with low disposable income (DPI), thus
increasing demand on the platforms and generating additional interest income. In Q3
2022, 43.7% of JD.com’s operating cash flow came from accounts receivable from Bai Tiao
(https:/ /baijiahao.baidu.com/s?id=1749831670174657381&wir=spider&for=pc, accessed
on 17 December 2024). With continuous innovations in credit payment technology, more
platforms have extended credit to various payment scenarios. For instance, Ant Credit ex-
panded its services beyond online channels to include physical stores of certain merchants
in 2015.

The literature on consumer credit suggests that credit payments can stimulate greater
consumption and are less burdensome for consumers compared to cash payments [2,3].
Consumer credit not only alleviates the issue of insufficient disposable income (DPI) for
consumers but also enhances convenience and security through various payment methods
such as facial recognition. These advantages have attracted a large number of consumers
to use such services. By the end of 2023, Ant Credit had served over 400 million consumers,
with more than 60% of them having no prior credit card usage history. For these consumers,
Ant Credit is their first encounter with consumer finance (https://news.qq.com/rain/a/20
240701A03ITCO00, accessed on 11 December 2024). The diversification of payment methods
not only reduces consumer payment costs but also enhances their valuation of the platform.
Furthermore, consumers who repay on time incur no additional fees.

Online platforms offer significant market opportunities for suppliers, who can
choose between two primary sales models: the wholesale model and the agency model.
The literature on e-commerce platforms has extensively discussed these two sales
models [4,5]. In the wholesale model, the platform acts as a retailer, purchasing prod-
ucts from suppliers and reselling them to consumers. In the agency model, the platform
functions as a marketplace, allowing suppliers to sell products directly to consumers
through the platform and charging a commission. In practice, e-commerce platforms like
Taobao and Amazon allow suppliers to choose between these two sales models and sell
their products through traditional offline channels as well. Platform credit not only influ-
ences consumer purchasing behavior but also has a profound impact on the profit-sharing
dynamics between the platform and suppliers. As both a competitor or collaborator of the
supplier and a provider of credit services, the platform can choose to extend credit services
to suppliers’ offline channels to expand the market for platform credit. Alternatively, as
a retailer or online marketplace, the platform can choose not to extend credit services to
suppliers’ offline channels in order to boost online transactions. The differences in these
credit strategies reflect the platform’s decision regarding the scope of credit usage, which
can influence the supplier’s online sales strategy and the consumer’s purchasing decisions.
Moreover, the extent to which platform credit strategies are open influences the depth of
cooperation and market competitiveness between the platform and the supplier, subse-
quently affecting the operational efficiency and profit distribution across the supply chain.
For instance, Apple distributes products via the wholesale model on JD.com, where JD
has long provided interest-free credit services for Apple’s self-operated flagship stores,
but this credit service is not extended to Apple’s offline direct retail stores. In contrast,
Huawei adopts the agency model to sell products on Taobao, with Taobao offering interest-
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free credit services for both Huawei's flagship store on the platform and its offline stores
(https:/ /www.ithome.com/0/491/699.htm, accessed on 27 October 2024).

To date, no theoretical framework has explained the interaction between platform
credit offerings and suppliers’ sales model choices in dual-channel systems. Existing studies
primarily focus on the intra-platform effects of credit (e.g., online pricing or consumer
behavior) but overlook two critical dimensions:

1. Offline Credit Extension: Platforms like Alibaba now offer credit services in physical
stores (e.g., Huabei in Apple Stores). However, no model explains how this affects
supplier—platform coordination.

2. Sales Model-Credit Interplay: Previous work treats sales models (wholesale/agency) and
credit strategies (private/open) as isolated decisions, neglecting their interdependence.

To address these gaps and explain the underlying mechanisms behind the observed
phenomena, this study develops a dual-channel supply chain model consisting of suppliers
and online platforms. Suppliers sell products through offline channels while simultaneously
selling through the platform’s online channel. The platform offers two distinct sales formats:
the agency model and the wholesale model. As a credit service provider, the platform has
two credit strategies: the private credit strategy and the open credit strategy. Under the
private credit strategy, platform credit can only be used within the online platform. Under
the open credit strategy, the platform also provides credit services for offline channels. This
research aims to explore the interplay between platform credit strategies and suppliers’ sales
model decisions. The study primarily addresses the following three core research questions:

1. How do the equilibrium decisions of suppliers and platforms evolve under different
channel structures and consumer credit strategies?

2. Under what market conditions should an online platform extend credit services to
suppliers’ offline channels?

3. What sales model are suppliers more inclined to choose, and how does the platform
respond?

To answer these questions, we construct four scenarios: (1) WP scenario, where the
supplier chooses the wholesale model and the platform adopts the private credit strategy;
(2) WO scenario, where the supplier chooses the wholesale model and the platform adopts
the open credit strategy; (3) AP scenario, where the supplier chooses the agency model and
the platform adopts the private credit strategy; and (4) AO scenario, where the supplier
chooses the agency model and the platform adopts the open credit strategy. We consider
consumer heterogeneity in disposable income (DPI) and the potential for consumer credit
to increase consumer valuation. Suppliers and platforms engage in a Stackelberg game,
where the supplier first decides on the online sales model, followed by the platform’s
decision on its credit strategy. In the wholesale model, the platform first sets the offline
direct sales price and online wholesale price, then sets the retail price for the wholesale
channel. In the agency model, the supplier simultaneously decides the prices for both
offline and online channels. By solving these four scenarios, we investigate the interaction
between suppliers’ sales model decisions and the online retail platform’s consumer credit
strategy. To the best of our knowledge, this study is the first to consider the interaction
between suppliers’ online sales model choices and e-commerce platform credit strategies
for offline channel expansion. We describe in detail the optimal pricing and strategy
decisions of both the supplier and the platform and demonstrate how credit service fees
and credit utility affect the pricing decisions of both parties. An increase in credit service
fees prompts suppliers to adjust their prices to guide demand, while higher credit utility
generally leads to higher equilibrium prices. Platform credit strategies in the agency model
facilitate synchronized growth of both online and offline channel sales, whereas in the
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wholesale model, online sales decrease and offline sales increase. Furthermore, our study
shows that the best strategies for both suppliers and platforms depend on credit service
fees, the proportion of high-DPI consumers, and credit utility. For the platform, regardless
of the sales model, when the proportion of high-DPI consumers is high and credit utility is
low, the platform is more likely to offer credit services for offline channels, with a higher
likelihood of providing credit services to suppliers’ offline channels in the wholesale model.
Considering the influence of platform consumer credit, suppliers are likely to adopt the
wholesale model only when the proportion of high-DPI consumers is high and credit utility
is moderate, or both factors are high. When the proportion of high-DPI consumers is
low, suppliers will only consider the agency model, and the platform will not offer credit
services for the suppliers’ offline channels.

The remainder of this paper is organized as follows. In Section 2, we position this
study within the relevant literature on consumer credit, selling formats on online platforms,
and interactions between online platforms and offline channels. In Section 3, we establish
the problem model and provide the sequence of events along with the basic assumptions.
In Section 4, we derive the equilibrium outcomes under different scenarios and analyze
the impact of consumer credit on equilibrium decisions. In Section 5, we analyze the
decision-making processes of suppliers in selecting online sales models and the platforms’
decisions regarding credit provision. In Section 6, we present conclusions and future
research directions. Additionally, Appendix A at the end of the paper contains proofs for
all results.

2. Literature Review

This study is closely related to three streams of literature: online platform credit,
selling formats on online platforms, and interactions between online platforms and offline
channels. In this section, we provide an overview of these research streams and highlight
our contributions to the field.

2.1. Consumer Credit

Consumer credit has been proven to be an effective payment method for consumers,
significantly influencing their purchasing decisions. Credit payments play a key role
in enhancing consumers’ willingness to pay [6]. Hu et al. [7] found that consumers are
increasingly using fintech credit rather than traditional bank credit. Furthermore, consumer
credit may have a significant impact on consumers’ mental accounting. Xie et al. [8]
proposed that product quality and consumer trust significantly affect the willingness of
both platform and strategic consumers to use credit services.

Online credit has gained increasing attention in the field of platform supply chain
management. Liu et al. [9] demonstrated that credit refunds can lead to price discrimination
and demand shaping among consumers, and under certain conditions, they are more
profitable than cash refunds. Zhao et al. [10] studied how e-commerce platforms influence
consumer behavior through installment payment and price guarantee strategies. They
found that, when the proportion of high disposable income consumers is low, interest-free
installment strategies are more profitable, while price guarantee strategies limit the use
of interest-free installments. Xie et al. [11] examined the impact of e-commerce consumer
credit on pricing strategies and the profits of all participants, revealing that credit services
benefit sellers, consumers, and the entire supply chain in low- and mid-end product
transactions, though the effect on platform profits remains uncertain.

Wau et al. [12] found that the time cost of funds and credit discount rates influence
the willingness of suppliers and retailers to open credit payment options. One study
presents a model for e-commerce platforms to determine when to introduce consumer
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credit services and share them with third-party sellers, revealing that sharing services
can benefit both parties under certain conditions but may reduce consumer surplus [13].
In another related study, cognitive biases in borrowers, especially over-optimism, are
shown to lead to financial mistakes, with the study proposing policy solutions like financial
literacy education and reducing default costs to improve welfare, although the results are
mixed [14]. Additionally, research on buy now, pay later (BNPL) services highlights their
significant impact on consumer financial behavior, influencing the likelihood of adopting
other credit options and shaping broader financial decision making [15]. Li et al. [16]
explored how the credit strategy of online retail platforms affects interactions with sellers,
revealing that offering credit can impact pricing and demand, and that platform credit
strategies depend on credit yield and mismatch costs. Wei et al. [17] discussed the dual
credit services of e-commerce platforms and their impact on the ecosystem, finding that
dual credit can reduce product prices and benefit consumers, though its effects on sellers
and platforms remain uncertain. Duan et al. [18] explored the provision strategy of e-
commerce consumer credit services in a dual-channel system and their effect on pricing
strategies, showing that credit services may generate positive spillover effects for the
platform. Li et al. [19] examined the credit strategy and interest issues of online platforms
in integrated and independent system platform supply chains.

Although the existing literature provides ample evidence on how consumer credit
influences consumer purchasing behavior, there is limited research on how consumer
credit affects platform supply chain management decisions. Furthermore, existing studies
primarily focus on the impact of credit services within online platforms (such as their effects
on platform revenue, consumer behavior, and supply chain pricing strategies). There is a
lack of research on whether credit services should extend to external platforms and their
potential impacts. While some studies have explored the impact of consumers’ disposable
income differences and credit utility on credit strategies, their specific effects in online and
offline dual-channel supply chains have not been sufficiently analyzed. Our study fills the
gap in both areas.

2.2. Selling Formats on Online Platforms

Our study is also related to the literature on selling formats on online platforms. Hagiu
et al. [4] found that when marketing activities result in spillover effects or network effects
that negatively affect supplier profits, the wholesale model is preferred, while the agency
model is favored for long-tail products. Abhishek et al. [5] explored the decision-making
process of e-commerce platforms when choosing between agency sales and traditional
wholesale models. They discovered that agency sales are more efficient in online channels
when traditional channel demand declines, but manufacturers, by controlling retail prices,
influence the e-commerce platform’s choice. Ha et al. [20] examined how sales efforts impact
the channel structure of online retail platforms. Gong et al. [21] pointed out that platforms
encourage manufacturers to adopt the agency sales model when information accuracy
is high, thereby increasing profits for both parties. Li et al. [22] studied online sales of
green products, finding that manufacturers tend to choose the agency sales model at lower
agency fees to enhance product greenness, while higher fees suppress online sales, affecting
e-commerce platform revenues. Bian et al. [23] found that platforms tend to prefer the
wholesale model when offering high-quality services, whereas the agency model may deter
suppliers from sharing service information. Chen et al. [24] indicated that a manufacturer’s
choice of online sales strategy largely depends on consumers” acceptance of online channels
and the spillover effects from online to offline sales. Under specific conditions, the agency
sales strategy can result in a “win-win-win” situation for the manufacturer, offline retailers,
and online platforms. Ke et al. [25] analyzed the selection of three sales models (wholesale,
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agency sales, and mixed sales) in platform supply chains, concluding that the mixed model
typically yields higher profits and that the optimal sales model varies with commission
rates. Tian et al. [26] studied the choice of online distribution models between an e-
commerce platform and two different suppliers selling mutually substitutable products.
Liu et al. [27] proposed that online financial services provided by e-commerce platforms
can help capital-constrained suppliers optimize their channel strategies, with their choices
being constrained by production costs, financial constraints, platform interest rates, and
commission rates. Zhen et al. [28] used a game-theory model to analyze how retailers’ sales
choices between proprietary channels and third-party platforms are influenced by spillover
effects and the intensity of channel competition, showing that under moderate competition,
different sales formats may be preferred.

Unlike previous research on selling formats on online platforms, this study aims to
delve deeper into the dynamic relationship between vendors’ sales model choices and
platform credit strategies. We have developed a Stackelberg game model to investigate how
platform credit offering strategies influence cooperation or competition between platforms
and suppliers in a dual-channel supply chain based on both offline and online channels.
As a credit provider, the platform is also a retailer or an online marketplace. It can choose
to offer interest-free credit only to consumers purchasing through the supplier’s online
channel, or it can extend interest-free credit services to consumers in both online and
offline channels.

2.3. Interactions Between Online Platforms and Offline Channels

Our work also contributes to the literature on interactions between online platforms
and offline channels. In recent years, numerous scholars have explored the reciprocal
effects between online and offline channels. Yoo et al. [29] investigated the combination
structure of a monopoly manufacturer with both online and offline channels, finding
that the introduction of online channels does not always lead to lower retail prices or
increased consumer welfare. Chiang et al. [30] discovered that the introduction of a
direct sales channel by the supplier can reduce double marginalization effects, thereby
increasing profits, while simultaneously benefiting retailers when wholesale prices are
reduced. Cattani et al. [31] also examined the situation where manufacturers open offline
direct sales channels while cooperating with online wholesale channels, and found that
when the convenience of online channels is significantly lower than traditional channels,
manufacturers can optimize profits and reduce channel conflicts by implementing strategies
aligned with retailer prices. Bhunia and Roy et al. [32] focused on carbon emission reduction
in green supply chains and used Stackelberg game theory to explore the balance between
profit maximization and carbon reduction for manufacturers and retailers across different
sales channels (such as offline and online).

Jiang et al. [33] explored interactions between platforms and independent sellers,
showing that platforms’ actions to prioritize high-demand products may incentivize sellers
to conceal true demand, while platform entry threats may actually benefit sellers. Barman
and Roy et al. [34] focused on closed-loop supply chains and introduced a fuzzy optimiza-
tion model to address the challenges of carbon emission reduction, cost minimization, and
policy compliance under uncertain data conditions. This study focuses on the interaction
between supplier strategic decisions and platform credit policies in a multi-channel sales
environment, particularly examining how this interaction affects the decisions and profits
of both parties. Gilbert et al. [35] found that when traditional channel competition is mod-
erate and the substitutability between online platforms and traditional channels is high,
suppliers prefer the agency model over wholesale, as it is Pareto superior. Crombrugge
et al. [36] found through empirical analysis that the introduction of direct sales channels
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typically leads to a reduction in the number of SKUs purchased by retailers and an increase

in unit wholesale prices. Most previous studies have focused on the impact of online chan-

nels on offline channel operations. In contrast, our study considers a different direction

of interaction, namely, the interaction between platform credit strategies and the channel

strategies of suppliers with both offline and online dual channels. We explore how this

unique interaction affects the equilibrium outcomes.

To clearly illustrate the contributions of our work in comparison to recent studies,

Table 1 below presents a comparison of the key contributions and research gaps of our

study with the following recent works:

Table 1. Comparison of key contributions and research gaps.

Key Limitations

Research Research Focus Credit Strategy Sales Models Channel Interaction Addressed in Our Work
Platform financing Focuses on

for Debt financin operational-financial =~ Does not study consumer

Liu et al. (2023) capital-constrained . & Reselling vs. agency integration (e.g., credit (e.g., deferred

[27] SMEs in (interest-based selling Pareto improvements payment) or offline
dual-channel supply loans). under high channel credit extension.

chains. production costs).
Adoption of

e-commerce

Duan et al. (2024) consumer credit

Platform-specific
e-CCS (wholesale vs.

Wholesale vs. agency

Analyzes spillover
effects between
platforms (e.g.,

Limited to intra-platform
credit; ignores offline

[18] (e-CCS) in platforms. e, channels and credit
dual-platform agency channels). win-win” under utility ()
sysF;ems e-CCS). v
Credit impacts on . .
Xie et al. (2023) pricing in Single-channel credit No cross-channel La.cl.<s analysis of credit
. . Wholesale only. . utility or dual-channel
[11] low/mid-end (online only). spillovers. . .
- credit coordination.
product transactions.
Li et al. (2022) Plat.forrn Credlt. ) Fixed credit scope | No offline channel Does not modgl oFen
strategies under yield . Agency only. . . credit strategies for
[19] . (online). integration. .
mismatch costs. offline channels.
Carbon emissions Focuses on
reduction via green - . . Does not address
. Traditional vs. direct environmental - .
Bhunia and Roy tech, cap-and-trade . . platform credit strategies
etal. [32] olicies, and Not studied. channels (not impacts (e.g., or financial interactions
’ gual-ch;nnel wholesale/agency). emissions, delivery between channels
coordination lead time). .
1. First to model credit
extension to offline
Dual-channel . Credit-driven price channels. 2. Quantifies
S Private vs. open Wholesale vs. agency o .
coordination; under . . . synchronization profit trade-offs between
Our Work . credit with credit fee (7) . . -
platform credit (online/offline) and utility (7) across online/offline sales models and credit
strategies. ’ Yo channels. strategies. 3. Identifies

thresholds for platform
credit sharing (e.g., &, T).

3. Model Setup

This study examines a two-tier supply chain consisting of a supplier (S) and an online

platform (O), where the supplier sells products directly to consumers through offline

channels and via the platform. The platform offers two distinct sales models: wholesale

(e.g., JD’s self-operated stores) and agency (e.g., the Tmall platform).

3.1. Supplier and Online Platform

We model a dual-channel supply chain in which the supplier sells products directly

to consumers through offline channels while simultaneously using the online platform to

sell the same products via either a wholesale (W) or agency (A) model. In the wholesale

model, the platform functions as a retailer, purchasing products at a wholesale price (w) and

selling them at a retail price (p,). In the agency model, the platform operates as an online
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marketplace with the supplier acting as a third-party seller and setting the online sales
price (p,). The platform charges the supplier a commission ¢ based on product category.
Additionally, if consumers use platform credit to make payments, the platform collects a
fee (r) for credit services. If platform credit is allowed in the supplier’s offline channel, the
supplier must also pay a fee of r to the platform.

Since platform commission rates and credit service fees are typically fixed and dis-
closed before a supplier joins the platform, we treat ¢ and r as exogenous variables, where
0<o< 411 and 0 <r < %. The model ignores the potential risks associated with credit
default, simplifying the analysis to focus on credit expansion strategies.

We assume consumers have limited disposable income, and the platform’s credit
strategy is modeled in two forms: (1) private credit service strategy, where the credit service
is exclusive to the platform’s online channel; and (2) open credit service strategy, where the
credit service is extended to the supplier’s offline channels. We assume that the marginal
operating costs of both products and credit services are zero, following common practice in
the literature, which does not affect the qualitative results of the analysis [16].

3.2. Consumer Choice Model

Consumers have heterogeneous valuations for products, with v uniformly distributed
within the interval [0, 1]. Since the platform typically offers superior logistics and after-
sales services [37], consumers are more likely to accept products purchased via the platform,
resulting in a valuation of (1 + 0)v, where 6 represents the advantage of the platform’s
channel. The higher the value of 6, the greater the platform’s advantage over the supplier’s
offline channel.

We assume that consumer disposable income (DPI) varies, classifying consumer into
two types: high DPI consumers (proportion «) and low DPI consumers (proportion 1 — «).
High DPI consumers can afford to purchase products in full, while low DPI consumers
rely on platform credit to make purchases. Consumers using credit gain positive utility,
represented by T (t > 0), such as the psychological benefit of early product access or
exclusive discounts.

Therefore, the utility for a consumer with valuation v is as follows:

e For full payment via online platform: Uy = (1 +6)v — po;

e  For credit payment via online platform: Uy,. = (1+0)v+ T — py;

e  For full payment via offline channel: Usg = v — ps;

e  For credit payment via offline channel: Us, = v — ps.

e  When the platform does not offer credit services for the supplier’s offline channel,
high DPI consumers will choose to buy using credit on the platform if Usg > Uoc. In
contrast, low DPI consumers will always use platform credit. The sales volumes of
online and offline channels are as follows:

e  Online channel: D, = a(1 — — =P ) 4 (1 —a)(1 — _f:f“ );

e  Offline channel: D; = “(W — Ps)-

e  When the platform offers credit services for offline channels, low DPI consumers can

choose to buy via credit in either channel. The demand for online and offline channels
are as follows:
e  Online channel: D, =1 — % ;
e  Offline channel: Dy = 222> — (—7 4 p;).
In the wholesale model, the profit functions for the supplier and the platform are
as follows:
o Ils=ps (Dsg + Dsc) + w<Dog + Doc) — 1psDsc;
b HO = (Po - w) (Dog + Doc) + rPSDSC-
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In the agency model, the profit functions for the supplier and the platform are
as follows:
L d Ils = Ps (Dsg + Dsc) + (1 - (P)po (Dog + Doc) - r(Pstc + PoDoc)}
L d Ilo = ¢po (Dog + Doc) + V(Pstc + PoDoc)-

If the platform only provides credit for the online channel, the demand for offline

credit purchases is Ds; = 0.
The meanings of the relevant parameters and variables are summarized in Table 2.

Table 2. Summary of notation.

Notations Description

Consumer’s valuation of the product, uniformly distributed
between 0 and 1

T Utility derived from the platform’s credit service (7 > 0)

« Proportion of high DPI consumers

r Platform credit service fee

¢ Platform commission rate

0 Platform channel advantage factor
U; Utility of consumer with valuation v for j-payment via i-channel

D;; Demand from consumers via i-channel (j-payment)

TTs Supplier’s profit

o Platform’s profit

w Wholesale price in the wholesale model

pi Retail price via i-channel
i=s, 0 Subscripts representing offline channel (s) and online channel (o)
j=gc Subscripts representing regular purchase (g) and credit purchase (c)

The sequence of events is as follows: In the first stage, the supplier chooses the sales
model for the online platform channel, either reselling or acting as an agent. In the second
stage, the platform decides whether to offer consumer credit services through offline
channels. In the third stage, if the supplier selects the reselling model, the supplier first
sets the wholesale price and the offline retail price, after which the platform determines the
online retail price. If the supplier chooses the agency model, the supplier simultaneously
sets both the offline and online retail prices. Finally, consumers choose their preferred
purchase channel and payment method, and market demand is realized. The timing of
these events is illustrated in Figure 1.

Stage 1 Stage 2 Stage 3
Channel strategy Online credit Pricing decision
selection offering decision

wholesale price w of
online channel and offline
retail price ps (WP / WO)

- channel strategy online and offline retail
Supplier (e, W/ A) price Po, bs (AP / AO)

Platform online credit online retail

strategy price po
(i.e,P/0O) (WP / WQO)

Figure 1. Timing of events.
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4. Equilibrium Results

This section derives the equilibrium results for four scenarios: WP, WO, AP, and AO.
The first letter represents the supplier’s decision regarding the online sales model in the
first stage, while the second letter indicates the online platform’s decision regarding the
provision of platform credit in the second stage. The equilibrium results for these four
scenarios are derived using backward induction.

4.1. Case WP

In the WP case, the supplier selects the wholesale model for the online platform, while
the platform adopts a private credit strategy, making credit available only for online pur-
chases. A representative example of the WP scenario is Apple’s wholesale partnership with
JD.com. Apple supplies products to JD at a fixed wholesale price, while JD operates the
“Apple JD Self-operated Flagship Store”, offering exclusive “JD Baitiao” installment services
for online purchases. Notably, Apple’s offline flagship stores do not integrate JD’s credit
system, which aligns with the definition of the private credit strategy. Using backward
induction, we derive the optimal retail price for the online platform by solving the fol-

lowing optimization problem: 1\/}[7?)( [(po —w) (0( (1 — w> +(1—«a) (1 — 7;:(5)" ))}
Solving this optimization problem, we obtain the platform’s optimal reaction price:

po(w, ps) = w(“w)+“T+281%)+T)+“(1+6)p5 . Given this, the supplier anticipates the platform’s

optimal price and selects the wholesale price w and offline retail price ps to maximize profit:

Max [psa(=2Hhe=Ps — poy 4 w(a(1 — —HemPe) 4 (1 —a)(1- )]

w,ps

Solving the above optimization problem, we derive the supplier’s optimal wholesale
price and offline retail price:

(1+6)(2x + 36)
a+0

1 1 1
W = S04, b = 5 pl = 4

5 1 + 37)

Substituting these prices into the profit functions for the supplier and the platform,
we obtain the optimal profits:

o — l((l+9)(2a+9) LTt (a+9)12)

8 ato 6(1+0)
WO — (m*+9(1+9+'r))2
0 T 160(1+0)(a+0)

4.2. Case WO

In the WO case, the supplier selects the wholesale model for the online channel, and
the platform extends credit services to the supplier’s offline channel. The WO scenario
is exemplified by LEGO’s wholesale collaboration with Amazon. Through Amazon Ven-
dor Central, LEGO provides products at wholesale prices, with Amazon setting retail
prices and offering “Amazon Pay Later” installments (five-period interest-free) both on
its platform and in LEGO’s physical stores (e.g., New York Fifth Avenue flagship). This
dual-channel credit extension embodies the open credit strategy. Using backward induc-
tion, we derive the optimal online retail price p, for the platform by solving the following
optimization problem:

h/{aax [(po —w) (1 - Po;lﬂs) +rps<Po;Ps +T—Ps>]

Solving this gives the platform’s optimal reaction price:

10
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1
Po(w, ps) = E(w +0+ (1+7)ps)

Substituting this into the supplier’s profit function, the supplier chooses w and p;s to
maximize their profit:

. Po — Ps B _ Po—ps
Max(1 —r)ps(—g—+7—ps) +w(l——5—)

The optimal pricing decisions for the supplier in the WO case are

1 1+7
w0 = E(l—O—H—i—T—r(l—i—T)),pZVO: %

Substituting these into p,(w, ps), we obtain the platform’s optimal pricing decision:

1
pVO = 7(2+30+27)
Substituting these optimal prices into the profit functions of the supplier and the
platform, we obtain
Y0 = Le+2(1+1)> —2r(1+7)%)
Vo = L(0+4r(1+ 7)%)

4.3. Case AP

In the AP case, when the supplier sells through the agency model on an online platform,
and the platform adopts a private credit strategy (where the platform serves as both an online
marketplace and a provider of consumer credit services), the supplier simultaneously determines
the online (p,) and offline (ps) retail prices. A representative AP case is DJI’s agency model
partnership with Pinduoduo. DJI operates an official store on Pinduoduo using the agency
model, where “Duoduofengi” installment services are exclusively available online. Crucially,
DJI's offline flagship stores in China reject Pinduoduo’s credit system, relying instead on
Alipay Huabei/bank installments—consistent with private credit constraints. The optimization
problem is formulated as follows:

Max[psar( =5 — ps) + (1 — ¢ — r)pola = (1 — == + (1

Ps/Po
—a)(1— =542))]

By solving the above optimization equation, we obtain the equilibrium results:

ap_ (=1 —9)(0*(2+7+¢)+at(r+¢) +0(-2+7+ 1T+ ¢ +1¢))

: (1+60)(—40+ (r+¢)(40 + a(r + ¢)))
ap _ 202(=14+ 1+ ¢) +20(1+ 1) (=147 +¢) +at(r+¢)
po. = 40+ (r+ ) (40 + a(r + ¢))

By substituting pZ\” and pZ” into the profit functions of the supplier and the platform,
we derive their optimal profits:

AP — (1=r—¢) (0% (—1+7+¢)+26% (14+7) (=1 +7+¢) +at(r(1+7) +7(—1+¢) +¢)+0 (r— (14+7)° +r7(2+a+7) +p+T(2+a+7)p))
s (140)(—40+(r+¢) (40+a(r+¢)))

AP __ 1 -
" = e orp@raprgny (T A+ 6)(a+20) = 207+ 2r(a +0)7

—20(1+0+7)+20(1+0+7)p+a(l+60+217)¢)(20°(—1+r+¢) +20(1+7)(—1
+r+ @) +at(r+9)))

11
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4.4. Case AO

In the AO case, when the supplier sells through the agency model on the online
platform, and the platform adopts an open credit strategy (where the platform serves as both
an online marketplace and a credit service provider for both online and offline channels),
the supplier simultaneously determines the online (p,) and offline (ps) retail prices. The AO
model finds perfect implementation in Apple’s Tmall partnership. Through Tmall’s agency
model, Apple directly controls pricing in its flagship store (paying ~5% commission), with
“Huabei Installment” services (3/6/12-period interest-free) synchronized across both Tmall
online store and Apple’s physical stores in China—a textbook example of open credit
strategy under agency sales. The optimization problem is formulated as follows:

Max(1 —r)ps(P? 7 Pt p))+ (1= —r)po(l — @)

By solving this optimization problem, we obtain the supplier’s optimal pricing strategy:

a0 _ 0(=1+r+¢)2(-1+7)(1+1)+¢)

° — 2+ 4(—1+7)0(=1+7+¢)
a0 (F14+1)0Q2(-1+r(1+604+7)+(2+204+17)¢)
Pom = A1 81 trtg)

Substituting p21© and pZ'© into the profit functions of the supplier and the platform,
we derive their optimal profits:

(~14+1)8(-1+7+¢)(-1+7)(6+ (1 +17) + (1 +6+7)9)
TR A1 trt )
S(r0(=1+7+¢)°2(-1+7)(1+7)

140 = —

1

(2 —4(=1+7)0(—14+7r+9¢))
+¢)(2(=1 4707 — (14+041)p) + (=14 1)%0(r + ¢) (2(—1
+r)(1+60+7)+(2+204+ 1)) (p+TP+20(—14+7+¢)))

1410 =

4.5. Sensitivity Analysis

In the wholesale model, we conducted a sensitivity analysis of equilibrium prices and
profits with respect to the credit service fee rate r and credit utility 7. By differentiating
with respect to r and 7, we derived Proposition 1, which reveals how pricing strategies and
profit distribution adjust in response to changes in the parameters of consumer credit.

Proposition 1. When the supplier uses the wholesale model for the online channel, the equilibrium
outcomes change as follows with increasing credit service fee rates r and credit utility T:
(a)  For the WP case:

ow™P _ 0, ot _ 0 ape’” _ 0 ortg’” arg”

L. ar ar =Y Tar =V o =0, ar =0;

.. WP WP wp oIl oIl

i w0, B —0, W 50,25 >0, 20 >0
(b)  For the WO case:

s awwo 8pWO - apWO _ E)HEVO ang)\/O )

i 5 <0 T =0, B =0, T <0, T2 >0,

y dwO ap'© apy’© ollg allp

ii. 7 >0, H5—->0 >0, 5—>0, 2+ >0.

Proposition 1 indicates that when the supplier adopts the wholesale model, an increase
in the credit service fee rate r will lead to a decrease in the supplier’s wholesale price, unless
under the open credit strategy. On the other hand, an increase in credit utility T will lead

12
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to an increase in the equilibrium price, except for the offline retail price of the supplier
under the private credit strategy. In the wholesale model, the response of profits to credit
parameters depends on the power structure: Under the private credit strategy (WP), the
supplier dominates the profit allocation, while under the open credit strategy (WO), the
platform captures incremental profits through service fees.

Specifically, under the resale model, both parties’ profits increase as 7 rises. The en-
hancement of credit utility stimulates consumers’ preference for credit payments, resulting
in a demand expansion effect. Although the online (or offline) retail prices increase, the
reduced demand elasticity makes the simultaneous increase in both quantity and price
possible, thus driving profit growth. Under the WP case, both parties” profits are unaffected
by the unit credit service fee rate r. In contrast, under the WO case, as r increases, the
supplier’s profit decreases, while the platform’s profit rises. As the provider of credit
services, the platform directly gains from the service fee, while the supplier is forced to
lower the wholesale price to compensate for channel costs, thereby squeezing their profit.

Through differentiation of the equilibrium outcomes with respect to the credit service
fee rate  and credit utility T, we derive the following proposition:

Proposition 2. When the supplier adopts the agency model for online sales, an increase in the
credit service fee rate and credit utility leads to the following equilibrium changes for the supplier
and platform:

(a) For the AP case:

. AP AP orIgr orIAP

i %<0, %50 ZE <o, 52 >0
.. AP AP oITAP ITTAP

i %<0, %o >0 S5 >0, 50 >0

(b)  For the AO case:

. apio apo artgo arIA°

1. =— <0, 53— >0, a?o <0, aﬁo >0
. A0 A0 oIl o1

ii. a’;ST >0, a’g; >0, >0, 52 >0

Proposition 2 suggests that when suppliers adopt the agency model on an online
platform, the equilibrium price of the online agency channel will consistently increase
with the rise in both the platform’s consumer credit service fee rate  and credit utility
7. However, the equilibrium price of the offline direct sales channel does not necessarily
decrease. When the platform adopts an open credit strategy, an increase in credit utility
generally leads to a rise in the supplier’s offline direct sales price.

The platform transfers the credit costs to the supplier through a revenue-sharing
mechanism. However, the demand-creation effect of credit utility provides a win—-win
profit space for both parties, especially under the open credit strategy (AO), where price
and profit both rise simultaneously. Specifically, the supplier’s profit is negatively affected
by the increase in r, while the platform’s profit benefits. As r increases, the supplier is
forced to lower offline prices to sustain demand, while the platform raises online prices and
captures service fee revenue, creating a “scissors gap” in profit distribution. On the other
hand, when credit utility T increases, both parties’ profits improve. This is because, under
the private credit strategy, the demand expansion effect driven by credit utility dominates
the profit change: The revenue from increased online sales offsets the losses from offline
discounts, creating a “price-for-quantity” synergy effect. Under the open credit strategy,
the platform and the supplier jointly leverage the brand premium capacity of credit utility
to achieve cross-channel price coordination, prevent demand substitution, and maximize
joint profits.

13
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5. Decision Analyses

In this section, we examine the impact of platform credit strategies under two channel
models and provide the conditions under which the platform should choose different
credit strategies. The decision-making process for selecting a credit strategy is influenced
by several factors, including the proportion of low-DPI consumers, credit utility, and the
platform’s overall pricing strategy. Through a comparative analysis of optimal pricing
decisions and profitability under private and open credit strategies in the online wholesale
model, we derive Proposition 3.

Proposition 3. (a) w"? > w0, pWP < pWO yWP ~ pWO. (p) DNVP < DWO, DIWVP >
DYCand DIVP + DIVP < DO 4 DWVO always hold.

Proposition 3 indicates that in the online wholesale model, compared to private credit
strategies, an open credit strategy reduces the optimal wholesale and retail prices for online
channels, leading to a decrease in the online platform’s sales. This decision is primarily
driven by the platform’s strategy to balance the benefits of increased offline sales with
the potential loss in online sales. Conversely, the retail price and sales in offline channels
increase. This is because, under a private credit strategy, offline sales are constrained by
consumers’ disposable income, limiting overall sales. However, with open credit strategies,
this constraint is alleviated, enabling more sales in offline channels, which also allows for
higher prices.

Regarding the platform, the open credit strategy may weaken its competitiveness,
especially among price-sensitive consumers with low disposable income, who may switch
to offline channels, reducing online sales. However, as the usage of credit expands, the
total market demand increases, as more consumers can now afford the products. Therefore,
the platform’s decision is not just about short-term pricing but also about long-term market
expansion, balancing the trade-off between competitive pressure and demand growth.

By comparing the unit profit of the platform in the wholesale channel under different
credit strategies, we derived Proposition 4.

Proposition 4. Marginal unit profit for the platform in wholesale model: When Max[0,7y] <

wWP < pg\/O _

T < Min[ty, 15), the unit profit increases (p}'* — wO); otherwise, it decreases

(ngP — wWP > pg\/O _ wWO)'

Proposition 4 indicates that in the wholesale model, when credit utility is low, the
open credit strategy positively impacts the platform’s marginal profit by reducing the
double marginalization effect in the wholesale channel. However, when credit utility is
high, opening credit to offline channels reduces the platform’s marginal profit, although
additional revenue from credit service fees may offset this loss. The platform’s decision
is based on maximizing its profit, where it has to weigh the immediate gains from credit
service fees against the long-term impact on sales and pricing.

Next, we compare the differences in online and offline prices under private and open
credit strategies in the agency model, with results detailed in Proposition 5.

Proposition 5. (a) p2f < p2O always holds; pi¥ < pZi© holds only when 0 < a < a1, 0 <
T<mora <a<l, 74 < T < 13; 0otherwise, pg“P > p{,“o; (b) D;“P > D;“O holds only when
wy < a <1, 0<T< 17 otherwise, D;“P < D;“O; similarly, D{;‘P < D{;‘O holds only when
a3 < a<1,0< T < 13 otherwise, DAY > DO,

Proposition 5 indicates that in the agency model, when the platform adopts the open
credit strategy, suppliers raise offline prices. This is because with open credit, consumers

14
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can use credit to increase their valuation of products, attracting low-income consumers,
and allowing suppliers to engage in price discrimination without reducing demand.

For the online channel, the availability of platform credit may change the substitution
relationship between online and offline channels. Since online channels already offer credit,
prices may remain stable or slightly increase. Specifically, when the proportion of low-DPI
consumers is high or credit utility is large, online prices may rise, whereas when low-
DPI consumers are fewer or credit utility is small, prices may decrease. Offline channels,
enhanced by credit payment options, gain competitiveness, which allows them to match or
even exceed online pricing, particularly when offering better customer experiences.

In contrast to the wholesale model, the effect of open credit strategies on equilibrium
in the agency model is more complex. In the wholesale model, the availability of credit
usually leads to a decrease in online sales and an increase in offline sales. However, in
the agency model, when the proportion of low-DPI consumers is high and credit utility is
low (i.e., when 1 — & is large and 7 is small), the opening of platform credit may lead to
increased online sales and reduced offline sales. This difference arises from the supplier’s
greater control over pricing in the agency model, where they can adjust online and offline
retail prices directly to manage sales. The decision-making process here is more nuanced,
as it involves strategic pricing by both the platform and the suppliers, taking into account
not only credit utility but also the elasticity of demand.

By comparing platform profits under private and open credit strategies, we derive the
conditions for platform decisions, as shown in Proposition 6.

Proposition 6. The conditions under which the platform opens consumer credit services in different
models are as follows. (a) When the supplier adopts the wholesale model on the online channel,
(i) when 0 < & < ay, and max[0, 7] < T < Wor1yg < T < 1, [P < TIWVO, otherwise,
ITVP > TIVO; and (ii) when ay < a < 1, and max[0, 7] < T < Min[tyg, ], TIVP < TIWVO,
otherwise, TI)VP > TIVO. (b) When the supplier adopts the agency model on the online channel, the
platform chooses the open credit strategy only when a5 < o < 1and 0 < T < Ty, otherwise, the
platform chooses the private credit strategy.

As illustrated in Figure 2, Proposition 6 shows that in the wholesale model, when
the proportion of low-DPI consumers is high (i.e., 0 < & < ay), the platform does not
benefit from the open credit strategy unless the credit utility is moderate, in which case the
platform selects the private credit strategy. Conversely, when the proportion of low-DPI
consumers is low and credit utility is small, the platform chooses the open credit strategy.

In the agency model, when the proportion of low-DPI consumers is high, the platform
does not offer credit services to the supplier’s offline channels. However, when the propor-
tion of low-DPI consumers is low, and credit utility is below threshold 1i,, the platform
chooses the open credit strategy, otherwise the private credit strategy is selected.

We further analyze that when the proportion of low-DPI consumers is low and credit
utility is small, regardless of the supplier’s sales model, the platform will always choose the
open credit strategy. The platform’s decision to expand credit services to offline channels
reflects a strategic move to increase overall market reach and combat price competition.
This is because the higher credit utility and low-DPI consumer ratio make it beneficial for
the platform to expand credit services to offline channels, alleviating price competition
and generating additional income. However, when credit utility is high, if the platform
does not offer credit to offline channels, it gains a competitive advantage over suppliers,
forcing them to increase wholesale prices, thereby reducing the platform’s marginal profit.
Finally, by comparing the conditions for providing credit services to offline channels in the
wholesale and agency models, we find that the conditions for extending credit services to
offline channels are more relaxed in the wholesale model.

15



Mathematics 2025, 13, 931

We continue to analyze the first-stage supplier’s strategy equilibrium as presented in
Proposition 7.
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Figure 2. The platform’s equilibrium consumer credit strategy under the wholesale and agency models.

Proposition 7. (a) WP is the equilibrium strateqy when ag < & <1, 719 < T < Min|[t3, T14);
(b) WO is the equilibrium strategy when ry < r < ¢ and ag < « < 1, Max[t2, T7] < T < Ty9
oras < o < 1, Max[0,Ty5] < T < T1p; (¢) AP is the equilibrium strateqy when ag < a <
1, Max[0, 2] < T < Min[ty, Tuy], 0r 0 < & < g, Max[0,7q] < T < 13, 0r g < & <
1, Max[typ, Ti4] < T < 13; and (d) AO is the equilibrium strategy when 0 < r < r1, a5 < a < 1,
and 0 < T < Min[typ, Ty5)-

Proposition 7 analyzes key parameters, including the credit service fee rate r, the
proportion of high-DPI consumers «, and credit utility 7, to determine the optimal strategy
for suppliers and platforms under different market conditions. As shown in Figure 3,
when the proportion of high-DPI consumers is high and credit utility is large, suppliers
choose the wholesale model, and the platform chooses the private credit strategy. When the
credit service fee rate is high and credit utility is small or moderate, suppliers choose the
wholesale model, and the platform chooses the open credit strategy. When the proportion
of high-DPI consumers is low or credit utility is very small or large, suppliers choose the
agency model, and the platform chooses the private credit strategy. The platform chooses
the open credit strategy only when the credit service fee rate is low, and the proportion of
high-DPI consumers is high with small credit utility.
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Figure 3. Supplier’s equilibrium channel strategy under consumer credit.

6. Conclusions and Discussion
6.1. Conclusions

This study explores the complex relationship between channel strategies and platform
credit strategies within a dual-channel supply chain consisting of a supplier and an online
platform. The supplier sells products through both offline and online channels, while
the platform provides interest-free credit services to consumers. The platform has two
distinct credit offering strategies: private and open credit strategies. These strategies are
influenced by the supplier’s online channel sales model. We analyze four specific scenarios:
the wholesale model with a private credit strategy (WP), the wholesale model with an open
credit strategy (WO), the agency model with a private credit strategy (AP), and the agency
model with an open credit strategy (AO). Using a game theory model, we derive the optimal
pricing and strategic decisions for both the supplier and platform under different channel
strategies. Through sensitivity analysis, we examine the impact of credit service fees and
credit utility on the equilibrium decisions of both the supplier and platform. In particular,
the credit service fee does not affect the platform’s equilibrium decision. However, under
the open credit strategy or the agency model, as the per-unit credit service fee increases,
the supplier is incentivized to adjust online and offline prices—raising the online price
and lowering the offline price. This helps redirect demand toward the lower-cost channel,
reducing overall expenses. An increase in credit utility generally leads to higher equilibrium
prices. However, in the agency model with a private credit strategy, an increase in credit
utility results in a decrease in the offline sales price. Importantly, the profit allocation
mechanism exhibits distinct patterns across channel strategies. Under the wholesale model,
the private credit strategy stabilizes supplier profits through fixed contractual terms, while
the open credit strategy enables the platform to capture additional gains through service fee
extraction. When adopting the agency model, platforms strategically transfer credit costs
to suppliers while leveraging credit utility to create mutual profit growth opportunities—a
phenomenon most evident in AO scenarios where coordinated price adjustments drive
synchronized profit escalation for both parties.

Subsequently, we conducted a comparative analysis, which revealed that the plat-
form’s credit strategy significantly influences the allocation of pricing power between the
platform and the supplier. In the agency model, suppliers can effectively control channel
sales by flexibly adjusting online and offline retail prices, potentially achieving synchro-
nized sales growth across both channels. This contrasts with the wholesale model, where
the platform’s open credit service leads to decreased online sales and increased offline
sales. Additionally, we find that the proportion of high-DPI consumers, denoted as «, and
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the positive credit utility, denoted as 7, play crucial roles in the platform’s willingness to
provide credit services to the supplier’s offline channels. Specifically, regardless of the
vendor’s online sales model, when the proportion of low-DPI consumers and the credit
utility are both low, the platform will choose to offer credit services through the vendor’s
offline channels. However, when the proportion of low-DPI consumers is high, the platform
will only provide consumer credit services to offline channels under a wholesale model,
and only when the credit utility is moderate. Under the wholesale model, the platform’s
conditions for offering credit services to offline channels are more lenient.

Our study further analyzes the supplier’s optimal channel strategy and the platform’s
best response. The optimal channel and credit strategy are determined by the credit service
fee, the proportion of high-DPI consumers, and the credit utility. For suppliers, they are
more likely to adopt the wholesale model when the proportion of high-DPI consumers
is relatively high and credit utility is moderate, or when both the proportion of high-DPI
consumers and credit utility are high. In such cases, the platform decides whether to
offer credit services to the offline channel to maximize its own benefit. Both suppliers
and platforms need to adjust their sales models and credit strategies flexibly based on
changes in the credit service fee, the proportion of high-DPI consumers, and credit utility.
This provides a theoretical basis for suppliers and e-commerce platforms to make strategic
decisions that consider channel preferences and consumer DPI heterogeneity.

6.2. Managerial Insights

The findings of this study offer valuable practical insights for both platforms and
suppliers. As the utility of credit increases, the equilibrium prices for both parties tend to
rise. Therefore, platforms should focus on enhancing the quality of their credit services to
foster mutually beneficial profit growth. Additionally, changes in the per-unit credit service
fee significantly influence pricing and profits. Platforms must adapt their credit strategies
according to different models to achieve the optimal equilibrium. Pricing strategies for
suppliers and platforms vary across sales models. Platforms should be flexible in adjusting
product pricing based on whether the supplier adopts a wholesale or agency sales model
to maximize overall profit. For suppliers, choosing an online sales model is influenced
by the platform’s credit policy. Platforms should design their credit policies thoughtfully,
considering factors such as the supplier’s product positioning, to encourage suppliers to
select sales models that align with the platform’s long-term development goals. Under
certain conditions, the platform’s unit profit will vary depending on the supplier’s choice
of sales model. Therefore, platforms should closely monitor key parameters like credit
service fees and credit utility, adjusting strategies in response to market feedback to ensure
optimal profit maximization.

6.3. Limitations of the Work and Future Research

While this study provides valuable insights, several limitations warrant further investi-
gation. Our study has several limitations. First, we do not account for the potential negative
utility of consumer credit, such as the failure of credit providers to remind consumers
about repayments or the possibility of consumers forgetting to repay, which could damage
their credit. Future research could explore these aspects and their impact on platform
and supplier strategies. Second, high-credit-risk consumers could significantly impact
both the supplier’s and platform’s channel and credit strategies. Future studies should
investigate how credit risk influences strategic decision making, providing a more com-
prehensive understanding of the dynamics at play. Third, we assume that the platform’s
consumer credit is the sole option for the supplier’s offline channels, without consider-
ing alternative credit products such as credit cards. However, a variety of competing
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consumer credit products could influence the strategic equilibrium between the supplier
and platform. Future research could explore how the presence of alternative credit op-
tions affects platform-supplier dynamics, providing further insights into optimal credit
strategy development.
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Appendix A

Proof of Equilibrium Results. In the agency model (AP), the supplier simultaneously
decides both the online and offline retail prices to maximize its profit. The profit function is

maxTly = poa( == — po) + (1= p)pola(l — =Hp=2) + (1

Porbo —T+
—a)(1— —75%))

The second-order Hessian matrix AP is
AP =

To ensure negative definiteness, the following conditions must be satisfied:
0 <<

We solve the first-order conditions:

oI 0
Ips " 9po

orrtr 0

These yield the optimal supplier price decisions:

pAP — (1—r—¢)(0*(—2+r+¢) +at(r+¢)+0(-2+r+r7+¢+1¢))
s (1+6)(—40+ (r+¢)(40+a(r+¢)))

ap 202(—1+74+¢)+20(1+1)(—1+7r+¢) +at(r+¢)
Pom = —40 + (r + ¢) (40 + a(r + ¢))

0

To avoid negative demand, we need to satisfy the condition 0 < T < 13, where

29 —3¢? 40+ +6¢
LT 1 ap 1492 219

the WP, WO, and AO modes can be derived. [J

. Similarly, the prices, demand, and profits under

Proof of Proposition 1. When the supplier adopts the wholesale model, and the platform
does not provide consumer credit to offline channels, it is evident that the equilibrium

Jw"WP
prices w"?, p? and p!'" do not depend on r. This implies that Zgr =0, a%l‘;vp =0,
I’ _
P 0.
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The derivative of w"'?, p!'?, and p!'" with respect to 7 is as follows:

awWP 1
ot~ 2
opl'?
JT
apl?t _
JTt

0

0

NI
vV <o Vv

When suppliers adopt a wholesale model and the platform chooses to provide consumer
credit to offline channels, by taking the derivative of the equilibrium outcomes with respect
to r and T, we obtain

auéVrVO =-l1+71)<0
WO
Ko
apé,r -0
azggO =5>0
L
Wi
B =1>0

This completes the proof. [

Proof of Proposition 2. When supplier adopt an agency model and the platform chooses not
to provide consumer credit to offline channels, by taking the derivative of the equilibrium
outcomes with respect to r and 7, we obtain

apdl (1 —r—¢)(40+2a(r+¢))(0*(—2+r+¢)+at(r+¢)+0(—2+r+r7+p+71¢))

or (1+60)(—40+ (r + ) (40 + a(r + ¢)))?
(at+0(1+60+7)(1—r—¢)(40 — (r+¢)(40 +a(r+¢)))

. (1+60)(—40+ (r + ¢) (40 + a(r + ¢)))?
(0*2—r—¢)—at(r+¢)+02—r—rt—¢—1¢)) (40 — (r+ ¢) (40 + a(r + ¢)))
(1+60)(—40+ (r + ¢) (40 + a(r + ¢)))?

<0

AP a(—40T+4r0(1+ 0+ 1) +r*(aT+20(1+ 604 1))

or (—40+ (r + ¢) (40 + a(r + ¢)))?
+49(1 +04+1)p—2r(aT+20(1+0+1))p — (a7 +20(1 + 0+ 7)) ¢?)

(—40+ (r+ ) (40 + a(r + ¢)))?

anP:_ (a+0)(1—r—9)(r+¢) <0
oT (14+6)(40 — (r+¢)(40 + a(r + ¢)))
apet _ 20(1—r—¢) —a(r+¢) =0

ot 40 — (r+ ¢) (40 + a(r + ¢))

>0

When suppliers adopt the agency model and the platform chooses to provide consumer
credit to offline channels, by taking the derivative of the equilibrium outcomes with respect
to r and T, we obtain

apho 09 (46(—1+7+¢) + p(4(-1+1)(1+7) + (3+27)9) ) .
o (@2 —4(—1+7)8(—1+7+¢)) -

apio 9¢(4(—1 +1)20T —4(—147)(1+0+T)p— (2420 + r)4>2)

- > >0
or (92 —4(=14+7)0(=14+7+¢))
opd® _ 2(1-1)8(l—r—¢) 0
T P a(l-no(l—_r—¢)
o _  (1-neQ2-2r—¢) _
0T —¢*+4(1—1)0(1—r—¢)
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This completes the proof. [

Proof of Proposition 3. The difference between the wholesale price under the WO and WP
models is 1

This shows that the wholesale price in the WO model is lower than in the WP model for
r>0,7>0.
The difference between the offline price in the WO and WP models is

T
PO —p=2>0

The difference between the online price in the WO and WP models is

wp__at+0(1+0+7)

WO _ _
Porm ™ Po 4(a+6)

<0

For demand,

+6
DIP = La(k — §), DI = J(1+ 58

A
DNVO = 1(1+21), DVO =1

The difference in demand between the WO and WP models is

0T + 3007 + 60%(1 — o + 27)

DWO_DWP: 0
. . 0(a +6) -
wo _ pwp_ _ (x+0)T
Do = Do =~ g0 ~°

This completes the proof. [

Proof of Proposition 4. We define g1 () as the difference between p!¥© — w0 and pl'P —
WP g1 (1) = (py'0 = w"0) — (p3'" — ")
Substituting the expressions for the prices,

1((—1+a)9

gl(r):z 10 —T+2r(1+r)>

To analyze the behavior of g1(7), we compute the derivative of g; (7) with respect to T:

agi(v) 1.
P 4(1 2r) <0

This is a constant, indicating that g1 (7) is a linear function of 7. Since aggf) < 0, we know
that g1 (7) is decreasing in 7.
To find the value of T where g1 (7) = 0, solving for T,

0 —ab —2r(a+6)

BT T 20w 1 0)

Thus, for T values between 0 and 75, we have

g1(t) >0

For T > 15, we have
§1(1) <0
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From the above analysis, we conclude that when 7 is between Max[0, 7] < T < Min[1, 15|,
we have g1 (7) > 0, meaning (pIV© — w"VO) — (p}'F — w"P) > 0; otherwise, g1 (1) < 0.
This completes the proof of Proposition 4. [J

Proof of Proposition 5. The equilibrium difference in the offline prices is defined as

_ 021 —-r(1+1)+¢)
pSAO_péP_(1_7_4’)<—¢2+4(1—r)9(1—r—¢)
_92(2—r—<p)—sz(r+¢)+9(2—r—rT—4)—T¢)) ~0

(1+6)(40 — (r+ ¢)(40 +a(r + ¢)))

We define g, (7) as the difference in the online prices for the AO and AP models:

0] AP
1 )8R(—1 (104 T) + (24260 + 1))
B —¢2 +4(—1+1)0(-1+7+9)
C20%(=147r+¢) +20(1+T) (=1 +r+¢) +at(r+¢)
—40+ (r+ ¢) (40 +a(r + ¢))

g2 (1) = pdt

We now compute the derivative of g»(7) with respect to T:

0% (1) (1-rb(2—-2r—¢) 20 — (v +20)(r+ ¢)
9T —¢?2+4(1—10(1—r—¢) —40+ (r+¢)(40+a(r+¢))

>0

Since the partial derivative is positive, this implies that ¢>(7) is increasing in 7.
When 0 < & < a1, $2(0) > 0; otherwise, g2(0) < 0. Let g2(7) = 0, which gives 1.
Therefore, when 0 < & < wjora; <a <1,7 < T < 13, $2(7) > 0; otherwise, ¢>(7) < 0.

Consider the function ¢3(t) = DAC — DAY = (-1 +7r+ (P)(ii(z;lgr)f;)giiﬁﬁ)

06(72T+r(1+9+”l’)+(1+9+’[)47)) where agg( ) (11— (P)< 2(1-r)0+¢ + a(2—r—¢) )

—40+(r+¢) (40+a(r+¢)) - —Pra(1—r)0(1—r—¢) | 46— (r+¢) @0+a(r+¢))
> 0 implies that g3(7) is an increasing function of 7. It is given that g3(13)

2(1+0) (=1+r+9) (—¢+(=14+7)0(r+¢)) _
o) AT re) 0. When 0 < a < ap, we have g3(0) = (1+

a(r+¢) . .
0)(—1+r+ ¢)(¢274(71+r%(71+r+¢) B —49+(r+¢)(4£+a(r+¢))) > 0; otherwise, g3(0) < 0.

By setting ¢3(7) = 0, we determine 7;. Therefore, g3(7) > 0 for 0 < a < ap or
ay < u < 1,7 < 1T < 13 otherwise, g3(7) > 0. Where ap = (r+¢)(r¢fz((p£11:rrr;6?z)—1+r+¢))'
B (148) (4(—1+7)2raf+ (rPa-+4(—1+7) (1+(—142r)a)8) -+ (ra+4(1+(—1+7)a)0)¢p? )
T = @01+ 1)0—¢) (144 ) +a(— (7T 2+ 1) @) —2(—1+7)8(A+ 242 (—319) + (—6+¢)9)) "
Finally, we consider the function g4(7) = D}C — DAP = (=147) (¢+T9+20(—1+r+¢))

—¢2+4(=1+71)0(—1+r+¢)
7(146) (a+20) —2a7t+2r(a+6)T— 29(1+9+T)+26(1+9+T)¢+a(1+0+2‘r)¢ It holds that gi(t) =
(1+0) (—40+4a(r+¢)%) 8473

(=242r+¢) (—p+(=1+7)0(r+¢)) < 0and oga(t) _ (=1+r)¢p _ (aF0)(=14r+9)
(—247+¢) (—*+4(—1+1)0(—1+r+¢)) T — 2 +4(—1+1)0(—1+r+¢) 2(1+9)(79+a(7+¢)2)

0 for all T in the interval (0, 73). When 0 < a < a3, we have g4(0) = ( (ngf("’fff( 1;1—:1)2) +
20— (a+26) (r+¢)

Tt (i) @ora(rrgy) > O otherwise, 23(0) < 0. By setting g4(7) = 0, we determine 1g. There-
fore, g4(T) > Oforaz < a < land 0 < T < 13; otherwise, g3(7) > 0.
The proof of proposition 5 is completed. [

Proof of Proposition 6.
Part 1: Wholesale Model (WO and WP)

Let us define the difference in profits between the online platform under the WO and
WP models as fi(t) = TTVO — TTVP.
We are given that
fi(t) = AT + BT+ G
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where the coefficients A1, By and C; are given as

—a+0(—1+4+4r(146
Ap= 1(66(1+6() .

€y o+ L)

We also know that f1(7) is a quadratic function, and thus, the number of roots of this
equation (i.e., the values of T) depends on the discriminant of the quadratic.

The roots of f1(7) are denoted by 19 and 7.

When 0 < & < &g, we have A; > 0, and the roots satisfy 79 < 7y¢. In this case, if T lies
between 19 and Ty, then f;(7) < 0; otherwise, f1(7) > 0.

When g < o <1, A1 <0, and the roots satisfy 9 < 0 < 179. Here, if T lies between
710 and 1, then f1(7) < 0; otherwise, f1(7) > 0.

O+ 6)* +4r(a® — 3062 — (1 +)6°)
6(1+0) 14r:|:\/ B+ 0)(wt0) )

40(140) —a—06 ’

The roots are given by 19 =
where ay = —6 + 410 + 4162,
Part 2: Agency Model (AO and AP)

Let us define the profit difference function between the online platform under the AO
and AP models as f,(t) = 140 — TT4P.

Profit Difference Function f2(7)f2(7)

For the agency model, the profit difference function is

f2(T) = AyT> + Bot + Gy
We also know that

Ay _ 20p(—1+¢%) (4697 +a(—1+¢)(1 +39))
o (1+9)(—a(—1+4))2+49¢)3

is negative, indicating that A, is decreasing with respect to .

Ay(a = 0) <0, so, we conclude that A, < 0, given that A, <0, f2(13) <0, fo(7) isa
downward-opening parabola. Now, we investigate the behavior of f,(7) under different
values of a:

When 0 < a < a5, f2(0) <0, we find that f>(7) < 0holds for T in the range 0 < T < T3.
When as < o <1, f2(0) > 0, and we solve f,(
In this case, f»(7) > 0for0 < T < 715, and fo(

7) = 0 to find the roots 111 and .
T) < 0 otherwise.

P 4002 (—1+r+¢)°—16(—1+7)202 (—1+r+¢)°> n
(r+)? (4(=147)210+4(—147)2 (= 142r)0¢+ (—1+7) (—2—r+4(—1+7)0)p2 13 )

(@2 —4(=17)0(—147+9))? (91+16(—1+1)262(~14+r+¢)" —4092(~1+7+9)2(~2+7(r+9)) ) )
((r+¢)4(4(71+r)379+4(71+7)2(71+2r)9q)+(71+r)(727r+4(71+r)9)¢27r¢3)2>

where a5 =

7

A, — 2et0) (“14¢)¢(a(-1+9)+20¢) " 10 (—r3+r3¢+r(34+40—2r(1+420))?+(—2+7)¢°)
(140) (a(—1+¢)2—409) (P2+¢2—2r(¢+209))"
B — (71+¢)(a2(71+¢)2+802¢2+4a9¢(71+2¢))7 O(r A (—2-+1)Pp—r2(—6+r+4(—2-+1)0) P —r (2 r-+4r0) ¢ +(—1+)¢*)
2 (04(714»47)274947)2 (”2-+g2—2¢(+209))
3 2
and Cy — 0(140) (—1+7r+¢) (4(—147)r+4(—1+r) (—1+2r)9¢+(—1+r)(—2—r+4(—1+r)9)¢2—r¢3) B
(P2 —4(=1+7)0(—1+r+¢))

20(14-60) (—=14r+¢) (r+¢) (—20+(a+20) (r+¢))

(—40+(r+¢) (40+a(r+¢)))° '

This completes the proof of Proposition 6. [

7

4
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Proof of Proposition 7.
Case 1: WP and AP Region

Since g4 < w5, the intersection region where both WP and AP can coexist is

a5 < a < 1,M11x[T10,T12] <T<T13

0—4r6
4r+0 7

We define the profit difference function for the supplier:

Also, when o > we have 179 > 0.

fg(T) = HZ\/P — H?P = A3T2 + B3t + C3

where
(a+6)(40 + (r+ ) (=120 + (a + 80) (r + ¢)))

80(1+6)(—40+ (r+¢)(40 +a(r+¢)))

This means that f3(7) is a quadratic function opening downward. The roots of this function,

3= <0

T3 and Ty4, are derived from solving f3(7) = 0.

When ag < & < 1, 734 > 0, and f3(7) > 0 when 0 < T < T34. Thus, in this region,
IIYP > 1147, and when T > 14, TTIVP < TIAP.

Thus, the equilibrium strategy for supplier in the WP and AP region is WP when ag < & <

1,0 < T < Ty where g = 220 1 \/ L (3202 — 48/62 + 171262 — 4862¢p + Bdrt2p -+ 17022

4(r-+¢) N/ (r+9)
Case 2: WP and AO Region

Since ay < a5, and 112 < Ty0, the intersection between WP and AO is empty, meaning
that the WP and AO strategies do not overlap in this region.

Thus, there is no equilibrium in the WP and AO region.
Case 3: WO and AP Region

When 0 < « < ag, we have 79 < 0 and 179 > 13, meaning that the WO and AP regions
only overlap in areas with lower DPI consumer proportions.
Let the profit difference function be f5(7) = ITVO — 147 = 1 (9 +2(1+71)° —2r(1+ T)2> +
(7l+7+(/7)(93<71+7+¢)+292(1+T)(71+7+¢)+B€T(7’(1+T)+T(71+(P)+(/7)+9(77(1+T)2+VT(2+IX+T)+¢+T(2+B€+T)¢))
(140) (—40+(r+¢) (40+a(r+4))) ’
When 0 < & < ag, f5(0) = 12— 2r + ) + — LU0 0 and fi(7) is

+(r+¢) (40+a(r+¢))
monotonically increasing in the interval (0, 73), so WO is always the equilibrium strategy

in this region.

When ag < « < 1,if 0 < r < rp, then f5(13) < 0;if rp < r < ¢, then f5(13) > 0. In this
case, for r, < r < ¢ and ag < a < 1, there exists a point 77 in the interval (0, 73) such that
fs(ti7) = 0.

When Max[tip, T17] < T < T9, f5(7) > 0, meaning WO is the equilibrium strategy.
Otherwise, if the condition is not met, AP is the equilibrium strategy.

Where r, = Root [40 — 8¢ — 120¢ — 0¢* — 20%¢? + (—120 + 60 — 46%¢ + 20%¢? ) #1+
(76 — 207 + 4629 #1% + 20°#13&, 2}, rp is the solution of f5(73) = 0 in the interval (0, ),
_40(—14r+¢) (29+0(—1+2r+2¢))

- (—242r—6) (r+¢)?

Case 4: WO and AO Region

g

We define the profit difference function in the WO and AO region as

fa(T) = IIVO — 1140 = Ayt + ByT + Cy
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Abstract: This study provides the game-theoretical framework to investigate the relation-
ship between the blockchain service and mass customization in the environment of infor-
mation sharing and contract coordination. Specifically, we construct the game-theoretical
models of the manufacturer and the retailer to discuss the optimal strategy of information
sharing by the retailer in the case of mass customization. The result explores the conditions
of information sharing for the retailer because she understands the end market information
of nearby consumers. This discussion helps us to understand that the motivation of the
manufacturer pays for the retailer’s construction of a blockchain system in the case of
two types of products, such as a standard product and a customization product. Finally,
we use the method of contract coordination to obtain the optimal strategy. Results reveal
that information costs significantly impact sharing decisions, and cost-sharing contracts
can incentivize retailers to share market data. This study has two main contributions. On
the one hand, this study adopts the blockchain service for mass customization by support-
ing contract coordination, showing the technical value of avoiding false information and
tampering-proof. On the other hand, although big data has the same information sharing
function, this technology can’t play the role of secure data transmission. In order to increase
the accuracy of information sharing, we analyze the fusion results of two technologies in the
aspect of increasing the accuracy of data sharing, which better reveals the technical value.

Keywords: mass customization; information sharing; blockchain service; contract coordination;
relevant stakeholders

MSC: 90B06

1. Introduction
1.1. Background and Motivation

The emergence of blockchain services has promoted changes in the production mode,
increased the flexibility of the production process, and reduced the problem of limited
production quantity of the product line [1,2]. Crucially, this change can enable mass
customization in supply chain activities [3]. As one of the production modes, mass cus-
tomization allows the customers to design a product according to their needs while keeping
costs closer to those of the mass-produced products [4-7]. Therefore, a key distinction
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between mass customization and traditional production lies in its dependence on person-
alized consumer data, which guide production and marketing decisions after customer
needs are specified [8].

Retailers at the forefront of consumer interaction have a natural advantage in collecting
and understanding detailed market information, such as preferences, purchasing behavior,
and demand trends. However, despite the strategic importance of such data, information
sharing between retailers and manufacturers often faces significant challenges [9]. These
challenges arise from differences in perceptions of data ownership, concerns about data
privacy, and the costs associated with data sharing. Retailers may also fear losing their
competitive advantage if critical market insights are disclosed to manufacturers. Conse-
quently, this lack of trust and alignment between supply chain participants undermines the
efficiency of mass customization processes.

Blockchain technology offers a robust solution to these challenges. It has key features
that can enhance data security and reliability, including immutability, transparency, and
decentralized trust, thereby fostering trust in information sharing [10]. By leveraging
blockchain services, manufacturers can create a secure and tamper-proof environment
for sharing sensitive consumer data, addressing retailers’ concerns about data misuse or
accuracy. Moreover, blockchain-enabled smart contracts can be used to design innovative
cost-sharing mechanisms and align the interests of both parties, ensuring that retailers are
adequately incentivized to share information, such as mixed technologies.

In traditional customized production, there are some problems related to the secu-
rity and reliability of information transmission. Furthermore, data transmission between
humans and machines is insufficient [11]. Compared with this, blockchain services can
increase the security and credibility of information sharing. However, the manufacturer
may be hesitant to obtain customized data from retailers to gain a market advantage [12].
Rather, by providing blockchain services to retailers, manufacturers can gain information
superiority and, thus increase market efficiency. Therefore, due to the dynamic and prof-
itable information, they need a reasonable contract to realize information sharing between
both parties. This study investigates the potential of blockchain technology to enable more
effective collaboration in mass customization supply chains. Specifically, this study seeks
to answer the following critical questions:

Question 1: What is the impact of the information cost on the sharing behavior via
blockchain services under mass customization?

Question 2: How can a manufacturer achieve reasonable contract coordination using
the retailer’s market information to obtain benefits?

Question 3: How can a manufacturer’s positive interests be realized through new
technology (such as big data)?

1.2. Major Findings

To answer the aforementioned questions, we construct a game-theoretical model to
explore the optimal strategy for information sharing via supporting blockchain services in
a mass customization environment. Our main results are as follows:

First, this study investigates the influence of information costs on sharing behavior.
The results show that the retailer must pay an information cost for each product when
sharing information. In other words, nothing can be carried out too early. The retailer’s
information sharing behavior increases the cost of the unit product.

Second, if the retailer does not receive any benefits from the manufacturer, it will
not share the information on the terminal market. Instead, through contract coordination
between themselves, the manufacturer and the retailer can achieve the goal of information
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sharing and obtain benefits from the cost-sharing contract, discount coupons, and wholesale
price discounts.

Finally, we analyze the stability of the results from different aspects, including unreal
product quantity in information sharing, changes in the utility function in the baseline
analysis, optimal strategy in the case of an uncovered market, optimal strategy in the case
of a product with a delay strategy, and optimal strategy with additional new technology.
By supporting blockchain services and big data technology, these discussions can increase
our understanding of mass customization information sharing.

1.3. Contribution Statement, Feature, and Structure

The contributions of this study are twofold: On the one hand, this study adopts the
blockchain service for mass customization by supporting contract coordination, which
shows the technical value of avoiding false information and tampering. This highlights
the relationship between blockchain services and mass customization. On the other hand,
although big data has the same function as information sharing, this technology cannot
play a role in data security transmission. To improve the accuracy of information sharing,
this study analyzes the effects of two technologies on improving the accuracy of data
sharing in a mass customization environment, thus better revealing the value of these
two technologies.

This study has two main features. First, this study considers blockchain services in
mass customization to increase the accuracy of information sharing, thus highlighting
the technical value of these services. Specifically, we demonstrate that this service mode
improves the customer experience by helping firms to better meet customers’ shopping
needs. Second, this study considers supply chain cooperation through contract design.
We find that blockchain technology can improve information accuracy while reducing the
proportion of false information, thereby highlighting the value of blockchain in avoiding
false problems.

The structure of this paper is as follows: Section 2 presents the literature review.
Section 3 introduces the model setting. Section 4 constructs our basic analysis from dif-
ferent aspects of the equilibrium, including the influence of blockchain technology on
different factors, the influence of information cost on sharing behavior, profits for different
shareholders, and contract coordination for the equilibrium strategy. Section 5 makes some
extensions by considering the cases of unreal product quantity in information sharing,
changes in the utility function in the basic analysis, optimal strategy in the case of the
uncovered market, optimal strategy in the case of a product with a delay strategy, and
optimal strategy in the case of additional new technology. Some results are discussed in
Section 6. Finally, the relevant conclusions and management implications are presented in
Section 7. To show the results, we offer brief proofs of the propositions in the Appendix B.

2. Literature Review

We review the related literature, including mass customization, information sharing,
and contract coordination, and then discuss the research gap.

2.1. Mass Customization in Supply Chain Management

Here, we discuss mass customization in the literature. Specifically, we review the
literature to find related content that describes mass customization in supply chain man-
agement. Among extant studies, Kouhpayeh et al. investigate the role on the trust-building
element in the marketing activity by the support of blockchain technology [13]. Qu et al.
propose a framework of asynchronous federated learning with blockchain technology
in order to promote markets’ shift toward mass customization [14]. Guo et al. explore
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the application of 3D printing in mass customization projects [15]. Yetis et al. propose
a reliable and optimized framework for mass customization to fully exploit the positive
role of blockchain, the Internet of Things, and cyber-physical systems in adopting a per-
sonalized customization production mode [1]. Jain et al. attempt to establish a theory
of mass customization in manufacturing units [16]. Longo et al. propose a two-stage
design process based on a platform to support clothing brands in implementing mass
customization strategies [17]. Qi et al. empirically examine the influence of lean and agile
practices, mass customization, and product innovation capability on service implementa-
tion [18]. Shao develops an analytical model to study the optimal production strategy for
mass customization in a market in which customers have different preferences for product
types [19]. Wu et al. reveal the important responsibility and role of information-sharing
practices in coordinating suppliers’ modular practices [20].

Overall, our study is most closely related to that of [1], who analyze the relationship
between mass customization and blockchain services. However, few quantitative studies
have examined this relationship. Here, we consider the information-sharing value of
blockchain services in mass customization, similar to [20]. Furthermore, in the aspect of
mass customization, blockchain could increase the trust foundation of trusted customers.
Our research is more about the trust of blockchain under information sharing.

2.2. Information Sharing with Blockchain Service

Next, the literature demonstrates the technical value of information sharing via
blockchain services. For example, Qu et al. study a new framework of information
sharing with an asymmetric encryption transmission method by the support of blockchain
technology [21]. Xu et al. use the game-theoretical model to analyze the role of information
sharing by blockchain technology in the case of offline and e-platform channels under
the cap-and-trade scheme, which shows the technical value of traceability and high trans-
parency [22]. Zheng et al. study the risk decision-making problem faced by spacecraft
supply chain participants based on information sharing via blockchain services [23].

Taking advantage of blockchain services in information recording and sharing, Du
et al. propose a new business process and construction scheme for a medical information-
sharing platform based on blockchain services [24]. Dwivedi et al. design a scheme based
on blockchain services to securely share information in a pharmaceutical supply chain
system using an intelligent contract and consensus mechanism [25]. Wang et al. propose an
information management framework for prefabrication supply chains based on blockchain
services, which is helpful for the timely delivery of prefabricated components and tracking
the causes of disputes related to these components [26].

Based on theoretical research on supply chain information asymmetry and collabora-
tion, Si et al. analyze the lightweight security framework for information sharing via the
Internet of Things based on blockchain technology and a dynamic game method of node
cooperation to prevent malicious acts of local domination [27].

Although some studies analyze the necessity of blockchain technology in information
sharing, few studies highlight the useful conditions for blockchain services in an environ-
ment of information sharing for supply chain members, especially the tamper-proof and
accuracy characteristics of blockchain services. Our study explores the condition of using
blockchain technology in the case of information sharing, which could show the value of
blockchain technology on the environment of supply chain activity.

2.3. Contract Coordination in Supply Chain Management

The literature discusses various types of contracts, including cost sharing, delay, and
revenue-sharing contracts. For example, Crettez et al. study how to coordinate the benefits
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of vertical supply chain members through a revenue sharing contract with wholesale price
and fixed sales revenue share [28]. Quadir et al. investigate the result that sharing demands
information in competing supply chains with greening efforts [29]. Gago-Rodriguez et al.
(2021) discuss the extent to which asymmetric bargaining power among supply chain
members mitigates the impact of environmental delay costs on negotiation results [30].
Hosseini et al. (2021) investigate the effects of discounts and advertisements on aggregate
demand and profits in the ecotourism supply chain [31]. Zhang et al. compare the optimal
green decision and profit under a single- or dual-channel strategy with and without
green investment, and determine the optimal channel strategy for the supply chain under
prepayment financing [32]. He et al. use cost allocation to explain that consumers’ low-
carbon preference, the marginal profit of chain members, and corporate social responsibility
behavior significantly influence the optimal solution [33].

To optimize the revenue of supply chain members under decentralized decision
making, Wu et al. construct a revenue-sharing contract between a recycling center and a
third-party recycler and, finally, realize the overall coordination of the supply chain [34].
Considering the reference emissions and cost-learning effects, Yu et al. study Stackelberg
differential games with manufacturers as leaders and retailers as followers [35]. Wang
et al. indicate that implementing a cost-sharing contract can improve the carbon emission
reduction level, product quantity, and supply chain profit [36]. Fan et al. study the impact
of the product liability cost allocation mechanism caused by quality defects on product
quality and pricing decisions, and the equilibrium profitability of supply chain members
and the entire supply chain [37]. Gilotra et al. discuss the impact of human error checks on
emissions costs, transportation costs, and deferred payments in inventory management [38].
Raza et al. propose a supply chain coordination scheme for pricing inventories and
a corporate social responsibility investment decision for a single manufacturer—retailer
supply chain [39].

Yet, there is little discussion on contract coordination in the case of information sharing
via supporting blockchain services. Here, we reveal the value of contract coordination for
information sharing via the use of blockchain services in supply chain management.

2.4. Discussion of the Existing Literature

The literature review shows that, first, mass customization helps improve customer
experiences rather than standard production. However, it is difficult to obtain timely and
accurate market information for mass customization, such as customer habits and shopping
experiences. Here, the emergence of blockchain services can alleviate this situation by
providing supporting technical features, such as tamper prevention and timeliness. Indeed,
extant studies rarely consider the relationship between blockchain services and mass
customization based on quantitative research. Here, we explore the conditions for using
blockchain services to improve the usefulness of information sharing.

Second, while studies have considered contract coordination in supply chain man-
agement, few have investigated the impact of contract coordination on blockchain service
applications, particularly for different types of contract coordination. Meanwhile, we
discuss contract coordination between mass customization and blockchain services in
information sharing. This provides a reasonable strategy for applying blockchain ser-
vices. In summary, we provide specific conditions for implementing blockchain services
in information sharing. The results reveal the practical value of blockchain services in
mass customization.
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3. Model
3.1. Scenario Description

Consider a supply chain with a manufacturer and retailer each. The retailer enjoys mar-
ket superiority due to it being near the end market. Thus, it can capture more information
about customers, such as their shopping preferences and search habits. Correspondingly,
the manufacturer can obtain market information from the retailer’s information sharing
via contract coordination. However, the retailer has the right to decide whether to share
the market information with the manufacturer. If the retailer chooses exclusive market
information, the scenario is marked N as a strategy. Otherwise, the scenario is marked
Y, representing the strategy when the retailer shares market information. To obtain the
optimal strategy of information sharing by firms, we consider the following types of con-
tracts: cost-sharing contract (strategy Y-C), discount coupons (strategy Y-S), and discount
of wholesale price (strategy Y-D).

Next, we also consider two types of products: standard product A and customized
product B. Specifically, the manufacturer produces two types of products. For a standard
product, the manufacturer can use their own market data to determine the production plan.
Meanwhile, for customized products, they need data from customers to determine how to
produce products to satisfy customer requirements in a mass customization environment.
Finally, based on the product characteristics, the retailer sells these two types of products
in the market.

3.2. Model Assumptions

We make some assumptions in our analysis:

(1) According to the literature [40,41], the retailer offers two types of products to end
consumers. Specifically, the consumers’ perceived value is V; their utility from
standard product A and customized product B offerings are Uy = V — p4 and
Up = 0V — pp + t, respectively. Note that the decision variables p4 and pp are
the two types of product prices in the environment of standard production and
mass customization, respectively. The parameter 6 € (0, 1) represents the valuation
difference between products A and B. This design is based on product A to analyze
the competitive relationship between customized products and standard products.
Finally, the parameter ¢ represents the accuracy level of data sharing by the blockchain
system supporting retailer.

(2) The retailer has access to a demand signal I';, which is an unbiased estimator Y, and
decides whether to share it with the manufacturer before the demand is observed.
According to [42,43], the signal accuracy is defined as f and demand is forecasted as
follows: E[Y|I;] = E[I;|[;] = %D. 0 is the variance of market information. This
information structure is common knowledge.

(3) Following the literature, we consider that the service cost involves an operational
cost of the unit product (kt) and an investment cost (at?) [44—46]. The parameters k
and a belong to the cost parameter, which satisfy with k,a € (0,1). Specifically, we
set a4 = 1 to show the main discussion. Moreover, retailers choose to invest directly
in blockchain technology to ensure the transparency of the supply chain, reduce the
problem of counterfeit goods in the supply chain, and improve the trust of consumers.
For example, JD company has also achieved a lot of explorations in the application of
blockchain technology, especially in supply chain management, commodity traceabil-
ity, and anti-counterfeiting. It has developed its own blockchain system to strengthen
its control and traceability of commodity quality, avoid the circulation of counterfeit
goods, and ensure that consumers can obtain real information.
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(4) We assume rational economic agents who maximize their benefits to obtain maximum
benefits or maximum consumption experience.

3.3. Utility and Profit Functions

We consider two scenarios where in the retailer does (N) and does not share informa-
tion (Y). In the basic model, the model settings of the two scenarios are the same. Different
from non-information sharing, information sharing is influenced by market signals I';. To
express the model clearly, the utility functions of two products are designed as follows:

Ua=V —pa (1)

Up =0V —pp+1t @)

The profit function expressions of the retailer and manufacturer are as follows:

R = (pa —wa)ga + (pp — wp — kt)qp — £ (3)
TiM = WadA + WBAqB 4)
Tsc = TTpM + TR (5)

The wholesale prices of the two products are w4 and wp. Correspondingly, the product
quantities are g4 and gp, respectively. Finally, according to whether information sharing
is introduced, the corresponding model superscript is marked in the model, such as 7§

N
and 7ty

3.4. Decision Sequence

The decision sequence is as follows: First, the manufacturer determines the wholesale
price for the two types of products. Second, the retailer considers whether to adopt
information sharing. Moreover, according to the retailer’s information-sharing behavior,
the retail prices of the two types of products can be considered. Finally, the market
is cleared.

4. Basic Analysis

Here, we discuss four aspects: the influence of blockchain technology on different
factors, the influence of information costs on sharing behavior, profits of different share-
holders, and contract coordination of the equilibrium strategy. These discussions reveal
the value of blockchain services in information sharing and contract coordination under
mass customization.

4.1. The Influence of Blockchain Technology on Different Factors

We first examine the influence of blockchain services on various factors under mass
customization, including the wholesale price, retail price, and product quantity. The results
are shown as the following Lemma 1.

Lemma 1 (influence of blockchain services on different factors).

(1)  The impact of blockchain services on the wholesale price:

owl S 0: dwy S0 owl _o: owy -
ot ot or or
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(2)  The impact of blockchain services on the retail price:

Ipy _ .. Pk apy _ .. Pk
ot Vo 20 o 20 p >0

(38)  The impact of blockchain services on the product quantity:

dqy _ 99y _
ot 0% 20

oy
or

Y
=0 aaq—l? > 0.

The Lemma 1 illustrates the value of a blockchain services. Specifically, the wholesale
price increases with the accuracy of data activity regardless of information sharing in the
supply chain system. Moreover, the demand signal has a positive effect in the case of
information sharing, increasing the wholesale price. These changes show the value of the
blockchain services through a change in the unit price. Specifically, it can result in a high
wholesale price without considering the manufacturer’s unit cost. Similarly, it shows the
results for the retail price and product quantity with blockchain services. Furthermore,
these results show similar trends, revealing the value of blockchain services in terms of
data accuracy and demand signals. Thus, blockchain services increase the factor values of
mass customization through the wholesale price, retail price, and product quantity.

4.2. The Influence of Information Cost for Sharing Behavior

Next, we consider the influence of information costs on sharing behaviors. Specifically,
we define a term c]é (j = N,Y), which can be written as C{B = tz/qg, (j=N,Y). This term
describes the information cost of a unit product under a blockchain service considering the
impact of data accuracy and demand signals. The results are presented in Proposition 1.

Proposition 1 (information cost of unit product).

N 4t(1-0)0(1+t0?) Yy 44(1-0)0(1+t0?)
1) 5 = T EREara—eee? B = Tk (=R TA-8)8)2"
2) clg < cg.

Proposition 1 shows the information cost of a unit of product in the two cases.
Based on the definition of information cost per unit product, we can obtain the results
of two information-sharing models in the supply chain: with and without information
sharing. The result shows that ¢} < ¢}, which can be referred to in Appendix B.1. This
indicates the higher cost with information sharing. This may explain why firms do not
want to share information with others, as it can increase the unit product cost. This also
indirectly decreases the benefits of the unit product and product price. Therefore, from the
perspective of the unit cost of information sharing, firms prefer not to share information to
obtain superiority in terms of product price. To obtain a potential strategy for information
sharing via blockchain services, we can further consider the changes in firms’ profits.

4.3. Profits for Different Shareholders

Next, we discuss the changes in the profit for firms to find the optimal strategy. The
result is shown as Proposition 2 by analyzing the profits of firms and total the profit for the
supply chain.

Proposition 2 (comparison of the profit for firms). i} > 7}; 7 < 7l; 7w > 7d-.

Proposition 2 presents the results of the analysis for profit changes. Specifically,
7'(1%] > nlg and 7'[11\\]/1 < 7'[}(,1 indicate the firms’ different choices, which can be referred to
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in Appendix B.2. The manufacturer would like to share information to obtain greater
profits and consumer quantity. However, the retailer does not prefer information sharing.
Thus, the retailer can obtain superior information from consumers in the process of a mass
customization promotion.

Additionally, from the perspective of the equilibrium strategy, the results show two
cases. On the one hand, the profits of the retailer and supply chain remain consistent in the
optimal strategy. On the other hand, the profits of the manufacturer are inconsistent. Thus,
a feasible strategy needs to explore new solutions to meet the interests of the manufacturer,
retailer, and supply chain. Therefore, in Section 4.4, we further explore a reasonable solution
through the three types of contract coordination.

4.4. Contract Coordination for the Equilibrium Strategy

Here, we consider three types of contract coordination to find the solution for the
equilibrium: the cost-sharing contract, discount coupons, and wholesale price discount.

4.4.1. The Cost-Sharing Contract

Here, we change the profit function using a cost-sharing contract. Specifically, contract
design is based on how information transmission happens. For example, the retailer has
its own blockchain information system to support business needs, such as customer and
process management, by closing the end market. The manufacturer needs to pay some
costs to the retailer to obtain market information or customer information to stay away
from the market, which is especially unfavorable in a mass customization environment,
such as price design [40]. Therefore, to design the production plan, the manufacturer pays
the retailer the cost of acquiring correlative information from the retailer’s information
system, which shares information in the blockchain system with the permitted supply
chain.

Based on the above, we have changed the profit function with the cost parameter mgfc
to share the technical cost based on the existing models. This cost parameter changes in
the technical investment cost mléfcif2 for the retailer in the case of information sharing (Y).
Moreover, the manufacturer incurs the cost (1 — mg_c) #2 for the profit function. Therefore,
the new profit functions are as follows:

nlgfc _ (pgfc . wgfc)qxfc T <plB/7C . wgfc B kt) qgfc . mlB/fctz ®)

myC =wY g% +wy Cqp ¢ — (1 — mgfc)t‘2 7)

Moreover, we compare the profits of the retailer, manufacturer, and supply chain. We
also draw the results from the information cost of a unit product according to the above
analysis. These results are helpful in improving our understanding of the equilibrium
strategy. The results are presented in Proposition 3.

Proposition 3 (comparison of the profits for the firms under a cost-sharing contract).

Y Y-C. .Y Y-C. .Y _ _Y-C. Y Y-C
(1) 7mg < 7R My > Ty o Tge = g s and cg > cp” .

v 1+t02 (14602 1-k)?
2 mg - € (0,1 - 8t2(1(+wz)) - 8((19))9)'

Proposition 3 presents the optimal strategy for a cost-sharing contract. Specifi-
cally, the equilibrium strategy for supply chain members is strategy Y-C, which refers
to information sharing through a cost-sharing contract despite the unfavorable profit
to the manufacturer. In this case, the manufacturer must pay the cost proportion
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1+t¢72(1+9¢72) (1—k)?
82(1+tc?) ~ 8(1-0)0
formation cost, the manufacturer incurs the cost of supporting information sharing with

mg_c S <O,1—

). From the perspective of the unit product in-

the blockchain system. This strategy avoids the manufacturer’s free-riding. Moreover, this
strategy implies that the unit information cost is lower than that in the basic model. There-
fore, although the manufacturer must pay the cost of capturing customer information, it
also obtains market information sharing from the retailer and exceeds the cost expenditure.
In other words, a contract is an effective scheme for the supply chain members. Moreover, it
can provide management implications for determining a reasonable cost-payment scheme
within the effective cost ratio (mgfc) for firms.

4.4.2. The Discount Coupons

Next, we discuss a new contract to obtain the new scheme for mass customization.
Specifically, we design the discount coupon plan for the manufacturer to determine the
optimal strategy. As the leader of the supply chain, the manufacturer expects to obtain
benefits that will pay the cost of discount coupons to customers and the retailer. It indirectly
participates in the construction of a retailer’s blockchain system under mass customization,
which increases its market advantage. In other words, discount coupons can capture
information from consumers and retailers to support the accuracy of their product plans
for customized products.

Based on the above, we add discount coupon value s to retailers and consumers by
the manufacturer, respectively. The new model seeks to obtain the market information
required by the manufacturer from the information of the terminal market and retailer
in the case of mass customization; it can guide the manufacturer in making reasonable
production plans, including consumer habits, consumption preferences, and consumption
behaviors. Therefore, we change the utility and profit functions based on the basic model

as follows:
Uy =v-py?® ®)
Uy S=V—plSt+t+s 9)
NXA_S = wg—sqg—s + (wg—s - Zs) q%‘s (10)
Y-S _ ( Y-§ 7wy—s) Y-S | ( Y-S _ Y-S5y Y-§ 11)
R = \Pa A )da PB Wg S )qp (

In the case of mass customization, the manufacturer must pay both types of channel
costs to indirectly support the construction of a retailer-sharing system. Moreover, we only
consider that the discount coupons of customers and retailers have the same value, mainly
focusing on changes in the optimal strategy. By comparing the profits of all the parties in
the new and basic models, we obtain the analytical results of Proposition 4.

Proposition 4 (comparison of firms’ profits under discount coupons). 7} < n}g_s ;

Ty < g S mhe < macSiand ¢l > oS,

Proposition 4 compares the firms’ profits under discount coupons. Specifically, the
equilibrium strategy is Y-S, which is an effective way to introduce a new strategy. Con-
sequently, the manufacturer should use discount coupons to increase consumer surplus
and guide consumers toward using mass customization. In other words, this strategy
indirectly increases benefits to consumers through mass customization. Moreover, this
helps increase the retailer’s profit. Combined with the information cost per unit of product,
strategy Y-S can reduce the information cost. An increase in the quantity of products dilutes
the input cost of technology sharing in mass customization. Therefore, from the manage-
ment’s perspective for firms, the manufacturer can adopt a special scheme of discount
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coupons to satisfy the requirement of mass customization, thereby increasing the benefit of
participating firms.

4.4.3. The Discount of the Wholesale Price

Next, we consider the wholesale price discount. Specifically, we designed a cost
parameter to describe the change in wholesale prices in the new strategy. Firms use discount
prices to obtain market resources such as enterprise relationship management. Thus, the
firm incurs a relatively low price to retain business relationships. In other words, this
strategy is called discount behavior. It has some discount types, such as wholesale and retail
prices. We discuss the discount in wholesale prices for manufacturers, which can increase
the product quantity for mass customization. In addition, the manufacturer attempts to
indirectly reduce the wholesale price to obtain better results for mass customization under
information sharing.

Based on the above-mentioned factors, we adopt the parameter of wholesale price in
mass customization to capture the change in the wholesale price. Specifically, we add the
parameter of the wholesale price ¢ into the basic model, resulting in the wholesale price
being (/)wg_D . Moreover, by rewriting the profit function of the retailer and combining the
exiting model design, the result of the new strategy Y-D can be obtained, which is shown
as follows:

w0 = (P -l D) (P g Pk a2

Furthermore, we compare the profit of firms and information costs in the new and
basic models, which provides the result in Proposition 5 and Figure 1. This result reveals
the equilibrium strategy of firms, and provides a reference for the decision making of firms.
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Figure 1. The result of equilibrium (E) (k =1, =1/2,0 =1/2).

Proposition 5 (comparison of the profit for firms under the condition of wholesale price
Y-D. Y-D. Y CY—D
B -

discount). 7% > (<)7T}£‘D; > ()myy P le > (P el > (<)

Proposition 5 and Figure 1 show the equilibrium results between the basic and new
models. Specifically, Proposition 5 compares firm profits under the condition of a wholesale
price discount. These results indicate different cases. To show the result clearly, we have
further drawn the results graph so that the changes in the equilibrium results can be visually
displayed in Figure 1. This figure shows the results for equilibrium E. This shows that
firms can reach an equilibrium when the discount factor must be maintained in the middle
and low ranges. Moreover, this change indicates that discount factor ¢ must maintain
a specific range to achieve equilibrium. The discount factor is further discussed, which
shows that the discount factor designed by the manufacturer is not a bottomless change to
balance the relationship between maintaining one’s own profits and maintaining a going
concern. Additionally, the higher the accuracy of the retailer’s blockchain system, the
more attractive the discount ratio required by the manufacturer to achieve an equilibrium
strategy under extreme conditions. Therefore, from the management perspective, the
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manufacturer can adopt a reasonable discount wholesale price to satisfy the requirement of
mass customization, thus increasing the benefit of participating firms.

In summary, this study discusses the basic model and three types of contract designs
to satisfy the requirement of an equilibrium strategy, including a cost-sharing contract,
discount coupons, and discount on the wholesale price. Moreover, we provide management
implications to support firms’ decision making in the business activity process. To further
explore additional schemes to support the optimal strategy, this study also analyzed the
new results under different conditions.

5. Extensions

We further discuss the new conditions for finding a new equilibrium which can
provide some new management implications: unreal product quantity in information
sharing, the changes in the utility function for the basic analysis, the optimal strategy in
the case of an uncovered market, the optimal strategy in the case of a product with a delay
strategy, and the optimal strategy in the case of additional new technology.

5.1. The Case of Unreal Product Quantity in Information Sharing

Here, we consider the value of information sharing. Specifically, we design the case of
unreal product quantity in information sharing owing to commercial factors. For example, a
retailer wishes to obtain more products and profit in an environment of mass customization
that may require more product quantity higher than the actual quantity. The manufacturer
cannot control the business strategy because of the independent business relationship
between the manufacturer and retailer.

Therefore, we design a new model to describe the changes in product quantity using
yY~R. This parameter describes the proportion of quantity that may increase and is shown
as (1+ yY_R) qng in the new product quantity. Based on this new quantity, we can change
the profit functions of the manufacturer and retailer as follows:

= ol R R (1 Jwp R (13)

g R = (PA —wy )WA (Pg_ —wy © kt) qp (14)
This is called strategy Y-R. Moreover, we compare the new strategy with the basic
strategy to obtain the firms’ equilibrium. In addition, we seek the relationship between

the parameters of untrue product quantity ((y%ﬂ&) *) and accuracy (t) of the supply chain
system. Propositions 6 and Figure 2 present the results.

A
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Figure 2. The result of equilibrium (E) (k =1/2,0 =9/10,0 = 1/2).

Proposition 6 (false quantity of products in the information-sharing environment).

1 nk> (<)7r}g R, ;T > (<)71'M ; e > (<)7TSC yand ¢k > (<)c g R,
R
X

(2) An optimal increment of false output (yM AX) exists such that @Mif‘) < 0 is satisfied
when information is shared.
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Proposition 6 presents two aspects of this discussion. Specifically, Proposition 6 (1) shows
the analytical results for firm profits. This result is consistent with the basic discussion. To
clearly show the equilibrium result, we further visualize the results, as shown in Figure 2.

Figure 2 shows the result of the equilibrium as E, in which the system accuracy changes
(t) and the product quantity changes falsely (y¥ ~R). This can be explained by the fact that
yY~R has both upper and lower boundaries. In other words, although profit is high, the
product quantity that the retailer can obtain is not limited to mass customization.

Furthermore, to reduce the influence of the optimal increment of false output
(y&;&) *, we seek the relationship between (y}\//;q]g() " and system accuracy (t). Proposi-
tion 6 (2) shows the relationship changes for both factors. It can be found that the higher
the accuracy (t) of the blockchain system, the lower the proportion the optimal unreal

product quantity ( (yXL‘RX) *) will be. In other words, the blockchain system helps improve
the distortion of market quantity, which also improves the technical value of commercial
activity. Thus, the management implications can be derived. On the one hand, firms can
use the unreal quantity of products to realize a new equilibrium strategy, which is helpful
in increasing the firm’s profit. In other words, the blockchain system in the supply chain
can play the role of reducing unreasonable quantities, which reflects the technical value of
resisting unreal market demand.

5.2. The Changes of Utility Function for Basic Analysis

In this section, we discuss the result of utility function changes. To be specific, we
analyze the new strategy as X' (X' = 71;:/, i=M,R,SC; j = N,Y). In the basic model, the
utility function as U4 > Up > 0 changes to the new utility function as Up > U4 > 0 to
obtain the new equilibrium strategy. The purpose of this model is to check the stability
of the basic result. The profit functions are the same as the basic model. In other words,
it takes into account the influence of the demand function changes caused by the change
in utility function on the strategy result. Note that the utility of mass customization is
higher than standard production product, which captures the potential changes in reality.
Therefore, we analyze new conditions of the model to show the stability of the result, as
shown in Proposition 7.

Proposition 7 (the stability of the result owing to the change in the utility of the function).
N’ Y'. N Y'. N Y’
TR > TR Ty < Ty oo > TTge-

Proposition 7 indicates that the result is a profit analysis after the utility function is
changed. Specifically, this result is similar to that of the basic model and points to the
manufacturer’s sharing preferences. Moreover, this result is stable and shows the same
effect on information-sharing preferences. The management implications are as follows:
Although the structure of market demand has changed, retailers have not changed their
existing manufacturer choices. Therefore, the manufacturer must consider new contracts
such as cost-sharing contracts to achieve the equilibrium strategy.

5.3. The Optimal Strategy in the Case of an Uncovering Market

In this section, we expand the existing discussion to find new results for information
sharing among firms. Specifically, in the basic analysis, we designed a complete market at
the firm scale. In this subsection, we discuss the optimal strategy for an uncovered market.
In reality, some firms have a part of the market scope for complex reasons, such as the
influence of COVID-19. These reasons may lead to the shortening of the supply chain and
make the market smaller, thus opening up all markets for enterprises.
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In order to capture these changes in the market, we call this strategy Y-N. Specifically,
the model is adopted as the distance cost of the consumer as x and cost parameter as p,
which depicts the cost that consumers need to pay. Moreover, the market capacities of the
standard product and mass customization are M. Accordingly, these market capacities
are matched with the parameters of two market shares as )\Z‘*N and )\}g*N , respectively.
In addition, we also provide the parameter / to capture the influence of system accuracy
in the uncovered market. Furthermore, in order to find the optimal strategy, we design
the cost transfer value F from manufacturer to retailer due to information sharing by the
blockchain system of the retailer, which is called the strategy Y-N-C. In addition, we also
analyze the firms’ alliance, which is called strategy Y-N-CO. Therefore, we sort the new
model settings which are shown as follows. The analytical result is shown as Proposition 8.

UN=C=v—ps—px (15)

UN=C =0V —pp —px +1t (16)

i N = (p}g_N —wi N )AZ;NM + (pg—N —wi N~ kt) ANM -2 (17)
N =wy NAYVM +wl NAN M (18)

A (P (Y R 9

Y-N-C Y-N;»Y-N Y-N;,Y-N
Ty =w, Ay "TMAwg Ay "M —F (20)
L - . - Y-N Y-N-C.
Proposition 8 (optimal strategy of incompletely covering the market). 7, < 7y ;
Y-N Y-N-C. . Y-N _ _Y-N-C. Y-N Y-N-CO
Ty > Ty ;e = Tge yand R~ < T .

Proposition 8 shows two types of optimal strategies that do not completely cover the
market. Specifically, on the one hand, the retailer’s cost-sharing plan helps to increase
the profit. Although the manufacturer needs to pay cost F, it can obtain the benefit of
sharing information, which is called an effective scheme. This is because the manufacturer
obtains superior information, but this advantage does not result in actual profit. Therefore,
they choose a strategy that is different from that of the retailer. However, the adoption of
strategic alliances can also help narrow the profit gap, which is a feasible choice for firms.
Based on the above, management implications were obtained. First, a firm can use shared
information by adding it into the manufacturer’s fixed costs, which is the best choice for
both parties. Firms can also use strategic alliances to achieve market superiority when
uncovering a market.

5.4. The Optimal Strategy in the Case of a Product with a Delay Strategy

In this subsection, we present a new strategy for mass customization. Specifically, we
use a delay strategy to achieve equilibrium. In fact, the delay strategy in mass customization
can reduce the impact of the price increase in customized products, thereby increasing the
product quantity in the market. In other words, this strategy produces a promotional effect
at a relatively low price, which is more common for products with high price sensitivity.

Therefore, in mass customization, we adopt the delay parameter J to describe the
price changes in the delay-state environment. This delay strategy is known as the Y-
DE strategy. In this model, we change the utility function based on the basis model to
Ug_D E—gv -4 pg_s + t. Moreover, this study discusses two cases of the utility function:
LIX_D E> Ug_D Eand UX_D E< Ug_D E. By analyzing these two types of models, we show
the optimal delay strategy in Propositions 9 and Figure 3.
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Figure 3. The result of equilibrium (E) (k =1/2,0 =1/2,0 =1/2).

Proposition 9 (optimal strategy of delay strategy).

(1) When UX*DE > U%/*DE and % <0< 1 ﬂlg < n}g*DE; n}(/[ < n{[DE;
mio < micPE
) When Uy ~PE < Uy =PE: ok > (<)mf PF; iy > (<) P mde > (<)mPE.

Proposition 9 shows the optimal delay strategy for firms. Specifically, this strategy
shows two cases of utility change. In the case of UX_D E> Ug_D E, the equilibrium strategy
is Y-DE when the % < 6 < 1. This means that the delay strategy is effective but
cannot be too long, which needs to meet the requirements of the firms’ profits. Moreover,
in the case of U}(_D E< Ug_D E, the firms’ equilibrium strategy is E. To show the results
clearly, we have used Figure 3.

The results in Figure 3 show that system accuracy helps improve the selection pos-
sibility of equilibrium results and reduces the impact of delayed activity. In other words,
the delay strategy increases firms’ profits. Therefore, the meaning of the management is
obtained. For the mass customization of firms, they choose a reasonable delay time and
method to help improve the profit of firms and benefit customers to activate the market.

5.5. The Optimal Strategy in the Case of Additional New Technology

Finally, we examine the influence of the adoption of big data technology. Specifically,
we use a blockchain system to ensure information security during the information release
process. Moreover, big data technology in an information system can capture large amounts
of business information. In other words, both technologies can achieve secure information
sharing. In reality, Walmart uses blockchain in combination with big data analytics to
enhance transparency and traceability in its supply chain. By integrating blockchain with
real-time data from IoT sensors, Walmart tracks the origin and journey of food products,
ensuring safety and reducing spoilage. Big data analytics helps in predicting trends and
optimizing inventory management.

Specifically, we adopt big data technology for the retailer because it is close to the end
market. The cost of big data technology is ¢ per product of mass customization. Moreover,
to achieve a high level of information sharing, the manufacturer provides a fixed-cost F to
the retailer. Finally, customers can benefit from two technologies—the blockchain system
and big data—which show changes in the utility function. To capture the technology
benefit-to-cost ratio (BCB) in big data, we adopted BCB = b/c to demonstrate the value
of big data technology. BCB > 1, BCB = 1, and BCB < 1 represent beneficial, neutral,
and harmful effects, respectively [47]. Correspondingly, this new strategy is referred to
as Y-NEW. The new utility and profit functions are as follows: Proposition 10 presents
these results.

U}ngEW —v_ p;(;NEW 1)
uy NEW = ov — ppNEW 4t 4 b (22)
n}ngEw _ (pszEW . w;(;NEW) qifNEW + (pléfNEW B wléfNEW Kt — c) qléfNEW P24 (23)
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Y-NEW _ Y NEW Y—-NEW Y—-NEW ,Y—NEW
sy q4 + wg qp —F (24)

Proposition 10 (the optimal strategy of new technology enhancement).

(1) When BCB > land 0 < F < (E=t2UZR)(b-0) . fv o Y =NEW, 7Y - Y -NEW,

80(1—0)
Y— NEW
nSC = Tisc b 2t(1—k))(b
(2) When BCB < 1,0 < t < 5, and 0 < F < W= fl0: 7 o - NEW,
< g N e < e N

Proposition 10 presents the optimal strategy for enhancing the new technology.
Specifically, on the one hand, when the technology is beneficial (BCB > 1), as long

as the investment cost of technical compensation does not exceed the specific range

b—c)+2t(1—k))(b—c
0 < F < (2000

librium. This result is helpful in realizing the Y-NEW equilibrium strategy. How-

), the strategy of technology enhancement can reach equi-

ever, when technology is harmful (BCB < 1), the equilibrium strategy conditions are

b—c)+2t(1—k))(b—c
0<F<U )se(gfe)))( Jand 0 < t < 2(1 k)

Y-NEW. These results are common in the Y-NEW equilibrium strategy. In other words,

In this case, the equilibrium strategy is

big data is effective as an enhanced sharing technology, particularly when the accuracy
of blockchain technology is not high. Big data can provide full play to its technological
advantages. Management implications are obtained based on the results of the discussion.
A firm can consider adopting a variety of technologies to gain market superiority, especially
in a mass-customized environment. In other words, a variety of technologies can quickly
capture consumers” habits and behaviors and realize the technical value of sharing relevant
data with firms.

6. Discussion

This study discusses strategies based on changes in contracts to seek the optimal
strategy. Therefore, for a deeper discussion, we sort the strategies to show the potential
development laws. Specifically, in the basic model, an optimal strategy for the manufac-
turer and retailer does not exist. In other words, although the manufacturer prefers to
obtain information from the retailer through the blockchain system, the retailer cannot
share the information because of construction cost limitations. Furthermore, to find a
reasonable solution, we discuss some new types of contracts to obtain the equilibrium
strategy, including the cost-sharing contract, discount coupons, wholesale price discounts,
unreal product quantity in information sharing, the optimal strategy in the case of an
uncovered market, optimal strategy in the case of a product with a delay strategy, and
the optimal strategy in the case of additional new technology. Specifically, these contracts
under different conditions find the optimal strategy that guides the information benefit of
the manufacturer from the retailer in mass customization. Among them, the basic idea is
that the cost of obtaining information for the manufacturer should be similar to the cost of
technical investment. In other words, the firm expects to obtain benefits from information
sharing and must pay the cost as well.

7. Conclusions, Managerial Implications, and Limitations
7.1. Conclusions

We develop game-theoretical models involving manufacturers and retailers to explore
the retailer’s optimal information-sharing strategy in a mass customization environment.
Specifically, we focus on the retailer’s ability to share terminal market information about
nearby consumers, which is essential for mass customization. This analysis helps to clarify
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the manufacturer’s incentives to support the retailer in establishing blockchain systems for
two types of products: standard and customized products. Our investigation reveals the
following preliminary conclusions:

First, retailers cannot share market information without incurring costs to manufactur-
ers, meaning that no information can be exchanged “early” without some form of compen-
sation. Second, by coordinating cost-sharing contracts, discount coupons, and wholesale
price discounts, the manufacturer and retailer can achieve an equilibrium strategy under
specific conditions. Lastly, the results hold even when the underlying assumptions are
adjusted, such as altering the utility function or finding new market conditions. We also
identify new equilibrium strategies under various scenarios, including handling unreal
product quantities in information sharing, optimizing strategies for products with delayed
delivery policies, and strategies for incorporating new technologies.

7.2. Managerial Implications

From the manufacturer’s perspective, it is crucial to consider the market conditions
in a mass customization environment when evaluating the retailer’s information-sharing
strategy. Manufacturers should implement blockchain systems to facilitate secure informa-
tion sharing with retailers, leveraging the technology’s ability to prevent data tampering.
Moreover, manufacturers should adopt optimal strategies under well-structured contract
conditions, such as cost-sharing contracts, discount coupons, wholesale price discounts,
unreal product quantities in information sharing, strategies for uncovered markets, delayed
product strategies, and incorporating new technologies. These contract mechanisms are
vital for ensuring the quality and reliability of information shared by the retailer.

From the retailer’s perspective, implementing a blockchain system can protect the
integrity of data within the supply chain, ensuring that relevant data are not tampered
with. Retailers should evaluate optimal strategies for sharing information with the man-
ufacturer to enhance the benefits derived from data sharing. Additionally, retailers can
leverage big data technologies in conjunction with blockchain to maximize technical value,
creating a more efficient and transparent information-sharing ecosystem. Together, these
technologies can significantly improve the retailer’s operational capabilities and overall
business strategy.

7.3. Limitations and Future Work

First, we use information sharing to improve the market value of mass customization.
Future research should consider the competitive environment of mass customization.
Second, the government should also be considered in the model. We did not consider the
government’s role in smart sales, especially the power of technology, such as oversight
or technological subsidies. Future research could explore competitive dynamics in mass
customization markets, incorporate government roles like subsidies or oversight. Moreover,
it also could analyze consumer behavior’s impact on information sharing. Additionally,
investigating the integration of emerging technologies and their ethical implications could
provide further insights.
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Appendix A. Basic Results

1. The supply chain does not use the solution of information sharing (IN):
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2. The supply chain uses the solution of information sharing (Y):
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3.  The supply chain uses the solution of information sharing in the case of cost-
sharing (Y-C):
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4. The supply chain uses the solution of information sharing in the case of discount
coupons (Y-S):
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5. The supply chain uses the solution of information sharing in the case of discount of
wholesale price (Y-D):
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(1—k)?2+ (1 —k)t0— (1 —k)t0p + (1 —0)6¢ t(1—0)620*

20(4¢ —0(1+¢)?)

20(1 + to?) (44> —0(1+¢)°)

6.  The supply chain uses the solution of information sharing in the case of unreal product

quantity (Y-R):
y-r_ 1 tTo0? (1+y) B B t(2+y)loo?
Pit=5 <1+ T+ T 3gy) = (25 v)% ((1 )ty + (1 9)<2+1+W2 )))
troc?  (1=kt2(1+y) —2+y)d))
Jon 1 R T T a0y -y
B2 (1-6)8 2t(1 +y)lo?
41+y)— (2+y)%0 (2+y+ 1+ to? )
y-r _ 1+y)2-(Q-kt2+y)) (1+y)8 tyTo?
a = 8(1+v) —2(2+7v)% 8(14vy) —2(2+v)%0 <2+ - 1+ff72>
IR = 21kt +y) y0+t(y(1+T(2-9)) +2I(1 — 6))60>
p 20(4(1+y)— 2+y)%)  20(4(1+y) - 2+)%0) (1 +t02)
YR — () (L =k)ty) (1+y)(1-0) (2 L H2 +]/)F9‘72>
A 41+y)—2+y)%0  41+y)—(2+y)% 1+to?
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v-r _ (1=K)t2(1+y) — (2+y)b) (1-0)0 2t(1 4 y)lo?
YT T a1y @ty +4(1+y)_(2+y>29(2+ T 2 )
4 U@ -Rt2+y) — 2+)0)(A+y)(Q2—-A-kty) — 2+y(2+y))0)
2 2
y-r _ 1 4(1+y) - 2+y 9)
TROT 4 ORI +y) +y0) (1=K +y) (2~ (2+y)8) —0(2+3y — (1 +y)(2+y)6))
0(4(1+y) - 2+y)? )
e (1+) (=K1 +y) + (1 - k)t + (1-0)0)
20 (4(1 +y)— 2+ y)ZB)
4 AFYE-A-Rt2+y) — 2+)0)(A+y) (2 - A-kty) — 2+y2+y))0)

e (40 +y) - @ +yPo)
et =3[ @K+ y) +y0) (- EA+ )2~ 2+y)8) —B2+3y — (1 +y)(2+9)6))

o(4(1+y) — 2+ y)29)2
(1+y) (1=K +y) + (1= k)tyd + (1-0)0)
20(4(1+y) - (2+y)’0)

7. The new utility function in the case of non-sharing in the market information (N'):

N 5—(1—kt+6 2tT'(1 + 0)o?

47 2(3+6) 2(3+6)(1 +to?)
N 1+0(4+0)  t(4+60+k(2+0)) AT o2t
PE = 2310) T 23+0) 23+ 0)(1 + to?)
1 2T o? (1—k)(1+0)t
7 _2(3+9)( * +1+t02>_2(1—6)(3+0)
r (1=Kt 1 2tTo2
qg_(1—6)(3+9)_2(3+9)(1_1+t02>
wy/_%

v 1-0— P11+ 2-kk—402+0))0? 2 (11+2k(142(2 — 6)6k) + (1 — k) (1 — 6)0?)
TR = 41— 6)(3+6)(1+102) N 41-0)(3+0)(1 +to?)
tH(1—k—0?(1+40?%))
434 0)(1+te?)

v 1-(1-k1—1—kt—0)t—0
i = 2(1-0)(3+6)
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N 1—0—-P1+(2-kk—40(2+0))0% (114 2k(1+2(2—6)6k) + (1 —k)(1 —60)0?)

Ttsc = 11-0)(3+ 9)(1 + 172) - 4(1-0)(3+0)(1 +to?)
t(1—k—0?(1+40?%)) k)(1—(1—k)t—0)t—06
T A 00+ 1) + 2(1-0)3+0)

8.  The new utility function in the case of sharing in the market information (Y’):

y  5+60—(1—k)}t tr(2+0)0?

PA="231e) T Brod+id)
y _1+0(4+0)+H4+0+k(2+90)) tT(5+0)0>
P 2(3+6) 23+ 0)(1 + to?)
, 1 Y1+ 0)
Y
QA2(3+9)<2+”9 1+t2> 8)(3+0)

. 2(1— k)t

B = 30-0)316) 3+9 (1 r+1+1&2>
T

, 1
Y
17— -
wa = 2<+ 1+taz>

v 1

r

y  1-0-£11+2—kk—-402+6))0? (11 +k(2—k)—40(2+0) + (1 —k)(1—0)0?)
R = 41-0)3+0)(1+ to?) - 11-0)3+0)(1+to?)
t(1—k—0c*(1+0?))

43 +6)(1+t0?)

vy 1=0+1-k*P?+1-kP(1—k—02(1-0)) —t(1—-0)(1—k+02(1+0?))
oM = 2(1—0)(3+0)(1 + to?)

o 1-0-11+2-kk—40(2+6))0*> t*(11+k(2—k) —40(246) + (1 —k)(1—6)0?)

Ttsc = 4(1-6)(3+0)(1+to?) a 4(1-6)(3+0)(1+to?)
Hl—k—02(14+0%) 1-04+(1—k*Po?+(1-k)(1—k—0c?(1-0)) —+H1-0)(1—k+0>(1+0?))
TTAGBre (07 T 2(1-0)310)(1+ i0?)

9.  The supply chain uses the solution of information sharing in the case of uncovering
all the market share (Y-N):

1 r
Y-N __

kt+3(1t+VO+T— —
PB 4< +3< TVt 1+t(72)>
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((k 122+ V(V(1+62) —2(k— l)tG))M + t(M<V2 (=Kt +1t+ VG)Z) - 8t2p> 02 + Mto* — 8t2p

Y-N
R 8(p + tpo?)
M(V2 S+ (kt — 1t — V)2 + t(v2 + (kt — 1t — v9)2)a2 + t(74)
ZY-N _
M 4(p + too?)
o (U= 1224 V(V(1+62) =20k~ 1)t6) ) M+ t(M (V24 (—kt + 1t + V0) ) — 8£p)0? + Mto* — 8t
sc = 8(p + tpa?)
M(V2 +(kt— 1t — VO + t(v2 +(kt — 1t — V6)2>¢72 + toAS]
+ 4(p + tpo?)
10. The supply chain uses the solution of information sharing in the case of uncovering
all the market share and cost-sharing (Y-N-C):
e (=D LV (V14 62) =20k = 1)t0) )M+t (M(V2 4+ (—kt + 1t 4 V0)) — 82)0? + Mt — 812
T = +F

8(p + tpo?)

2 e P 2 2 T 2\ 2 4
Y_N_C:M(V + (kt — 1t — V8) +t(V + (kt — 1t — V9) )a +t¢7>

M 4(p + tpo?) -t

11.  The supply chain uses the solution of information sharing in the case of uncovering
all the market share and alliance (Y-N-CO):

V
Y-N-CO
A=

1 r
Y-N-CO

= (k+Dt+T+V0— ———
Pi 2<( +DE+T 1+t02>

V

Y-N-CO

)LA = —
P

Ay_N_V9+r—(k—l)t r
PN =

p (1+to?)p
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2 - 2\ g2 2 o 2\  ~2 2 4
v M(V2 4 (Vo —kt +16)?) =280 + t(M(V2 + (V6 — kt +1t)?) —262p)0? + Mt
s¢ 2(p + tpo?)

12.  The supply chain uses the solution of information sharing in the case of delay strategy
(Y-DE):

1 uyPEsupPE

2 2
66+ H(1— 8)(1— ko) — 0 + (L0, — TULAEENEE 50 (44 55T (1~ 1))

86 —2(1+06)%6

Y-DE _
Pa =

pY-DE _ 2t6(3+k6) —t(1+06)(1+ (2+Kk)6)6
? 26(45 - (1+6)%)
1 (e(a —6(5-30+38(1—20)) + 60 —5(5+6I +6) + (T +T5(4+6) +5(3+25))6)02)>

25 (4(5 —(1+ 5)29) 1+ to?
T(1-6)8
qnyE:5(2_6+r6)+w_t(1+5)(1_k5)_(1+r)6
A 85 —2(1+6)%6
tr—0-— (59)02»
s(2t1—ks)+0(1-6
gt —DE _ ( ( ) ( i 1+ to?
Y-DE _

26 (45 —(1+ 5)29>

1 tToo?
Y—-DE

= - 1 —
@a 2 < 1 + t¢72>

troo?
t—kt6 +0+ —
Y-DE o 1+ to?

wp = 26

(1—6)6(5 + too? + t00*)
1+to?

H1 = 6)(1— k8)0 + £2((1— k5)” — 1630 + 4(1 + 8)°6%) +
¥~DE _

40 (45 —(1+ 5)29)

1—6)6(6 4 té0? + t00*)
2(1—ké)* +H(1—8)(1 —k (
vope POk +E(1—8)(1—ke)o + T io?

e 260(46— (1+06)0)

(1—6)0(6 + téo? + too*)

H1 = 6)(1— k8)0 + £2((1— k0)” — 1630 + 4(1+0)°6%) + i

Y-DE _
Tsc ™ =

. +
49(45— (1+0)%0

(1—0)0(5 + too? + too*)
1+ to?
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—62(1—kt+t(1 =kt +T)0?) +0(t — 0+ t(t+T — 0 — 2I0)0?)
bE +6(6—t—40 —kt0 +t(6 —t +5I — (4 + kt + 3I)6)0?)
B 2(26(2 — 0) — 62 — 02)(1 + to?)

Ph

y_pE _ 2t6(3+K8) — t(1+8)(1+ (2+Kk)8)0
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20(46— (1+06)%0) 1+ to?
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2
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g 2
2
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26 (45 —(1+ 5)29)

The supply chain uses the solution of information sharing in the case of new technol-

13.
ogy of big data (Y-NEW):
BCB=Vb/c:
3 tToc?
Y-NEW _ 2 Hue
Pa _4<1+1+t02>

pY—NEW — 1 3b+c+B+k)E+30(14T — b
B 4 1+ to?
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Y*NEW: 1—b+C—t+kt—0
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bt (1— Ky 4 LU= 8
gy —NEW _ 1+to
B 4(1-0)0
1 tT00?
Y—-NEW
= {14+ -
“a 2 ( L taz)

1 tT00?
wg_NEW—2<b—c+t—kt+9+1+wz>

1
my NEW = = (1 — 168> +
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2 2

Appendix B. Proof of Propositions
Appendix B.1. Proposition 1

Ny 4+(1—0)0(1 + to?) 4t(1—0)6(1 + to?)
BB Tkt (1-Kt+2I(1—0)8)02  1—k— ((1—K)t+T(1—0)8)0?
=y <}

Appendix B.2. Proposition 2

N oY1 2(1—(2—kk—16(1—-0)9)  4to* 1 2(1—(2—kk—16(1—-6)0)  too*
R =6 (TF 1-0)0 +1+t02>_16<1+ (1-0)0 +1+t02>
- 3tho*
©16(1 + to?)
= n} >}

N_ Y _ 1 (1-k?**\ (1-k?*2 10t
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P (3(1 — k)2 —16(1 — 9)9) 2 (3(1 — k)2 —16(1 — 9)9) 3100

N Yy _ 1 4t0c* 1
Tsc — Tsc = 36 | 3+ (1-6)6 T iz | T |3 1-0)0 +1—0—t(72
B tho*
- 16 + 16t0?

N Y
= Ty > Ty

Appendix B.3. Proposition 3

The proof is same as Proposition 2, which omits this section.

Appendix B.4. Proposition 4

The proof is same as Proposition 2, which omits this section.

Appendix B.5. Proposition 5

The proof is same as Proposition 2, which omits this section.

Appendix B.6. Proposition 6

The proof is same as Proposition 2, which omits this section.

Appendix B.7. Proposition 7

The proof is same as Proposition 2, which omits this section.

Appendix B.8. Proposition 8

The proof is same as Proposition 2, which omits this section.

Appendix B.9. Proposition 9

The proof is same as Proposition 2, which omits this section.

Appendix B.10. Proposition 10

The proof is same as Proposition 2, which omits this section.
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Abstract: This paper examines manipulation games through the lens of Machiavellianism,
a psychological theory. It analyzes manipulation dynamics using principles like hierarchi-
cal perspectives, exploitation tactics, and the absence of conventional morals to interpret
interpersonal interactions. Manipulators intersperse unethical behavior within their typical
conduct, deploying deceptive tactics before resuming a baseline demeanor. The proposed
solution leverages Lyapunov theory to establish and maintain Stackelberg equilibria. A
Lyapunov-like function supports each asymptotically stable equilibrium, ensuring conver-
gence to a Nash/Lyapunov equilibrium if it exists, inherently favoring no-regret strategies.
The existence of an optimal solution is demonstrated via the Weierstrass theorem. The game
is modeled as a three-level Stackelberg framework based on Markov chains. At the highest
level, manipulators devise strategies that may not sway middle-level manipulated players,
who counter with best-reply strategies mirroring the manipulators’ moves. Lower-level
manipulators adjust their strategies in response to the manipulated players to sustain the
manipulation process. This integration of stability analysis and strategic decision-making
provides a robust framework for understanding and addressing manipulation in inter-
personal contexts. A numerical example focusing on the oil market and its regulations
highlights the findings of this work.

Keywords: Machiavellianism; manipulation; no regret; Markov chains; game theory
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1. Introduction
1.1. Brief Review

The inclusion of believable behavioral assumptions into traditional economic mod-
els has sparked extensive debate. Manipulation emerges as a prominent concern, with
game-theoretic studies revealing significant individual disparities in scenarios allowing
such behavior. This work focuses on Machiavellianism—a personality trait associated with
manipulation, callousness, and moral indifference—as studied in personality psychology.
While enriching economic models with believable behavioral assumptions enhances their
descriptive accuracy, it also introduces complexities and challenges in predicting human be-
havior and its economic outcomes. Thus, understanding the implications of incorporating
these assumptions is crucial for advancing economic theory and policy [1].

Christie and Geis [2] utilized adapted Machiavellian remarks to investigate variations
in human behavior, drawing from Machiavelli’s dichotomy of individuals as either ma-
nipulators or the manipulated. This classification reflects a worldview steeped in power
dynamics and strategic interactions. Machiavellian individuals are characterized by a
propensity to exploit others, harbor a pessimistic view of human nature, and demon-
strate a lack of moral accountability. The concept of Machiavellianism underscores the
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absence of coordination in self-serving, conflict-laden situations, particularly in games
where interests diverge.
Christie and Geis further delineated Machiavellian traits into three key components:

e  Worldview shaped by manipulators and manipulated (views component), lacking
sympathy; manipulated individuals also engage in manipulation.

e Lack of regard for conventional morality (morality component), indifferent to actions
like lying and cheating.

e Emphasis on pragmatic problem-solving over ideological commitments, utilizing
power strategies (tactics component) for personal goals rather than ideological ones.

Understanding Machiavellianism offers valuable insights into the intricacies of social
dynamics, decision-making, and interpersonal relationships. This psychological framework
helps unravel how individuals navigate power structures, negotiate conflicting interests,
and strategize to achieve personal goals. By dissecting Machiavellian traits—such as
manipulation, pragmatic problem-solving, and moral flexibility—researchers can better
understand the complexities of human behavior. It sheds light on how individuals employ
strategic thinking in diverse contexts, from interpersonal interactions to organizational
settings, revealing patterns of influence, persuasion, and control. Such analysis is crucial
for comprehending motivations, fostering cooperation, and addressing conflicts in various
social and professional environments [3,4].

1.2. Related Work

Allen and Gorton [5] delved into the concept of manipulation equilibrium, empha-
sizing the impact of stock price dynamics and their implications for welfare. Their work
highlights how manipulation strategies can disrupt market equilibrium, leading to unin-
tended consequences for various stakeholders. Building on this, Bagnoli and Lipman [6]
demonstrated that efforts to manipulate stock prices often result in a decline in pre-bid
stock prices, which can inflate takeover bids. This inflation can create barriers to suc-
cessful acquisitions, particularly in times when the market experiences limited takeover
activity, effectively creating an environment where genuine value is obscured by artificial
price alterations.

Furthering the discussion on manipulation, Clempner [7] introduced a comprehensive
game-theoretical framework designed to simulate such manipulation, integrating reinforce-
ment learning techniques to explore moral considerations surrounding these strategies.
This innovative approach sheds light on the ethical dimensions of decision-making in
financial markets, illustrating how self-interest can clash with broader market integrity.

In a broader empirical study, Cumming et al. [8] examined a dataset comprising
suspected instances of stock price manipulation across nine countries over an eight-year
period. Their findings revealed significant adverse effects of market manipulation on
innovation, suggesting that such practices stifle creativity and investment in new ideas.
Interestingly, their research pointed out that the detrimental impacts are particularly severe
in jurisdictions characterized by weak intellectual property rights coupled with strong
shareholder protections, indicating that the regulatory environment plays a critical role
in shaping market behavior. Clempner’s contributions continued with the development
of a manipulation model tailored for repeated Stackelberg security games [9], which ex-
plores strategic interactions over time among players with hierarchical roles. Additionally,
Clempner [10] introduced a Machiavellian game model founded on ergodic Bayesian
Markov processes, further enriching the discourse on strategic manipulation in competitive
environments. This work addresses how players with Machiavellian traits might exploit
informational asymmetries to gain an advantage. Finally, significant advancements in
the study of Machiavellianism games were presented by [11], who explored the nuances
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of strategic deception and manipulation within competitive settings, emphasizing the
psychological and behavioral aspects that drive such strategies. Collectively, these stud-
ies provide a comprehensive view of how manipulation in financial markets not only
affects stock prices but also has far-reaching implications for overall market efficiency and
ethical standards.

In this theoretical framework, the sender, armed with private information, formulates
a signaling strategy designed to influence the decision-making process of the receiver.
This strategic communication is crucial because it allows the sender to steer the receiver’s
actions in a desired direction. To explore extensions of this model that incorporate multiple
senders, one can refer to the research conducted by Milgrom [12] and Krishna [13], who
delve into the dynamics and interactions that arise when several senders attempt to convey
information to a common receiver.

The idea of private signal-based persuasion has been investigated in diverse scenarios,
ranging from two-player, two-action games [14] to unanimity voting systems [15]. These
contexts provide valuable insights into how information asymmetries can shape competi-
tive interactions and collective decision-making. Focusing specifically on the interaction
between a single sender and a receiver, Kamenica and Gentzkow [16] developed a Bayesian
persuasion framework. This model outlines the conditions under which the signals sent by
the sender can be beneficial and delineates optimal strategies for signaling that enhance the
sender’s objectives. Bergemann and Morris [17] further explored the role of a mechanism
designer within the Bayesian persuasion framework. Their research examines how such a
designer selects an appropriate information structure to fulfill specific objectives, shedding
light on the strategic considerations involved in information dissemination and persuasion.
Expanding on their previous findings, Gentzkow and Kamenica [18] introduced a model
with multiple senders, analyzing scenarios where a vast array of potential signals exists.
They employed a lattice structure to facilitate intuitive comparisons and combinations of
these signals, enriching the understanding of how senders can effectively convey their
information in a competitive landscape.

Additionally, Brocas et al. [19] proposed a novel model where two competing agents
allocate resources to acquire public information about an uncertain state of the world. Their
analysis focuses on the equilibrium strategies for information acquisition, revealing how
these strategies evolve when one agent faces greater costs in gathering information. This
research highlights the complexities involved in information competition and the tactical
decisions that arise from resource allocation. In the realm of political communication, Gul
and Pesendorfer [20] developed a model in which two senders with opposing interests
share asymmetric information regarding a binary state of the world. This study illustrates
how differing objectives can influence the nature of information conveyed and the strategic
behavior of the senders involved. Moreover, several authors, including [21-24], have
explored frameworks in which the information revealed by the sender is exclusively acces-
sible to the recipients. These works emphasize the significance of control over information
flow and the implications it has for decision-making processes in various contexts.

Collectively, these studies contribute to a deeper understanding of the mechanisms of
persuasion and information asymmetry, highlighting the strategic complexities involved in
both competitive and cooperative environments.

1.3. Main Results

This paper concerns manipulation games based on the psychological theory of Machi-
avellianism, which analyzes the world from the Machiavellian perspective using three
guiding principles: view, tactics, and immoral behavior. View is related to the existence
of manipulating and manipulated individuals, corresponding to a hierarchical scheme
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represented by a Stackelberg game where all the participants are involved in some degree of
manipulation. Tactics are concerned with employing interpersonal exploitation strategies
as a method for control. Immoral refers to a behavior lacking conventional morals that
would prohibit their actions, which is designed using a Bayesian-Markov game theory
approach. A manipulator is someone who may temporarily stray from steady conduct by
committing an unethical act and then reverting to their usual behavior.

We propose a solution to the manipulation game problem involving Lyapunov the-
ory, which supports the existence and stability of Nash equilibria: each asymptotically
stable equilibrium point admits the so-called Lyapunov-like function that converges to a
Nash/Lyapunov equilibrium point if it exists. The asymptotic behavior of a Lyapunov-like
function admits by definition no-regret strategies.

The idea behind the representation of the game is that it is a three-level Stackelberg
game, where the manipulating players choose a manipulation strategy at the highest level
that might not convince the manipulated players in the middle level. A best-reply strategy
that equals the manipulating strategy can be selected by the player who is being manipu-
lated. In order to ensure the manipulation process, the manipulating player at the lower
level then chooses a strategy once more based on the strategy of the manipulated players.

2. Markov Games

In a discrete-time, finite-horizon setting, we define an environment characterized by
private and independent valuations [25]. Machiavellian players, denoted as 1 € A/, where
N ={1,2,..,n}, incur a cost at each period t € T, with T C N. This cost is influenced by
the current physical allocation y; € Y{ and the player’s type 0; € ©}. The cost function ¢
for Machiavellian player ¢ is represented as ¢'(y.,0:) > 0, where ¢' maps Y} x @4 to RT.

At time period t, the type vector is represented as 6; = (th, ..,0!") € ©, where Oy is
defined as the product x,cA ©j. The set of permissible allocations in period t can depend
on the vector of prior allocations y; = (y},...,y/) € Y, where Y; = x,c/Y}. We denote by
@;l the product x,c 1@}, and by A(Y;) the set of all probability distributions over Y;. It
is assumed that Y}, ©, and T are finite sets.

For each Machiavellian player ¢, there exists a shared prior distribution y‘(6f). The

player’s current type, 0;, along with their current action, v, determines the probability

!
t+1°

distribution is described by a transition function (or stochastic kernel) F*(0; |6}, y})-

distribution for the next period’s state variable 6; | on ©;_ ;. We assume that this probability
We assume that the type 6; of Machiavellian player : follows a Markov process over
the state space ®;, and the dynamics adhere to the Markov condition, expressed as follows:

F' (0311105 Y2051, Yi 1 -, 60,90) = F' (0141105, vi)-

The sequence of states and actions for each player ¢ is represented by {(©y, Y;)|t}. In
this case, the process described by a Markov chain is fully characterized by the transition
function F'(0; |60}, y;) and the common prior distribution y‘(6;), where p'(6;) belongs to
A(©®}), the set of probability distributions over ©. It is further assumed that each chain
(u', F'(0;,116},y})) is ergodic [9,25].

The cost functions ¢*(y;, ;) and the transition functions F*(6; |6}, y}) are considered
common knowledge among all agents . The shared prior distribution p‘(6f)) and the
transition function F*(;_ |6}, y}) are assumed to be independent for each agent. At the
start of each period ¢, every agent ¢ privately observes their type 6;. By the end of the
period, after choosing an action y; € Y}, the cots for that period are realized. Asymmetric
information arises from each player’s private observation of 6; at every time t. Due to the
independence of the prior distributions y‘(6j) and the transition functions F*(6;_ |6}, v})

for each player 4, the information available to player ¢, determined by 6} Y does not depend
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on the type 0t of any other player [ # 1. After this, each participant simultaneously sends
messages m; € Mj, and the entire message profile is made public. Additionally, we assume
that M; = ©; from this point onward.

The relationship o' (a}|y}) for the Machiavellian players is given by o' : Y* — A(Y*).
The set of actions that are admissible is defined by

Vaam = {Ql(ailyé)l Y. o'(ailyr) =Ly € Yl},

aey!

The relationship o' (a}|y;) represents the likelihood that a Machiavellian player  be-
lieves that a; is an action ;.

A (behavioral) strategy ¢*(m;}|6;) for player ¢ is a function ¢ : ®; — A(M}), which
indicates the probability that player : associates a message m} with type 6;. The set of
(behavioral) strategies is defined as follows:

El i = {o‘<m;|e;> >0

Y oot(ml|e) =1, 0! € O }

my;eM;

A policy refers to a series {7t'(y;|m})} where, for each time period t, 7' (y}|m}) repre-
sents a stochastic function on Y*. The collection of all possible policies is represented by the
symbol I1. We have that

adm = {ﬂ‘(y’tlmé) >0 ) m'(yilmi) =1,m; € Mé}

Vi€Y;

Considering the Markovian nature of the type processes, the utility at time ¢ starts at
the type vector 6}, accompanied by the (behavioral) strategy ¢*(6;|m}), the policy 7*(y;|6}),
and the ex ante probability y‘(0}). These elements can be expressed as

D' (rt,0) =
LY Y ¥ L 40‘(3/2/9§)F‘(9i+1|9‘,yi)gvﬂ‘(yilmi)a‘(mﬂf)é)#‘(@é)

teT 9@, meM, yi€Y} 0!, €0,

=L Y X X ry6) IT 7' (yilm)o' (mi61)p(0;),
teT 01 cOL mieM! yLeY! 1N

where r'(y;, 6;) = L ¢'(yi, 0)F (6,416, vi)-
1+1€©94 11
We consider that players are aware of their respective costs. A policy 7t along with the

strategy o work together to minimize the cost function ®*(7, o), which operates according
to the following rule:

(%, 0%) := Argnrerhiﬁmarerg;m lg/d)(rc, o). 1)

The policy 7* and strategy o™ satisfy the conditions of a Bayesian-Nash equilibrium,
holding true for all 7, such that

CD[(T[*, (T*) < (I)L(n,l, 71,7[*’ (Tl, 071*)‘ (2)

where the policy 77* = (7%, ..., 7"*) and the strategy o* = (c'!*, ..., 0""*) are called Bayesian—
Nash equilibrium, where 7 and o fulfill that 7= = (7%, .., =1, £t l* . 7™) and
o = (o, ot gL L o) [26].
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Here is an explanation in words. This mathematical expression describes a game-
theoretic framework where a policy 7t and a strategy ¢ are optimized to minimize a cost
function ®'(7t, ). The goal for cost minimization is to find the optimal policy 7* and
strategy ¢* that minimize the overall cost function ®(7, o) across a set of entities \V. For
the Bayesian-Nash equilibrium, the optimal policy 7t* and strategy ¢* must satisfy the
conditions of a Bayesian—-Nash equilibrium. This means that no single entity : can reduce
its individual cost (7, o) by unilaterally deviating from the optimal policy or strategy,
while others maintain their optimal choices. This framework ensures that each entity
adopts its optimal policy 7t** and strategy o**, given that all others are also acting optimally
(rr
unilaterally, which aligns with the concept of equilibrium in game theory. In summary, the

~*,07"). The result is a state where no entity has an incentive to change its actions
expression defines a systematic approach to optimizing policies and strategies in a multi-
agent system, ensuring equilibrium while minimizing the overall and individual costs.
Let us introduce the ¢-variable as follows

G'(0r, mi ) = 70 (yilmi)o (my|61) ' (64). ®)

such that
Y X X &eLmyy) =1,

=1 - L(OL 47l 4l
“adm "~ {g (Ot/ mt/yt) R A
0,€0; m;eO®; y, €Y

LT 2emy) =) >0,
ey ly

L (B, — F'(6L, 104, v0)1E(68, ml,yt) = 0,
mic@, yLeY! 61O}

LY L Dm0 (0, m,yi) 2 0, 8 € @i}

m; €0 y; €Y} 0;€0;

such that P*(m}|0}) = (o*(m} |9§))7l is the inverse and it exists; then, the policy 7 (y}|m})
and the strategy ¢*(m}|0;) form a Bayesian—Nash equilibrium. In this equilibrium, each
player minimizes their expected cost for every 1 € A/

(7 (yilm), o (m3]0;)) < D (7' (yi|my), o (mi|6))-

The variable ¢' (60}, m}, y};) defined in Equation (3) must satisfy the following individual
nonlinear optimization problem if and only if

®(m,0) = L #() = min )

where 3
Q)= Y L L ¢(vu0) IT &(6,myyt)
0;cO) mcO, yieY} eN

and Eudm = XieNEﬂdm‘
Remark 1. We have that

L omyilmy) =1, ¥ o(mlé;) =1 ¥ p'(6)=1
yieYf m; €Oy 0,€0;

The solution of the problem (4) is defined as ¢*.
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The variables 7t (y;|m}) can be derived from &' (6}, m}, y;) in the following way:

gt(et’mtlyz)

(Yt lmt) = 1 t trJt .

Wilm) = o oLy 5 & (@ ne y7) ©)
yieYy

To retrieve o**(m}|6}), for each player ¢ € N, the relevant quantity is defined as follows:

iy (o miyy)
k(0| Al — €Y
o (my|0;) = Y X (eLmiylh)” ©

L Loyl L
myeMy vy €Yy

As well as the distribution p*(6}), we have

pr6) = Y ¥ &6, mi,y;) > 0. -

myeMj yieYf

The formulas that minimize Equation (4) with respect to the variables &' (6;, m}, y})
have been determined, along with those needed to recover the strategy o (m}|6;), the
policy 71*(y}|m}), and the distribution u**(6;). When players use a reporting strategy
o' (m}]6}), they are minimizing the expected cost described by Equation (4). The calculated
strategy profile o (m}|6;) and policy 7t (y;|m}) constitute a Bayesian-Nash equilibrium.

3. No-Regret Strategy

To tackle this issue, we propose modeling the state-value function ®* using a linear
framework, defined in terms of 7' (y}|m})c*(m}|60;). The aim is to develop a strategy that
strictly minimizes the trajectory value. Accordingly, ®* is formulated in a recursive matrix
structure, facilitating efficient computations and in-depth analysis across various states and
control parameters. This formulation optimizes the policy by enhancing both performance
and decision-making, providing a systematic approach for achieving optimal control in
dynamic systems [25].

3.1. The Cost Function

The cost function ®* for any fixed strategies 7t (y;|m})o* (m}|6}) is defined over all
possible state—action combinations. It represents the expected value of taking action y; and
sending a message m; considering state 6} and subsequently following 7t* (v} |m})c* (m}|6}).
This function enables the evaluation of the long-term cost associated with a particular
strategy. The ®*-values for all the states in open format can be expressed by

P! (rr,0) =
L L XX n ¢y 0)F (614161 v (yilmi) ot (mi]6;)u' (61)

teT 6,€@; mie M. yieY! 6!, €O} |

=Y Yo XX iy 0 (yilmi ot (mi|6p) ' (6),
teT 64O mieM: yLeY!

where ' (y},0;) = ¥ ¢'(y;, 01 F (014164 vi)-

L L
01 11€9; 4

E(@ (mo)=YX ¥ X ¥ ry,0)m (yilmy)o' (my]6})p' (6;), ®)
teT 6.€@ mie M. y Y

such that ¢'(y},6}) is a loss value at type 6} when the action y; is applied (without loss
of generality it can be assumed to be positive) and p'(6;) for any given p‘(6f) is defined
as follows
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wO) =3 Y. ) Y F(Oalfh v (yilmi)o! (mi|0n)u' (67)

teT 0,€@; mye M} y1 €Y}
or, in matrix format,
! TR I
#iq = (F)p pp

Fii= Y L ¥ Y F(0410yi) ' (yilmi) o' (mi[6;).

teT 6,0 meM; y; €Yy
Remark 2. We will suppose that
@' (y;,01) >0, forallt € N.
Considering

E(Pp,4(m,0)) =

LY Yooy Lo iy 0 (yilmy)ot (mi|6f) ' (6;) =

teT 6,€@; mie M, yi€Y; 6!, €O}

L X XX L [0 0) el [F(0 44105 yi) ! (vl mp) e (mi|61) ' (67) — c]
teT 0,€0; meMiy;€Y; 0, €0,
the minimization of the state-value function E(®;_ (7, 0)) is equivalent to the minimization of the

function E(®}_, (7, 0)) where

Q) (m,0) =P, 4(m,0)+c,
which is strictly positive if we take

¢> max Hyt, ). 9
y‘fGYr‘ﬂG@i(p (v, 64) )

In a vector format, the Formula (8) can be expressed as
E(<I>;+1(7r, o)) =

YXo|Xoyo o n iy 6 (yilmi)ot (mil6;) | (6;) = (R pi),

teT 0@, | mie M. y;eY! 6!, €0} |

where
Ri:= LY ¥ L 7,0 (yilmi)e' (m6y),

meMiyiEY; 6,605

"y 0) = L ¢'(yi,0)F (0,104 y1),

L L
0111€9; 14

Up=YL ¥ ¥ L P00, y)7 (yilmi)o! (mi|6}).
teT ;€@ mie M, y,eY}
Remark 3. Lyapunov theory plays a critical role in ensuring the stability of dynamic systems by
providing conditions under which a system remains in equilibrium. Beyond stability, Lyapunov
theory also offers a pathway for these systems to converge toward a Nash equilibrium, where
all participants optimize their strategies. This dual function—guaranteeing both stability and
convergence to optimal outcomes—enhances the practical applicability of the framework. It ensures
that not only will the system remain stable over time, but it will also naturally evolve toward a
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state of optimal strategic interactions. This makes the framework robust and suitable for real-world
applications requiring both stability and optimality.

3.2. Optimal Stationary Strategy

Let us first introduce the following Lemma.

Lemma 1. Any nonstationary strategy ¢' (0}, m,y}) cannot improve the average cost obtained by
employing an optimal stationary strategqy ¢ (0", m**, y**) defined on a compact set. An optimal
solution exists.

Proof. According to the Weierstrass theorem, any nonstationary bounded strategy
¢'(0;, my,y;) , defined on a compact set, necessarily contains a convergent subsequence that
satisfies the following relationships:

t t
li 'fl o4 L0, mt,yt)) > li 'fl in & L0, mt,yt >
iminf § X @80 miyi)) > liminf ¢ | min &G0}, mj, yi)) >
t - ~
liminf 1 ¥ liminf & (&'(8), mi ) = B (65 (6%, m™*, y**)),

n—o0 n=1 k—oo

where & (&'(6*,m',y")) is assumed to be a monotonically decreasing functional with respect
to each component C‘/ (9’,, m‘/, y‘/) , when the others are held constant. Additionally,

liminf &*(5*(0f,, mi,, i, ) = (& (67, "™, y"™")
This lower bound is achieved by setting
G (O, my, yp) = 7 (67, m™, y"™) = GO, m™, Y™
and this is because

: . 1 E FL ([ xlk (l* JE LS - S IE VAT IE LS L xR lxk [EE IE TS
hgg{gf;’;qﬁé (6%, m"™, ™)) = (E (6", m"™, ™)) = D(E (6", m™, y"™")).

O

Remark 4. It is essential to highlight that this property holds exclusively for average cost functionals
defined on compact sets of strategies.

Proposition 1. Let S be the unit simplex in RM, that is,

S={xeRM| ¥ x(yi) = Lx(y}) > 0}.
yiEeYy
Then,

min Dx(yt) = min ¢(vt) = ¢(e),
Kesy;;g(yt) (i) y,teyt,g(yt) g(e)

such that the minimum is achieved at least for x = (O, o,..0,1,0,.., 0) .
———

e

Proof. We have that

Yo gyx(yi) = ) (ming(yi)x(yi)) = ming(y;) Y. x(yi) = ming(y}) = g(e),
yi€Yy vieYy yi€Yy
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and the equality is achieved at least for x = (0, o,..,0,1,0,.., 0) . O
e

As a result, it holds that

Yig=Ryp) = L Ry <

0, €0}

Y min - Rigp= Yy pymin| ¥ ¢'(y;,0)F (01,410, v1) |
0Lc@! 7' (yy|mi)o (my|0}) 0@ Vi€Yi |0, €0,

At this point, let us introduce the following general definition of a Lyapunov-like function
Given fixed history of the process (ph, 7t (yh|mby), o' (m}|6)), ..., 7T (ys|md), o (m}|6%))

min V= Y ()| Y @GP @0 0
7t (y [mi ot (m|6f) 0,c0O; ! 6;+1€®;+1

the identity in (10) is achieved for the pure and stationary local-optimal policy.

7 (i ") o (md164) = Ky oy o £ = 0,1, (11)

where ke« () 1+ is the Kronecker symbol and y;* (") is an index for which

Y. @' ODF (04160 y) < Y @' (vh 0 (014164 yt) = 1 (yi, 01), Yyt € Y
011160914 011694
As a result, we can state the following lemma.

Lemma 2. Given a fixed local-optimal policy, the V-values for all state-action pairs from (8) in the
recursive matrix format become

Vi = (R, ") (13)
where
R = ) ¢y 0)F (64100 y1) = min (v, 0;),
01:1€0} 4 st
"6 =Y, ¢y 0 F (611104 yh)-
01+1€0114

Remark 5. Under the local-optimal strategy (11), the probability state vector p; satisfies the

following relation
T JE T t+1
Hiq = (F)p my = <(F ) > Hor

where

(B%) =) F(01110L yi)rye @0 = F (0144161 v1)-
yieYy

Lemma 3. The function V| is a Lyapunov-like function (monotonically decreasing in time) that
reaches an equilibrium point.

Proof. The function V} satisfies the following properties:

1. According to Remark 2, V > 0.

2. According to Equations (10) and (11), AV} =V}

i1 — YV <0.
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3. Vi = 0 at the Lyapunov equilibrium point. It results straightforwardly from the
following:

Y min V=Y ¥ (#), Y Ly, 0O EL(B 108,y ) | =
N () (o) 16N9§€®;<ﬂ0>9f 0. € ;H(P(yt DF OO vi7)
LY ¥y L iy, 0 (yim) ot (mi]6;) u (6;) <
LEN LET 6,€®, mie M} yieY|
IT 7o (i)™ (i |07 ) (0}7) =
i#£1EN

X min Y X myilmy) X r(y, 00t (mi]6F)pt(0f) x
EN 6;€0;

teT 7' (yilmi)o! (mi10;) mye My yi €Y}

I nf*(xilmi)oi*(mi*|9£*)w'*<9;'*)> -

i#EN
)3 (Z X myilmy) Lor'(yi, 610" (mi]6) ' (6})
leN \teT mie M, yieY! 6;cO;
L s o o o)) =
1F£LE
Z @é(nll 7-[7[*,0[,0—7[*)
LeN
Hence,
Y (@i(r*,0") — Dy(n!, w0, o)) < 0. (14)
1eN

Given that the inequality in Equation (14) is valid for all admissible strategies 7r and
o, it is valid when v’ = 7™* and ¢ = ¢* for i # 1, considering

LT, %) — DL, 0!, 0 ) < 0. (15)

Then, Equation (1) holds at (7t%, 0};), and then Vi = 0.
O

4. The Three-Level Manipulation Model

The manipulation model is a game in which the manipulating players move first and
then the manipulated players move sequentially [27].

4.1. The Stackelberg Game

To simplify the descriptions below, let us introduce the new variables

& := col [Cl}, At =8, (1 =1,n).
(16)
B = col[gf], Bugm := 2 (f =1,m).

where col[-] transforms a matrix in a vector format.

Consider a game involving manipulating players, where each manipulator’s strategy
is denoted by a! € A! and a~! € A~! represents the strategies of the other manipulating
players, « = (a!,a!). Similarly, manipulated players have strategies g/ ¢ B£ dm
Bt e B;f; denotes the strategies of the other manipulated players, 8 = (8, /). The
manipulating players anticipate the reactions of the manipulated players, choosing their

and

strategies « € Ay, before the manipulated players respond with their best-reply strategies
B € Buim-

67



Mathematics 2025, 13, 184

- The individual aim for the manipulating players is to find a/* € Afz am for fixed
Bal*,a™t) € Bidm such that
ol (@, a7l (e, a7h)) i= B (ol a7t B(a, a7)) — B (ol a7 |B(a, a7T)) <, e >0, (17)

valid foralla! € A, ,a=' € A7l andalll = 1, 1. Below a/* will be associated with

adm’ adm

the e-Nash equilibrium in a Stackelberg-Nash game.

The individual objectives of the manipulating players can be expressed in a joint
format by utilizing the regularized Tanaka function, as demonstrated below:

n . .
Ug(al*,a”|)\,ﬁ(ocl*,oc’l)) =Y 055 (le*,tx’l|)\l",/\f'],[3(oc’*,ofl)> <eg (18)
=1

foralla € A, A = [\, Af'j]l:ﬁf:Tn i—TN,j—1,N and
v} (ocl*,oc_l|)\l'i,/\f'j,/3(ocl*,¢x_l) = Li(a*|AY, AP, Bl a7h)) — Li(a| A, A7, B(al,a7")) (19)

where LL(a|A", Af1, B(a!,a™!)) corresponds with the Lagrange function.

The function vs(a'*,a~'|A, B(a"*,a")) is known as the regularized Tanaka function
within the context of Stackelberg-Nash games. When both § = 0 and A = 0, it corresponds
to the original Tanaka function as outlined in [28].

- The individual aim for the manipulated players is to find p/* € Bg 4 for a fixed
a(B/*,p~f) € AL, such that

w (B, B~ |a(BS, p71)) = U (B, B (B, B7)) — U (B, B (B, 7)) <, e >0, (20)

valid for all B/ € BZ: B e Ba_ﬂl{11 and all f = 1,m. Below p/* will be associated with
the e-Nash equilibrium in a Stackelberg—Nash game.

The individual objectives of the manipulated players can be expressed jointly through
the regularized Tanaka function, as outlined below:

B A g0 = L (B A ap B ) <

forall € Bf, A = [\, Af'j]l:ﬁ,fzm,ie|®t\,je\®t| and
uf (B7, B 1AM, AT, (BT, B ) = L (BT A, A7, (BT, 1)) = LL (BT IAY, AT, (8, ) (22)

In this context, the equilibrium concept for games is defined as Nash equilibrium
for simultaneous play scenarios and Stackelberg equilibrium for games with a hierarchi-
cal structure.

Definition 1. (Stackelberg Equilibrium) In a game featuring I-leaders, a strateqy a* € A,gy, is
considered a Stackelberg—Nash equilibrium strategy for the leaders if

max vs(a™|B) < max vs(a
max 0;(a’[B) < max s (az]p)

such that
g(‘x) = {IB € Badm | u&(ﬁ'“) < M,s(ﬁ/|C)V/3/ € Badm}

is the best-reply strategy set of the followers.

The previously defined Stackelberg equilibrium can be reformulated for the followers
by replacing the set {(«) with the set of Nash equilibria. In this context, if the leaders adopt
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the strategy «; the optimal response of the followers will be a Nash equilibrium. In this
scenario, the Nash equilibrium represents a state where, given the leaders’ strategy «, the
followers have optimized their own strategies. They cannot improve their outcomes by
unilaterally changing their decisions, as doing so would lead to a less favorable result. This
adjustment transforms the dynamics of the game, as the followers must consider not only
their responses but also the broader implications of their strategies within the context of
Nash equilibrium. To expand upon this, we can envision a multi-level decision-making
environment where the leaders, acting as primary decision-makers, set the stage for the
followers’ reactions. By defining their strategy «, the leaders create a framework within
which the followers must operate. The followers, recognizing the leaders’ strategic choices,
analyze their own positions and responses. In essence, their responses are not isolated
actions but part of a larger strategic equilibrium that includes the leaders’ moves.

Definition 2. A strategy a* € Aygy of the manipulating player together with the collection
B* € Buaw of the manipulated players is said to be a Stackelberg—Nash equilibrium (e = 0) if

W peargmay  min i @B B el )S0} @

Using the Lagrange multiplier approach, we can represent (23) as follows:

L DC/, f/ _f/ r/\ - i n #
o, B1, B u A 20 /5f,5rf}‘lerlBadm K A -

where
Ly(a’, B, 877, 1, A) = 05(a’|B') + pus (B, B~ |A, (B, B77)). (25)

With § > 0, the considered functions become strictly convex, providing the uniqueness
of the considered conditional optimization problem (24). Notice also that the Lagrange
function in (25) satisfies the saddle-point condition, namely, for all &’ € A,4,, and A > 0 we
have

Lo(a, B, B~S*, 1, ) <Ls(a, B/, 1, u*, A") <Ly(al, B/, B/, ", A*). (26)

4.2. Tri-Level Manipulation Game

The costs associated with different hierarchical roles are assumed to be distributed as
follows: the outermost manipulators incur a cost v, the players being manipulated bear a
cost u;, and the innermost manipulators are assigned a cost w;. These costs are thought to
resemble Lyapunov-like functions.

Tri-level game problems have the following general form

min vs(a
vohn s(«|B,v)

s.t
¢(a,B,7) <0, By €l(w)

min 15(Ble, 7)

adm

s.t

¢(a,B,7) <0, a, 7 € Z(B)

,min ws(y|e, B)

adm

s.t

¢, B,7) <0, &, B € C(7)
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where {(«), (B), and {(7y) are the solution set of the corresponding problem. The comple-
ment variables are fixed; for instance, for computing rr}qin vs(a|B, v) the variables  and 7y
ae

adm

are fixed.

At the initial stage of this framework, the manipulating players choose a manipulation
strategy &« € A,g,. In response, at the second stage, the manipulated players react by
selecting a manipulation strategy B € B;,. In the final stage, the manipulating players,
after considering both the manipulation strategy B and the manipulation strategy «, steer
the system by selecting a strategy v € A4, that persuades the manipulated players.

At the highest level, the strategy « € A,;, represents the approach taken by the
manipulating players who initiate the game by choosing a manipulation tactic a. This
strategy may involve actively influencing the manipulated players. By controlling « € A4y,
the manipulating players aim to allocate resources in a way that builds an infrastructure
system as resilient to manipulation as possible. The set A,;,, often encompasses one or
more critical resource limitations that govern these actions.

The strategy B € B4, represents the actions of the manipulated players at the middle
level of the hierarchical structure. These players observe the manipulative tactics x € Ay,
and y € A,4y,. Their goal is to resist the manipulation from the manipulating players to
the greatest extent possible. Best-reply strategies at the middle level function as a defensive
mechanism, effectively countering manipulation attempts from higher or lower levels.
This counterbalancing dynamic enhances the system’s resilience by neutralizing external
influences. As a result, it improves strategic robustness, ensuring stability and adaptability
in complex, multi-level decision-making environments.

The strategy of the manipulating players, acting as operators, is reflected at the deepest
level through the minimization of ws(7y|a, B), where they select v € Ay, to reduce the
system’s operational costs. It is important to note that the strategy  can be influenced
by both the manipulation strategy a and the response strategy 8, which are determined
according to us(Bla,y). While the manipulating players may represent different real
entities, they all pursue the same manipulation objectives.

Continuous refinement by lower-level players ensures their strategies remain aligned
with those of higher-level players. This adaptability is vital for maintaining effectiveness, as
it allows the system to respond to changing conditions and evolving strategies within the
hierarchy, ensuring that decisions remain optimal and responsive to dynamic environments.

Decision-making at each level generates feedback loops that significantly influence
the entire game’s dynamics. These loops create a continual exchange of information and
adjustments between levels, ensuring that the system evolves toward stable outcomes. This
interconnected process enhances the system’s predictability, allowing for more reliable
forecasts and better strategic alignment over time.

The main point of this solution lies in its asymptotic stability, which means that even
if players start with different strategies, as the game evolves, they will naturally gravitate
toward a stable equilibrium, without needing to regret any past decisions. No matter how
the manipulative players attempt to influence the middle level, or how the lower level
responds, the structure of the game ensures that, in the long run, stability will prevail.

This concept of stability also ensures that players can adopt no-regret strategies,
meaning they will not have to second-guess their moves, because over time, their actions
will converge to a point that best suits the entire dynamic.

5. Numerical Example: Oil Market and Regulatory Influence

This example considers controllable Bayesian-Markov chains with Lyapunov-like cost
functions to model manipulation in a hierarchical oil market system vs. the regulatory
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influence. The decision-making framework involves players that manipulate each other
strategically in a three-level Stackelberg framework.

Consider a oil market system as follows. There are three type of players: (a) outermost
manipulating players: a lobbying group representing oil companies, aiming to influence
regulatory priorities; (b) middle-level manipulated players: national regulators, balancing
energy production, environmental sustainability, and economic growth; (c) innermost
manipulating players: oil producers, who adjust production and investment strategies
based on regulatory policies that persuade the manipulated players.

Consider a market that evolves over discrete types {61, 62, 03,04} € O, representing
oil and environmental conditions: 6;—high demand, low environmental degradation;
f—moderate demand, moderate degradation; f3—steady demand, unaltered degradation;
and 64—low demand, high degradation.

Each player can take three possible actions {y1,y2,y3} € Vagm- The transition prob-
abilities F'(6;116:,y:) depend on the current type 6; and actions y; by players at all lev-
els: y;—lobbying actions (e.g., media campaigns and policy framing); y,—regulatory
decisions (e.g., subsidies and emissions limits); and y3—oil producers” production and
investment strategies.

The outermost manipulators that represent the lobbying group incur a cost vs5, which
is the cost of lobbying activities, the players being manipulated, regulators, bear a cost u,
which optimize policies based on their perception, penalizing deviations from environmen-
tal and energy demand equilibrium, and the innermost manipulators, energy producers,
are assigned a cost w;, which adjust their strategies to minimize profit fluctuations and
operational costs. These costs are thought to resemble Lyapunov-like functions

Vig= ) (e | Y @' 0)F (041100 i) |-

7 (yi|mi)ot (m|6;) 6:c@! 0!, ,€0

Each level minimizes a cost function that encourages stability.
The strategic manipulation will be as follows:

e The outermost manipulating players manipulate transition probabilities F’ (9% 1 oL, yh)
into F! (9f 1 6!, y/*), i) sponsoring biased reports exaggerating oil demand and ii)
framing oil fuels as critical for economic growth. Their goal is to influence manipulated
players (regulators’) cost function .

e Manipulated players in the middle-level best reply to manipulated transition probabil-
ities F! (6! 1116, y§*) by implementing policies by applying min nf (y{ : |m{ )of (m{ |6{ )
to Ff (9{ +1

for environmental violations. Their objective is to influence manipulating players’ cost

|9{ , y{ "), such as i) subsidies for oil fuel production and ii) relaxed penalties

functions vs w;.
e The innermost manipulating players again improve their strategies F! (Gg . oL, yt)

based on Ff (9{ +1 \Bf , y{ "), leading to the following: i) increased production exploiting
subsidies and ii) reduced investment in renewable energy.
Considering
0.8181 0.6596 0.8003 0.0835 0.8314 0.5269 0.2920 0.1672
Fi(e |5 1)< | 08175 05186 04538 01332) ) |08034 04168 04317 0.1062
© 77707224 09730 04324 0.1734 C 7T 10.0605  0.6569  0.0155 0.3724
0.1499 0.6490 0.8253 0.3909 0.3993 0.6280 0.9841 0.1981
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0.4897
0.3395
0.9516
0.9203

Fi(:]:3)=

0.0527
0.7379
0.2691
0.4228

0.5479
0.9427
0.4177
0.9831

0.3015
0.7011
0.6663
0.5391

and random cost matrices, the resulting optimal strategies are shown in Figure 1 of the oil
market Stackelberg game.

Policy Convergence for Action1

041
E Low
8 Medium
[+ |
8 02 Moderate
a High
0 ) . . . ] . . I I |
0 10 20 30 40 50 60 70 80 90 100
Iteration
. Policy Convergence for Action2
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Q Medium
S o5l
-8 05 Moderate
s \ High
0 1 1 1 1 L 1 1 )
0 10 20 30 40 50 60 70 80 90 100
Iteration
. Policy Convergence for Action3
E / Low
o Medium
© |
8 05 Moderate
a High
0 ! ] . . . . . I I J
0 10 20 30 40 50 60 70 80 90 100
Iteration
Figure 1. Convergence of the policy.
0 0. 1
01 0
 (yimy) =
0 0 1
0 1 0

The manipulation occurs via transforming F*(0; ,; |6}, y}) into F*(6; |6}, y*), mislead-

ing regulators and energy producers into suboptimal but predictable decisions:

Outermost manipulating players: F' (9% 1 |6}, y*) maximizes influence and profit by
ensuring system inertia favors oil fuels.
Middle-level manipulated players: F/f(
based on manipulated dynamics.
Innermost manipulating players: F’ (Qf 1 161, y1*) exploits short-term gains, worsening
long-term environmental and economic sustainability.

o

t+1 Gf I

tr Yt

) implements suboptimal policies

6. Conclusions

We proposed a solution to the manipulation game problem by applying Lyapunov

theory, demonstrating both the existence and stability of Nash equilibria within the system.
Each equilibrium that is asymptotically stable is associated with a Lyapunov-like function,
which converges towards a Nash/Lyapunov equilibrium when such an equilibrium is
present. This convergence guarantees the system’s robustness, as the asymptotic properties
of the function promote no-regret strategies, ensuring players have little incentive to deviate
from their chosen course of action in the long run.
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Adaptation is crucial for maintaining a strategic advantage in a dynamic environment.
The ability to adjust based on observed responses allows the system to stay aligned with
its evolving objectives. This ongoing adjustment process ensures that strategies remain
relevant, effective, and responsive to changing conditions, fostering long-term success
and competitiveness.

The manipulation game is modeled as a hierarchical, three-level Stackelberg frame-
work. At the top level, the manipulating players select a strategy aimed at influencing the
middle-level participants. However, the strategy chosen by the manipulators may not al-
ways succeed in persuading those on the middle tier. In response, the middle-level players
“who are being manipulated” adopt a best-reply strategy that can effectively neutralize or
match the manipulation, creating a counterbalancing dynamic. This interaction embodies
the core of strategic manipulation, where each player’s decisions are interdependent and
reactions must be carefully calibrated.

To ensure the success of the manipulation, the player operating at the lowest level
of the hierarchy must refine and adjust their strategy in response to the behavior of the
manipulated players above them. This bottom-up adjustment is crucial to aligning with
the overall manipulation scheme, as it allows the lower-level manipulator to account for
and anticipate the reactions of the middle-tier participants. In essence, the success of the
manipulation depends not just on the initial strategy but also on continuous adaptation
based on observed responses at higher levels of the hierarchy.

This structured approach underscores the complexity of manipulation in multi-tiered
strategic games. Each layer of decision-making “whether it is at the top, middle, or
lower level” creates feedback loops that influence the broader dynamics of the game.
By using Lyapunov theory to map out stable equilibria, we provide a framework that
ensures the system gravitates towards a stable and predictable outcome, even in the face of
manipulation. The incorporation of no-regret strategies further reinforces the stability and
long-term viability of these equilibria, suggesting that the players’ strategic choices will
converge to an optimal solution over time. This comprehensive solution offers valuable
insights into both the theoretical and practical applications of manipulation in game theory,
with implications for economics, cybersecurity, and political strategy.
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Abstract: Driven by the servicing and digital transformation of manufacturing enterprises, product
and service innovation for manufacturers and service providers to promote integrated solutions
collaboratively has become an important way for enterprises to maintain market competitiveness.
Building on this foundation, this paper develops an innovation priority decision model for the
product-service supply chain, which comprises manufacturers and service providers, considering the
data mining and information sharing strategies of service providers. It analyzes the optimal decisions
and profits of the members when product innovation is prioritized as well as when service innovation
is prioritized, and subsequently explores the selection of innovation strategies for the product-service
supply chain under varying conditions. The results of the study show that, firstly, service providers’
data mining and information sharing strategies are not always favorable to the innovation decisions of
both parties. Only when data resources can be transformed into real innovation value at a reasonable
cost can data mining and information sharing play the role of ‘external incentives’ to promote
collaborative innovation between the two parties. Secondly, when service providers do not adopt
data mining and information sharing strategies, the efficiency of product and service innovation plays
a decisive role in innovation prioritization. The party with high innovation efficiency adopts the sub-
priority innovation strategy, which can lead to a larger market share for the innovation results. Finally,
under the service provider’s data mining and information sharing strategy, the innovation priority
selection of the product-service supply chain depends on the information value transformation
ability of the manufacturer and the service provider. Moreover, the profits of manufacturers and
service providers under the same innovation priority do not always ‘advance or retreat together’, and
there may be cases where one of them suffers a loss of profits. This study provides a theoretical basis
for the choice of innovation strategies given to manufacturers and service providers, and promotes
the development of collaborative innovation between them.

Keywords: product innovation; service innovation; data resources; priority; decision-making

MSC: 91-10; 91A80

1. Introduction

Driven by the wave of global digital transformation and smart manufacturing, ser-
vices carried in the product entity have become a common means for manufacturing
enterprises to realize added value during the product technology life cycle [1]. More and
more manufacturing enterprises promote the digital transformation of their new product
development by ‘leveraging’ digital service enterprises [2], and, through the integration
and management of the latter’s information technology, the Internet of Things, big data
analysis [3], and other means, they provide customers with integrated product-service
customized solutions [4,5], realizing a seamless transition from product manufacturing
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to service delivery. For example, Haier cooperates with Aliyun to provide a complete
set of smart home solutions, through which smart home appliances are connected to the
cloud, and users can use mobile phone apps to control and manage home appliances to
achieve equipment interconnectivity remotely. Sany Heavy Industries and Baidu Cloud
developed the ‘Root Cloud Platform’ to achieve real-time data collection of engineering
machinery and equipment worldwide, through remote monitoring of the working status of
the equipment, to pre-judge potential problems, and to achieve accurate maintenance and
repair. Compared with the independent provision of products or services, hybrid products
can achieve greater customer value creation through the optimal matching of products
and services [6]. However, under the impetus of servicing and digitizing manufacturing
enterprises, customers’ demand for innovation in products and value-added services is
increasing, and manufacturing enterprises and service enterprises must maintain their
competitiveness in the market through continuous innovation. As a result, hybrid product
offerings, driven by both product and service innovation, have become the specific focus of
many manufacturing companies’ servicing efforts [7].

The wide application of digital scenarios provides more possibilities to achieve synergy
in product and service innovation. The empowerment of digital intelligence technology
enables the various experiences, advice, and information that traditional market insights
rely on to be stored in the form of massive numbers of data [8]. The collected data can be
organized to form an information flow so that scientific and precise actions can be taken
under the guidance of data support [9,10]. For example, the Root Cloud Platform not
only helps Sany Heavy Industry optimize equipment operation and maintenance, but also
analyzes the efficiency of excavators under different working conditions through the data
collected from users’ use and feedback. By understanding the different requirements of
customers for the performance of equipment under different geological conditions, Sany
Heavy Industry can improve product design and launch machinery and equipment that
are more suitable for specific working conditions. In the delivery of integrated solutions
for innovative products and services, service providers provide last-mile digital value-
added services, which also means that service providers are able to achieve access to
product operation and customer feedback data over a relatively long period of time through
technologies such as the Internet of Things (IoT) and big data [11]. Digital service companies
use advanced analytics to mine and analyze these data to gain insights into customer
needs [12] as well as correlative information that can improve the quality of their products
and services [13]. As a result, manufacturers often require service providers to report
the necessary data during the contracting process. The value of these ‘non-monetary
transaction” data becomes the intermediary that drives product innovation. At the same
time, the continuous emergence of back-office product innovation triggers the iteration of
front-office service innovation [14], and the complementary nature of these two types of
innovations drives overall innovation and competitiveness enhancement.

In the traditional product-led logic, enterprises usually regard products as the core car-
riers of value, and product innovation becomes the main means of enterprise competition,
while service innovation enhances the use of products and strengthens customer experience
by optimizing services. Under this innovation logic, service innovation is more often used
as a support for and an extension of product innovation [7]. As the digitalization process
of manufacturing enterprises advances, the higher level of product intelligence supports
the development of higher-order services [15]. It creates an interaction and transaction en-
vironment where multiple subjects participate and diverse scenarios coexist, and a massive
number of data/amount of information is generated by customers in the process of service
experience [16]. Deep mining and analysis based on massive data breaks the unidirectional
pattern of relying on product innovation to drive service innovation. From only being able
to access explicit knowledge, such as knowledge of product usage, functional defects, and
improvement opinions, it has evolved to draw on the tacit knowledge hidden in product
operation and customer feedback data [1]. This helps decision-makers to identify unmet
innovation needs and generate new innovation insights [17,18]. Service innovation is no
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longer just a passive response to product innovation, but may become the source driving
overall innovation. In this new innovation ecosystem, the boundaries between product
and service innovation become more blurred, and this change requires us to rethink the
roles of manufacturers and service providers in the innovation process. Through rational
decision-making with regard to the priority of product and service innovation, we can
ensure the internal matching of innovative products and services with the external demand
market, and realize greater value creation for both supply and demand.

2. Literature Review

The research area of this paper primarily encompasses two aspects: data resource
mining and information sharing among supply chain members and the innovation of the
product-service supply chain. Consequently, the related literature review was conducted
from these two perspectives.

2.1. Supply Chain Innovation Decisions

Currently, scholars are examining innovation decision-making in product-service
supply chains from various perspectives. Several scholars have explored the factors in-
fluencing innovation: Du et al. [19] investigated the effects of supply chain information
asymmetry and retailer overconfidence on members’ decisions regarding innovation inputs
and revenues utilizing a signaling game approach. Liu et al. [20] explores the impact of
remanufacturing process innovation on closed-loop supply chains from the perspective
of government subsidies. Qu et al. [21] examines joint innovation investment and pricing
decisions for revenue-sharing contracts and customer value. Xing et al. [22] constructed
a green innovation supply chain consisting of suppliers, manufacturers, and retailers,
examining the effects of various government subsidies on this supply chain. Yi et al. [23]
employed a differential game approach to analyze the impact of disappointment aversion
on supply chain members’ innovation decisions and proposed a coordination mechanism
that includes subsidies and revenue matching. Another group of scholars has examined the
issue of innovation choice within product-service supply chains: Liu et al. [24] found that
retailers provide extended warranty services only when the cost advantage is significant.
Furthermore, manufacturers can enhance retailers” incentives to affiliate through innova-
tion investment, fostering cooperation between both parties. Yu et al. [25] compared and
analyzed optimal decision-making under two innovation modes, product innovation alone
and retailer equity-financed product innovation, considering suppliers’ varying dominant
positions and highlighting the influence of multiple factors on the choice of innovation
mode. Li et al. [26] proposed two innovation strategies—closed innovation and leading
user innovation—and analyzed the influence of consumer heterogeneity on each strategy’s
innovation decisions. Lin et al. [27] investigated the equilibrium results under three inno-
vation strategies: manufacturer’s non-innovation, independent innovation, and technology
purchasing in the context of uncertain technical efficiency. Jiang et al. [28] examine the
conditions applicable to new energy vehicle enterprises for implementing process or model
innovation, discussing the impact of government subsidies on innovation decisions. Cur-
rent research on innovation primarily emphasizes product innovation; however, the strong
correlation between product and service innovation, which jointly influences demand, re-
mains unexamined. Furthermore, there is a paucity of research addressing decision-making
issues related to innovation prioritization stemming from the blurred boundaries between
product and service innovations. Moreover, the decision-making problem regarding inno-
vation prioritization, resulting from the blurred boundaries between product and service
innovation, has received limited scholarly attention.

2.2. Supply Chain Information Sharing

A data resource is a kind of resource that contains great value. Through their data
mining and sharing strategy, an enterprise can obtain effective data and analyze, store, and
use this data resource, which can increase the revenue of the enterprise [17]. Brinch [29]
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emphasizes that the analysis of data resource value is emerging as a significant research
hotspot in the field of supply chain management. A related area of inquiry is the sharing of
demand information within the supply chain. Research on demand information sharing in
supply chains primarily investigates the effects of various factors on information sharing
and its impact on decision-making among stakeholders. For instance, Zhang et al. [30]
found that, when both manufacturers and retailers forecast market demand and retailers
possess asymmetric information, they will voluntarily share this information when the
manufacturer’s innovation efficiency is high. Shi et al. [31] examined product network
externalities and found that demand information sharing between retailers and manu-
facturers correlates with the network externality coefficient, making information sharing
profitable when this coefficient is high. Wang et al. [32] investigated dynamic strategies
for knowledge sharing and emission reduction benefits in low-carbon technologies within
green supply chains using differential game methods, identifying optimal trajectories for
suppliers’ and manufacturers’ knowledge stocks and emission reduction benefits under
various strategies. Tang et al. [33] analyzed the impact of information prediction and shar-
ing strategies on manufacturing companies” supply chains under independent and joint
innovation models. Nie et al. [34] discovered that incorporating remanufactured products
into the product line can create a win-win-win scenario for retailers, manufacturers, and
the environment through effective information sharing strategies. Wei et al. [35] revealed
that, irrespective of the supplier’s distribution model and the retailer’s information sharing
strategy, greater consumer sensitivity to the product’s green level correlates with higher
expected profits, product prices, and green levels among channel members. The existing
literature primarily considers information sharing as a factor influencing supply chain
decision-making, neglecting the value of data resources as economic assets. Data resources
hold significant potential value that can be transformed into business profits through
effective acquisition, analysis, storage, and utilization. This paper, therefore, discusses the
impact of data resource sharing behavior on product and service innovation by incorpo-
rating service providers” data resource sharing into the supply chain and considering the
economic value and uncertainty associated with data resources.

To address the issues in the existing research, this study considers two scenarios—
information sharing and non-sharing by service providers—and constructs four decision-
making models based on product innovation priority strategies and service innovation
priority strategies. It analyzes the optimal decision-making, market demand, and profits of
each member by solving the different models. This study addresses the following questions:
What conditions influence product and service innovation priorities within the product-
service innovation supply chain? What impact do service providers” demand information
sharing strategies have on their product and service innovation levels and pricing decisions
under the same priority level, and how does this affect profit levels? Further comparisons
of market demand for innovative products and services, along with manufacturers” and
service providers’ profits under varying prioritization levels, reveal how different factors
influence innovation prioritization choices in product-service supply chains. The research
findings aim to provide managerial insights into the collaborative innovation decisions
made by manufacturers and service providers.

3. Model Construction and Analysis
3.1. Problem Description and Assumptions

Consider a product-service supply chain consisting of a digital service provider
(hereinafter referred to as ‘service provider’, S) and a product manufacturer (hereinafter
referred to as ‘manufacturer’, M) which, together, provide an integrated solution, a
“product + digital service” (hereinafter referred to as ‘integrated solution’), to a customer.
Among them, the service provider provides digital services such as product system modi-
fication and additional function expansion of the integrated solution. The manufacturer
produces products according to customer and market demand, combines them with the
digital services provided by the service provider, and delivers a comprehensive solution
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integrating products and services to the customer. In order to meet the increasingly in-
dividualized needs of customers, both parties must continuously improve and innovate
their products and services. Manufacturers, for example, upgrade technology through
modular product design, intelligent product upgrades, and ecosystem product design.
Service providers, on the other hand, offer innovative services through remote monitoring,
troubleshooting for data-driven service optimization, and customized solutions. In the
process of implementing product and service innovations, the manufacturer and the service
provider first decide on an innovation prioritization strategy and the service provider
decides whether to share information. With the service provider adopting an information
sharing strategy, if both parties decide to prioritize product innovation, the manufacturer
initiates product modification and innovation activities and sets the final sales price of
the integrated solution. The service provider then innovates the service and also decides
on the unit service price. After both parties have completed their innovations, the man-
ufacturer delivers to the market a comprehensive solution that integrates the innovative
products and services. At the end of the sales period, the service provider collects product
operation and customer feedback data during the service process, converts them into
demand information, and shares them with the manufacturer to guide further innovation.
When both parties decide to prioritize service innovation, the service provider takes the
lead in initiating service innovation activities and determines the unit service price. At
the same time, the service provider shares service innovation information and customer
demand information with the manufacturer so that the manufacturer can adapt its product
innovation program to the new service characteristics. The manufacturer then innovates
the product, sets the selling price, and brings the integrated solution to the market. In cases
where the service provider does not share information, the two parties set innovation levels
and prices according to different innovation priorities. The product service innovation
supply chain structure is shown in Figure 1.

Decision-making process for product
and service innovation
[—————-—-—-—= |  Datamining and S K Information
| Product operationand | _ _ analysis_ N ervice | sharing
| customer feedback data | Provider Manufacturer
S ) S py
(@, e) @, en)
/ Y Y \
Innovation Prioritizing service innovation
> >» Manufacturer » Market
Strategy Prioritizing product innovation
A A
(P, en) (v, e5)
[———-—--- T
Service | Product operation and
«— — — «—————— |
Manufacturer Information Provider Dataminingand | customer feedback data |
sharing analysis ——— —————— -

Figure 1. The structure of the product-service innovation supply chain.

Demand Assumption: Product innovation enhances the performance, stability, and
functionality of hardware, software, or systems, making integrated solutions more relevant
and flexible, and increasing the attractiveness of the solutions. Service innovation, on
the other hand, enhances customer satisfaction and loyalty by providing personalized,
continuously optimized services and improving service quality and responsiveness [36].
This has led customers to focus more and more on the overall value provided by integrated
solutions, rather than just on single products or services. Therefore, it is further assumed
that both the level of product innovation and the level of service innovation have a positive
impact on the demand for integrated solutions. With reference to similar studies [37,38], the
demand for innovative integrated solutions is portrayed as D = a — bp 4 Aen + Bes, where
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a is the potential market demand for integrated solutions; p is the selling price of integrated
solutions; b is the price elasticity coefficient of integrated solutions, which measures the
sensitivity of the market demand to the selling price; and A is the product innovation utility
and (3 is the service innovation utility, which represent the degree of customer demand for
product and service innovations, respectively.

Innovation Cost Assumptions: Consistent with most innovation cost function assump-
tions [39-41], the innovation input cost functions of manufacturers and service providers
are convex functions with respect to the level of innovation. Assuming that the level of
service innovation by the service provider is es and the level of product innovation by the
manufacturer is en,, the cost function of service innovation input by the service provider
is c(es) = %uge? and the cost function of product innovation input by the manufacturer
is c(em) = Sume2, where i represents the cost coefficient of service innovation by the
service provider and ., is the cost coefficient of product innovation by the manufacturer.
For the convenience of the study, the initial production cost of products and services in this
study is set to 0, which does not affect the conclusions of the study.

Information Sharing Costs and Benefits Assumptions: According to Ma [42] and
Correani [43], the ability of an enterprise to ‘process’ massive data resources into valu-
able knowledge or information depends largely on the enterprise’s ability to analyze and
process massive data and big data. This includes the ability to make data-driven deci-
sions, data productization, and value realization, which is expressed in terms of shorter
decision-making cycles, cost reductions as a result of data optimization, and the number
of innovative products supported by data. Manufacturers and service providers have
the ability to convert data resources into information values, ky, and ks. In this study,
integrated solutions are sold to customers as integrated innovative products and services.
Therefore, the number of data resources acquired by the service provider is equal to the
number of its services under the product innovation priority model [44]. The value of the
shared information received by the manufacturer is then quantified as ksD. In the service
innovation priority model, the service provider transforms the collected market demand
information into service innovation, and the level of its service innovation represents the
data value of the data resources that the service provider converts into information. The
manufacturer converts the shared data value into product innovation knowledge, which
increases the value of the manufacturer’s product innovation [45] by kmes. Additionally,
the cost of information sharing by service providers in both models is categorized as n,D
and nges, including, for example, technical operation and maintenance, data conversion,
and communication costs [46]. Among them, 11, is the cost coefficient of information sharing
for service providers.

The primary parameters utilized in this paper are presented in Table 1 below.

Table 1. Description of the primary parameters.

Notation Description
a The potential market demand
b The price elasticity coefficient
A The product innovation utility
B The service innovation utility
tm The cost coefficient of product innovation
U The cost coefficient of service innovation
Ns The cost coefficient of information sharing
Km Information value transformation coefficient of manufacturer
ks Information value transformation coefficient of service provider
em The level of product innovation
e The level of service innovation
w The unit service price
p The selling price
Tm The profits of manufacturer
Tl The profits of service provider
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For the sake of clarity, superscripts SP, DP, SPI, and DPI represent service innovation
priority without information sharing, product innovation priority without information
sharing, service innovation priority with information sharing, and product innovation pri-
ority with information sharing, respectively. The subscripts m and s denote manufacturers
and service providers, respectively. The symbol ‘*” indicates the optimal solution.

3.2. Model Construction

This study considers two scenarios—information sharing and non-sharing by service
providers—and constructs four decision-making models based on product innovation pri-
ority strategies and service innovation priority strategies. Among them, the DP model and
SP model do not take into account the information-sharing behavior of service providers,
while the DPI model and SPI model do. The utility functions for manufacturers and service
providers in the four models are as follows:

(DP Model) In the product innovation priority model, which does not take into account
information value conversion and sharing by service providers, the manufacturer takes the
lead in completing the product innovation and setting the final sales price for the integrated
solution to be released in the market. The service provider determines the level of service
innovation and the price per unit of service based on the manufacturer’s decision program.

1
T = (p— w)(a—bp +Aem + Bes) = Stmen )

1
PP = w(a —bp + Aem + Pes) — Euseg )

(SP Model) In the service innovation priority model, which does not take into account
information value conversion and sharing by service providers, the service provider takes
the lead in service innovation and sets the unit price of the innovative service. The manufac-
turer determines the level of product innovation and the final selling price of the integrated
solution released in the market based on the service provider’s decision scenario.

7P = (p— w)(a —bp -+ Aem + Bes) — 2 e ®)

1
¥ = w(a —bp + Aem + Pes) — Euseg 4)

In the DP and SP models, (a — bp + Aey, + Pes) is the overall market demand created
by the manufacturer and the service provider. Equation (3) is the manufacturer’s utility
function, where (p — w) and %umelzn represent the manufacturer’s profit gained from
the unit of the integrated solution and the total cost of product innovation, respectively.
Equation (4) is the service provider’s utility function, where w and %pseg represent the
service provider’s profit gained from the unit of the integrated solution and the total cost
of service innovation, respectively.

(DPI Model) Similar to the DP model’s decision-making process, the service provider
commits to converting the product operation and customer feedback data resources ob-
tained during the delivery of the integrated solution into valuable information and sharing
it with the manufacturer. Considering the value of the information shared by the service
provider, the manufacturer decides the level of product innovation and sets the selling price
of the integrated solution. The service provider decides on the level of service innovation
and the price per unit of service based on the manufacturer’s decision scheme.

1
T ' = (p — w)(a —bp + Aem + Bes) + ks(a — bp + Aem + Pes) — Eumeil ®)

1
7" = w(a —bp + Aem + Bes) —ns(a —bp + Aem + Pes) — Euseg ©
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In the DPI model, the value of the information that the manufacturer receives from the
service provider’s data sharing is ks(a — bp + Aem + Bes). At the same time, the service
provider’s cost of data resource sharing is ng(a — bp + Aem + Pes).

(SPI Model) Similar to the SP model’s decision process, the service provider takes the
lead in completing the service innovation and determining the unit price of the innovative
service. At the same time, market demand and service innovation information is shared
with the manufacturer. Based on the service provider’s innovation decisions and the value
of the shared information, the manufacturer determines the level of product innovation
and the final selling price of the innovative integrated solution released to the market.

1
' = (P — @ +kmes) (a —bp +Aem + Bes) — 5 mep, 7

1
' = w(a —bp + Aem + Pes) — nges — Euseg (8)

In the SPI model, the preferred innovation service enables the manufacturer to obtain
an additional value of kpes from the unit integrated solution. Meanwhile, the service
provider’s cost of sharing data resources is nyes.

3.3. Model Analysis

By employing backward induction, the equilibrium solutions of the four models can
be derived. The derivation of Propositions 1 and 2 is presented below, and the procedure
for proving the remaining propositions is analogous. The proofs of the corollaries are
included in Appendix A.

Proposition 1 (DP Model). Manufacturers prioritize product innovation without considering
service provider information sharing.

(i) The optimal levels of product innovation (e5*), service innovation (eP™*), price per unit of
service (wPP*), and selling price (pPT*) for both manufacturers and service providers are defined

as follows:
DPx* a}\us
em = )
T by — 2B% iy, — A
el = Wbm (10)
4bpm s — 2By — ATy
DPx __ akm .
@ *74b —22s — A2 an
HmHs — 2B Hm Hs
Q2

b (4bp g — 237y — A%pg)

(ii) The optimal profits for manufacturers (r"*) and service providers (") are defined

as follows:
2
DPx A" Hm Mg
Ty = (13)
T 2(4bp g — 2B %k — Vi)
2, 2 22
T[EP* — a Hsum(Zme A ) (14)

2
2(4bpy g — 2B 1y — A%pg)

Proof. The manufacturer first sets the sales premium r for the innovative integrated
solution, and the sales price determined by the manufacturer is the price per unit of service
provided by the service provider w plus its sales premium r, which can be expressed as
p = w + 1. Substituting into Equations (1) and (2) and applying the inverse induction
method of solving for Equation (2) to find the first-order derivatives of 0¥ with respect

DP
to w and es and making the first-order derivatives equal to 0 yields agr >~ = a+Aem +
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Bes —bw —b(r+ w) =0, % = Bw — puges = 0. Therefore, the Hessian matrix of 7tSDP

-2b B
B —Hs

when 2byg — B2 > 0. The service provider profit 0¥ is a joint concave function of w

and es, and there exists an optimal solution with great value. Substituting the result of
PP o
Jw d deg

isH; = [ } . It can be shown that the Hessian matrix |Hj| is negative definite

being equal to 0 into Equation (1) and taking the first-order derivatives of
2b%ug bA L,

r and ep,, respectively, the Hessian matrix of WBP is Hy = sz;\zi’“s 21—B8% | When

Tou,—p7  Hm

dbyiy s — 2% — A2y > 0, the Hessian matrix [Hy| is negative definite and the profit
function 7Ll is the joint concave function of r and ep,. Seeking its first-order derivatives
equal to O, the joint solution to the manufacturer’s optimal level of innovation and the
optimal sales premium, which will be brought into the agt EP , ag[elzp , are solved to obtain the
optimal level of innovation of the service provider and the optimal unit price of service
results for Formulas (10) and (11). The manufacturer’s optimal sales price p is equal to
the optimal unit service price w plus r. Substituting the above optimal decision variables
into the profit function of the manufacturer, the service provider can be obtained. In the
product innovation priority, the manufacturer and the service provider profit results in

Formulas (13) and (14), and Proposition 1 is proved. [

Proposition 2 (SP Model). Service providers prioritize service innovation without considering
service provider information sharing.

(i) The optimal levels of product innovation (e3F*), service innovation (eS*), price per unit of
service (wSP*), and selling price (p°'*) for both manufacturers and service providers are defined

as follows:
A
eSP* _ a 2”5 5 (15)
4bp s — B Hm — 2A7 K
. a
eSPr = Bl (16)
4bumts — B Hm — 2A%
N2
WwSP* — aFls(prrzn A7) . (17)
b(4bpm g — B Hm — 227y
2
b(4bum s — B Hm — 2A7p)
(ii) The optimal profits for manufacturers (1;’*) and service providers (ms*) are defined
as follows:
_spe _ i g(Zbuy, — M%) 19)
m 2
2(4bpmpts — B2 — 27A%p5)
2
T[gP* — a”Hm b (20)

2(4bpty g — B2y — 2A%H)

Proof. The inverse induction method is used to solve Equation (3) to find the first-order
derivative of ) with respect to p, em and make it equal to 0 to obtain

% = a-+ Aeym + Bes —bp —b(p — w) =0, aaff = Ap — w) — upem = 0. Then, the
Hessian matrix of 7! is H; = [;b _i’\Lm:| . It can be seen that the Hessian matrix

|H, | is negatively definite when 2by;, — A> > 0. The manufacturer profit 7y, is a joint

concave function of p and ey, and there exists an optimal solution with a great value.

SP SP
Substituting the result of ag—lg‘ and %z: equal to 0 into Equation (4) and taking the first-
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order derivatives of w and e, respectively, it can be seen that the Hessian matrix of 73"
2b%up, bRy
A2—2bu,  2bp,—A2

bp

is Hy, = . When 4bp,, 1 — B2, — 272 pg > 0, the Hessian matrix
Mni_m)\z —Hs

|Ha| is negative definite and the profit function 75" is the joint concave function of w and

es. Seeking its first-order derivatives equal to 0, the joint solution to the optimal level of

innovation of the service provider and the optimal price of services, respectively, can be

found for the results of Equations (16) and (17), with % and %ﬁ“f being used to solve for

the optimal level of innovation of the manufacturer and the optimal price of the results of
the sales from Equations (15)—(18). Substituting the above optimal decision variables into
the profit function of the manufacturer, the service provider can be obtained. When the
service innovation is prioritized, the manufacturer and the service provider profits result in
Equations (19) and (20), respectively, and Proposition 2 is proved. U

Corollary 1. The optimal decision, when product innovation is prioritized, increases with the
product innovation utility A and decreases with the product innovation cost coefficient ,,, without
considering service provider information sharing.
9eDPx JeDP+ JwDP* apDP* 97D+ 97tPP* .
5= >0, 55— >0, 55— >0, 55— >0, 55— >0, 55— >0;

9eDPx 9eDP+ PP+ apDP* 9P+ 9Pl
e <O S <0 G <0 S <0 G <00 5

<0

Corollary 2. The optimal decision, when service innovation is prioritized, increases with the
service innovation utility 3 and decreases with the service innovation cost coefficient iy, without
considering service provider information sharing.

9edl
B

9edl
dlLg

aegp*
B

0eSP
dHLg

(,USP* aT[ISIF‘

SP SPx
>0, % >0, B >0, %5 >0, 25 >0

>0,

wSP*

d
< 0’ aus

<0,

<0, BT <o, " <o, 7 <,

Corollaries 1 and 2 suggest that both manufacturers and service providers benefit from
increased service and product innovation effects. Greater product and service innovation
utility implies greater customer acceptance of the innovative content and model. When
service providers introduce more flexible and personalized services to give new functions
and usage scenarios to their products, this expands the scope of application of the products,
brings new market opportunities for manufacturers, and encourages manufacturers to
innovate their products to meet different customer needs. At the same time, product inno-
vation by manufacturers usually introduces new technologies, which change the operation
mode and service process of existing service providers, prompting service providers to
adjust and innovate their existing services to adapt to new products. Both parties coop-
erate in technology development and the production process, and the innovation effects
promote each other to form a spiral development mode. On the contrary, the increase
in the innovation cost coefficient implies that manufacturers and service providers have
insufficient innovation capability and cannot meet the market demand despite investing
more in innovation costs. The uncertainty of innovation leads both parties to be more
cautious when investing in innovation, or even to reduce their investment in innovation,
which leads to a decrease in the level of innovation.

Proposition 3 (DPI model). Considering the scenario of information sharing by service providers,
product innovation is prioritized.

(i) The optimal levels of product innovation (e5’™*), service innovation (eP*™), price per unit
of service (wPP™*), and selling price (pP'*) for both manufacturers and service providers are defined
as follows:

eDPI* _ (a+b(ks _Tls)))‘us

= (21)
T Abpgpg — 2870y — APl
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peix (@4 b(ks —1g)) By

eDPlx — (22)
’ bty — 2871y — Mg

PP _ (3 D(3Ns + ko))t — s (2824 + A1) 23)
bty — 287y — A

pDPI _ Ak (3bus — B?) +b(ns — ks) (—B%pm — A’pg + b ug) 24)
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(ii) The optimal profits for manufacturers (nh,"™*) and service providers (r??™*) are defined
as follows:

2
DPLx __ (a+b(ks 71’]5)) HmHs

Ty = 5 3 (25)

8bimHs — 4P Hm — 2A7pg

2
PP (a +b(ks — ns)) Feran(Zbus — Bz) (26)
- 2

2(4bp'mus - 2[52”111 - 7\2”5)

To ensure the existence and practical significance of the equilibrium solution, the follow-
ing conditions must be satisfied: 2bpg — Bz > 0, 4bp, s — 2321, — Azus >0,0<ns <
(—a+bks) B2 pm +big (2apm +ks (A2 =2bpy ))

bty (2bps—B?)

Proposition 4 (SPI model). Considering the scenario of information sharing by service providers,
service innovation is prioritized.

(i) The optimal levels of product innovation (e;!'™*), service innovation (eS"'*), price per unit
of service (w°P™), and selling price (p°F™) for both manufacturers and service providers are defined

as follows:
SPLx _ A(aps — ns(bkm + B)) 27)
m - 2 2

4bpip g — (bkm 4 B) " pm — 227k
ospre _ albkm + B)im — 2, (2bpn — A?) 28)

: 4bp s — (bkm + B) pm — 2321

22 _

WS _ _ (2bkm — A7) (aps — n (bkm + B)) (29)

b(4btm kg — (bkm + B) b — 2A%H)

pSPI* _ b2kmUm(ns —akm) + 7\2(1155 —apy) — b(nskmAZ + 3nsBHm + akmPBum — 3apm L) (30)
b(4bit s — (bk + B) iy — 22%115)

(ii) The optimal profits for manufacturers (1;'™*) and service providers (") are defined as

follows:

5P _ p’m(zbum - Az)(bnskm + 1B — apS)Z
mo 2
2(4bpiy, pg — (bkm + B)ZFLm - 2)\2Hs)

g 2%t Mg — 205 (akm (Dkim + B) — 1 (2bpg — A?)) (32)
S
2(4bti bty — (bkom + B) b — 27%)
To ensure the existence and practical significance of the equilibrium solution, the following

conditions must be satisfied: 2byt,, — A> > 0, by g — (bky + B)Zum —2A%u > 0,0 <1 <
aum(bkm+f5)
2(2bpy,—A%)

(31)

Corollary 3. (i) In the service provider information sharing scenario, the optimal decision e5! ™,

eDPlx mDPl 7DP 651 the product innovation prioritization decision increases with the increase in
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the service provider information value transformation coefficient ks and decreases with the increase
in the information sharing cost coefficient .

9eDPIx aeDPI* 97tDPIx 97rPPLx

e >0 T >0 G- >0 S >0

9eDPIx aeDPI* 97tDPIx 97rPPLx

o <0 T <0 T <0 T <0
DPI

(ii) When B2, + A2 Ws — by, g > 0, the optimal decision p increases with the increase
in the service provider information value transformation coefficient ks and decreases with the increase
in the information sharing cost coefficient ng. When B2uy, + Aug — bupits < 0, the optimal
decision pPP™* decreases with the increase in the service provider’s information value transformation
coefficient ks and increases with the increase in the information sharing cost coefficient 1.

(iii) The optimal decision wPP™ increases with the increase in the service provider’s in-
formation value transformation coefficient ks. When 3bpp g — 2%y, — A2 > 0, the op-
timal decision wPP™ increases with the increase in the information sharing cost coefficient 1.
When 3buy, g — 2%y, — Mg < 0, the optimal decision wPP™ decreases with the increase in
the information sharing cost coefficient 1.

Corollary 4. In the service provider information sharing scenario, the optimal decision to prioritize
service innovation es ™, e3P, wSPT, pSPI Pl mSPI i creases with the increase in the value
transformation coefficient of the manufacturer’s information ky, and decreases with the increase in

the information sharing cost coefficient 1.

aersr{jl* aegPI* <0 JwSPIx 0 apSPI* 0 aﬂgnPI* aT[gPI*
okm 7 okm 7 dkm 7 dkm 7 okm 7 dkm
QeSPIx aegPI* JwSPI* apSPI* 97rSPIx 97tSPIx
ang. <0 Tn <055 <0 % <0 5 <0 55 <0

It follows from Corollaries 3 and 4 that, on the one hand, information sharing by
service providers allows manufacturers to capture economic value beyond the benefits
of the innovation itself. For example, by obtaining more innovation information based
on product operation data and customer feedback data, the cost of innovation for the
manufacturer can be reduced through information sharing. On the other hand, enterprises
process and analyze product operation data, customer feedback, and market demand
information to identify potential market opportunities and changes in consumer demand,
improve R&D efficiency through optimal allocation of resources, and reduce the risk of
innovation due to market uncertainty. In this case, manufacturers and service providers
will tend to increase the level of innovation of their products and services to meet specific
market demands. Customers are willing to pay higher prices to try and accept innovative
products when the manufacturer’s and service provider’s innovations greatly satisfy their
needs. In this case, both parties can set higher prices in order to make higher profits. On
the contrary, higher information sharing costs mean that the service provider needs to
invest more resources in information collection, processing, and delivery. The increase in
information sharing costs means service providers have to undermine their investment in
service innovation, leading to a decrease in the level of service innovation. The decrease
in the level of service innovation directly affects the value of innovation information
and indirectly increases the cost of product innovation for manufacturers, which leads
to a decrease in the level of product innovation. In the case of a decline in the level of
product and service innovation, service providers and manufacturers maintain market
competitiveness and market share by lowering wholesale and selling prices.

Corollary 5 (DPI Model vs. DP Model).

(i) There exists kg1. When 0 < ks < kg1, if 0 < mg < ks, the level of product innovation, the
level of service innovation, the selling price, the manufacturer’s profit, and the service provider’s
profit under the product innovation priority strateqy satisfy el * > eDP* > 0, eDPl* > eDP* >
0, Il > P+ mDPle . DP e e < mg < Mo, the level of product innovation, the level of
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service innovation, the selling price, the manufacturer’s profit, and the service provider’s profit
satisfy 0 < eRl™ < eDP*, 0 < eDPlx < eDPx 7DPlx o DPsx /7 DPLe  2DPx  When kg > kg,
if 0 < g < Mg, the level of product innovation, the level of service innovation, the selling price, the
manufacturer’s profit, and the service provider’s profit satisfy efl * > eLl* > 0, ePPl* > eDP* >
0, Pl > qDPx 7 DPLe . 7 DPx “The comparison between pPP™ and pPP* has the same threshold,
but the magnitude of both depends on B>y, + A1y — b, .

.. — aum(ﬁz_zbufJ " ( a+bk5)Bzum+bus(2aum+ks(7\2_2b}lm))
Where kst = S+ (N tbjuiny) 154 = B (2b11s—B7)

‘e . 1 - 1 . bk b g H
(ii) There exists kgp. When 0 < ks < kg, if 0 <1y < T pe T the price

of the service satisfies wPP™* > PP+, j sHm s < < Mg, the price of the
f ﬁ f 2[52|~1m+(}\273b}lm)us Ms Msd p f

service satisfies wPT* < wPP*. When ks > kg, if 0 < mg < Tsq, the price of the service

DPI+ DPs apn (B2 —2bytg) (2B2 iy +A% g —3b i )
b(bitm Hs— Bzumfxzus)(zlbumus*zﬁz Hmf)\zlls)

satisfies w > wPP* where ko =

Corollary 5 shows that the choice of information sharing strategy under the priority
of product innovation is closely related to the information value conversion coefficient
and information sharing cost coefficient of the service provider. Only when the service
provider’s information value conversion coefficient and information sharing cost coefficient
satisfy certain conditions will the information sharing strategy increase the innovation level
of both parties as well as bring excess profits. The market demand information acquired by
the service provider is not always directly transformed into product innovation knowledge.
Only if the service provider transforms it into knowledge that is highly compatible with
the manufacturer’s product innovation needs will information sharing be of sufficient
economic value to the manufacturer. In addition, service providers incurring additional
information sharing costs will demand higher service prices, which will directly affect
manufacturers’ product pricing and profit allocation. In conjunction with Corollary 3, the
information sharing strategy benefits both parties more when the service provider’s ability
to transform the value of information is higher and the cost of information sharing is lower.

Corollary 6 (SPI model vs. SP model).

(i) There exists Tg. When 0 < mng < Tg, the level of product innovation, the price
per unit of service, and the manufacturer’s profit under the service innovation priority decision
satisfy el > eSP*, @SP »> SPx, P S P When Mg < g < T, the level of

product innovation, the price per unit of service, and the manufacturer’s profit satisfy egr* <
eSP%, @WSPIx < (SP | pSPLe - SPs

(ii) There exists Tig;. When 0 < g < Tig, the level of service innovation satisfies '™ >

. When Tig < g < Tiss, the level of service innovation satisfies e3P < e3F*.
(iii) There exists Tgz. When 0 < mg < Tg3, the sales price satlsﬁes p
When Tigz < Mg < Tgs, the sales price satisfies p>'* < pSP*.

(iv) There exists Tigg. When 0 < mg < Ty, service provider profits satisfy mS ¥ > mor*.
When Tigg < Mg < Tgs, Service provider profits satisfy mo < ml*.

SPx*
€

SPTx > pSP*

— bkm+B) abkm (bkm 2 ) t Hs
Where = mObkntp) = mHs ;
Nss 2(2bjin A7) 7 Nst (bkm+ B) (— B —2A2 g +b i 1)
5 _ abkin by (=277 g+ 1o (bkim B+ B2 +4b ) . 3 _
s2 Z(Azfzbum)(Bzum+2)\zusf4bp'mp's) ! s3

abkin ty (B2 (bkm+B) +brts (2B tm +km (A2 —bpyy))) — _
(A2 B+t —b (kA>3 tin ) (B2 bt 1222 frg—4b g 11y Mst -
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Corollary 6 shows that the choice of information sharing strategy under service inno-
vation prioritization is not only closely related to the information sharing cost coefficient of
the service provider, but also significantly associated with the information value conversion
coefficient of the manufacturer. If the manufacturer can effectively use the service inno-
vation information and demand information shared by the service provider to accurately
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adjust the product design, improve the production process, and quickly launch innovative
products in response to the market demand, this efficient information conversion can
significantly increase the added value of service innovation to product innovation. Innova-
tive products and services occupy a larger market share, which, in turn, will lead to the
growth of service providers’ profits and make up for the economic losses caused by service
providers in the process of information sharing. However, the value of information sharing
cannot be maximized if the manufacturer’s ability to convert the value of information is
weak, even if the service provider provides detailed information on market demand. In
this case, there is limited improvement in the service provider’s level of innovation and
profitability, and the high cost of information sharing may even cause the service provider’s
profit to be lower than it would have been without information sharing.

The previous section analyzed the correlation between the optimal decision and each
parameter as well as the impact of the service provider’s information sharing strategy on
the optimal decision and profit by solving different models. Comprehensively comparing
the four models constructed, it is found that the key factors affecting the product-service in-
novation supply chain are the information value conversion coefficient of the manufacturer
and the service provider and the information sharing cost coefficient of the service provider.
Next, we further compare the market demand under different innovation priorities and
analyze the impact of these parameters on the choice of supply chain innovation priorities.

Proposition 7. (i) Market demand under product innovation prioritization and service innovation
prioritization decisions in the scenario of no information sharing by the service provider:

DDP* _ aprnuS (33)
by g — 2B% 1 — A pg

b
DSP* _ a P’;nus > (34)
4bpm s — B um — 2A%pg
(ii) Market demand under product innovation prioritization and service innovation prioritiza-
tion decisions in the scenario of information sharing by the service provider:

DDPI* _ b<a+b(ks —zﬂs))anus (35)
4bumbs — 2By — ATp

psPs _ _ bim(aus —ny(bkm + B)) (36)

4bpmpts — (bkm + B) i — 222

Corollary 7 (SP Model vs. DP Model). Introduces two parameters, product innovation efficiency
and service innovation efficiency, ¢, ¢s. When the party with high innovation efficiency carries
out innovation activities as a sub-priority, higher market demand can be obtained.

A party with high innovation efficiency usually has better resource optimization and cost
control capabilities, and can further reduce innovation costs on the basis of previous innovations,
which helps it to be more competitive in the market. At the same time, by drawing on the technological
foundation and market experience of the prior innovation process, it avoids innovation risks, makes
use of existing market data and technological advances to carry out more optimized innovation,
integrates the latest technology with market demand, and provides more mature and efficient
products or services. This precise alignment enables them to quickly meet demand and gain market
share when entering the market.

Corollary 8 (SPI Model vs. DPI Model).

Case 1: If b*pupps — \/bzp,m(ZBZum — Ng) <0, then kpy < Kmo.
There exist km1, km2, Km3. When 0 < km < Km1, if 0<mg < Mg, the market demand
under the product innovation priority and service innovation model satisfies D' < DPF*;
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if Mg > Tiss, the market demand satisfies D' > DPPY*. When Ky < km < Kmo, the market
demand satisfies DSPH < DPPY . When K < km < K3, if 0<ks<kg, 0<ng<Tng,
the market demand satisfies DSPIL> DPPL. if 0<ks<Kkg, ng > Mg, the market demand
satisfies DS < DPPY; if ko > kg3, market demand satisfies DSP™* < DPPI*,

Case 2: If b*uuppg — \/bzpm(ZBme —Nug) > 0, then k1 > Kmo.

There exist km1, Km2, Kmz. When 0 < km < kpp, if 0 < ng < Tg5, the market
demand under the product innovation priority and service innovation model satisfies D' <
DPPY, if ng > T, the market demand satisfies DT > DPPY, When kpmp < km < K1,
if 0 < ks < kg3, the market demand satisfies DSPI . pPPIx, If ks > kg, 0 <y < Tgs,
the market demand satisfies DSPIx  pDPLx, if ke > kg3, Ng > Ng5, the market demand
satisfies DT > DPPY, When Ky < km < kms, if 0 < ks < kg3, 0 < ng < Tig5, market
demand satisfies DS > DPPY* If kg > kg3, the market demand satisfies DP'* < DPPI*,

T a(b2k2 1 +2bkim B by — B2 Ry A g

Where kss - (b(4butus*(bkfrﬁ)zimi%%:; :
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g = A1+ 211 (B2b(2+ B) 1) + /4B iy +4B2 b bty (N — 4 )+ 12 (A —4bi ) — 86 L 1 (A2 2ty )
m ZbZP'-mP"s !
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Corollary 8 shows that, in the case of service provider information sharing, the choice
of innovation priority for integrated solutions is closely related to the information value
conversion coefficients of the manufacturer and the service provider. When the cost
coefficient of data resource sharing and the information conversion coefficients of both
parties satisfy a certain magnitude relationship, it is possible to decide the priority of
product innovation according to the market demand. This means that the delivery and
use of integrated solutions are not only expressed in the delivery of physical products
and value-added services, but also include regular services, optimization services, and
upgrading services in the process of product use and operation. The value of data resources
such as customer needs and services for product innovation provides ‘external incentives’
for manufacturers and service providers to innovate.

4. Numerical Simulation
4.1. Numerical Calculation of the Model

Building upon the theoretical analysis, we establish the model parameters and com-
pute the decision-making outcomes for various models. Taking into account the constraints
necessary for the existence of equilibrium solutions, and drawing from the existing litera-
ture [11,47-49], the parameters are set as follows: a =5,b =1.2,A = 0.5, = 0.6, k, = 0.7,
ke =1, uy, = 0.8, ug = 1.5, 1y = 0.8. By substituting the values of each parameter into
the analytical solutions of the decision variables across the four innovation strategies, the
results are presented in Table 2.

Table 2. Decision-making results under different decision-making models.

Decision
Models em € w P D Tm s
DP 0.7798 0.4991 1.2477 3.4934 1.4972 3.1192 1.6812
SpP 0.7942 0.5083 2.2104 3.4810 1.5248 1.6852 3.1766
DPI 0.8172 0.5230 2.1075 3.4611 1.5691 3.4258 1.8465
SPI 0.9471 0.9215 2.6362 3.5066 1.8185 2.3970 3.4200

As can be seen from Table 2, when service providers do not share information, the
innovation level and market demand of both parties do not change significantly under
different innovation priorities, and the party that prioritizes innovation is able to obtain
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higher profits. When service providers share information, the innovation level, market
demand, and profits of both manufacturers and service providers increase. This also reflects
that the service provider’s data mining and information sharing strategy is conducive to
improving the innovation performance of the supply chain.

4.2. Impact Analysis of Information Sharing Cost Coefficients

This section analyzes the impact of variations in information sharing costs on the levels
of innovation, unit service pricing, sales prices, and profits of both parties, as illustrated
in Figure 2. To satisfy the constraints derived from Propositions 3 and 4, the range of
values for the information sharing cost coefficients is set to ng € (0, 1.6]. The remaining
parameters are maintained using the values specified in Section 4.1 of this paper.
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Figure 2. The impact of information sharing cost coefficients on optimal decision-making.
(a) The effect of information sharing cost coefficients on optimal decision-making under the product
innovation prioritization strategy. (b) The effect of information sharing cost coefficients on optimal

decision-making under the service innovation prioritization strategy.

It can be seen that the optimal level of innovation and profits for both manufacturers
and service providers decreases with increasing information sharing cost coefficients,
irrespective of the innovation priority adopted. When service innovation is prioritized, the
unit service price and selling price decrease with an increasing information sharing cost
coefficient. When product innovation is prioritized, the price per unit of service and selling
price increase with the information sharing cost coefficient. Combined with the analyses of
Corollaries 3 and 7, the changes in unit service prices and selling prices with the information
sharing cost coefficient depend on the innovation efficiency of products and services.
Low innovation efficiency implies that the competitiveness enhancement of products and
services brought about by innovation has relatively little impact on market demand, and
firms are unable to strive for higher premiums through differentiated innovation. It also
reflects the passive position of firms in the market, with their pricing strategies relying
more on cost orientation. In the face of rising costs, firms often choose to shift cost pressures
by raising prices in order to maintain their profitability.

4.3. Impact Analysis of the Information Value Transformation Coefficient

The impact of the information value transformation coefficients of both the manufac-
turer and the service provider on the levels of innovation, unit service pricing, selling price,
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and profits for both parties is analyzed in Figure 3. In this analysis, based on the constraints
derived from Propositions 3 and 4, the ranges for the information value transformation
coefficients of the manufacturer and the service provider are set to kp, € (0, 0.9] and
ks € (0, 2], respectively. The remaining parameters continue to be selected according to
the values specified in Section 4.1 of this paper.
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Figure 3. The impact of information value transformation coefficients on optimal decision-making.
(a) Impact of service providers’ information value transformation coefficient on optimal decision-
making under product innovation prioritization strategies. (b) Impact of manufacturer’s infor-
mation value transformation coefficient on optimal decision-making under service innovation
prioritization strategies.

It can be seen that the optimal level of innovation and profits for both manufacturers
and service providers increase with the value of the information transformation coefficient,
irrespective of the innovation priority adopted. When service innovation is prioritized,
the selling price increases with the information value transformation coefficient. However,
when product innovation is prioritized, the selling price decreases with the increase in
the information value transformation coefficient. The main reason for this phenomenon
is the different ways in which manufacturers obtain the value of information under the
two innovation priorities. Under the product innovation priority, the manufacturer directly
captures the economic value of the information shared by the service provider, and the
value of the information increases with the increase in the service provider’s information
value transformation coefficient, which enlarges the manufacturer’s profit margin. With low
innovation efficiency, manufacturers attempt to capture a larger market share by lowering
the selling price. In contrast, the value of information acquired by the manufacturer under
the service innovation priority is reflected in the creation of differentiated products to meet
market demand based on service innovation, and this differentiation allows for greater
freedom in pricing, enabling the manufacturer to earn higher profits by raising prices.

4.4. Impact Analysis of Information Sharing and Non-Sharing

This section compares the levels of innovation, unit service pricing, sales prices, and
profits for both parties when service providers adopt information sharing and non-sharing
strategies under the same innovation priority. Furthermore, it identifies the relationship
governed by the service provider’s information sharing cost coefficient and the conversion

91



Mathematics 2024, 12, 3903

coefficients of both the manufacturer and service provider’s information value when the
optimal decisions differ between the two strategies.

As illustrated in Figure 4, under the product innovation priority strategy, when the
service provider’s information value transformation coefficient exceeds the information
sharing cost coefficient, the levels of innovation and profit for both parties under the service
provider’s information sharing strategy surpass those when they do not share. Under the
service innovation priority strategy, when the service provider’s information sharing cost
coefficient and the manufacturer’s information value transformation coefficient fulfill a
specific relationship, the innovation decisions of both parties under the service provider’s
information sharing strategy exceed those made when not sharing.
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Figure 4. Differences in optimal decision-making between sharing and not sharing information at the
same priorities. (a) Differences in optimal decision-making between information sharing and no infor-
mation sharing under product innovation prioritization. (b) Differences in optimal decision-making
between information sharing and no information sharing under service innovation prioritization.

4.5. Impact Analysis of Innovation Priorities

In order to show more intuitively the difference between market demand and profit
when the information value conversion coefficients of the two parties are at different levels
under different innovation priorities, we make a difference between the market demand
and the profit values of the two parties under the priority of product innovation and the
priority of service innovation, and compare the size of the market demand and profit under
the two scenarios by the positive and negative values of the difference.

Figure 5a shows how the difference in market demand under the product innovation
priority decision and the service innovation priority decision varies with the information
value transformation coefficient ky, ks. From Figure 5a, it can be seen that there exists a
critical range for the relationship between the size of the information value transformation
coefficient ky, and the information value transformation coefficient ks. When kg is greater
than this critical range, the market demand under the service innovation priority is smaller
than that under the product innovation priority, and the opposite is true if it is less than
this critical value. At the same time, it can also be found from the scope covered by
the difference of market demand greater than zero that the enhanced information value
transformation capability of the manufacturer under the service innovation priority strategy
is more likely to increase the market demand. For this reason, measuring the information
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value transformation capability of manufacturers is a key indicator when deciding on
innovation prioritization based on market demand.
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Figure 5. Impact of information value transformation coefficients on market demand and profits

under different innovation priorities. (a) Differences in market demand under different innovation
priorities. (b) Differences in profits between manufacturers and service providers under different
innovation priorities.

Figure 5b shows how the difference between the manufacturer’s and the service
provider’s profits under different innovation prioritization decisions varies with the in-
formation value transformation coefficient k;, and the information value transformation
coefficient ks. From Figure 5b, it can be seen that, when the manufacturer’s information
value transformation coefficient ky,, and the service provider’s information value transfor-
mation coefficient kg satisfy a certain size relationship, either product innovation priority or
service innovation priority leads to an increase in the profits of both parties compared to the
other strategy. It can also be found that, when both information transformation coefficients
are low, the service provider’s profit under the service innovation priority strategy is higher
than that of the product innovation priority strategy, but the product innovation priority
leads to a higher profit for the manufacturer. This suggests that the profits of manufacturers
and service providers under the same innovation prioritization do not always ‘advance
or retreat together’, and there are cases where one of them loses profits. In this case, the
development of an appropriate profit-sharing mechanism between the manufacturer and
the service provider plays an important role in fostering collaborative innovation between
the two parties.

5. Conclusions and Insights

In the context of the digital economy, data, recognized as a new type of production
factor, have become a key resource for enterprises aiming to achieve economic benefits and
sustainable competitive advantages. For manufacturers and service providers collaborating
to deliver integrated solutions comprising ‘products + digital services’, data mining and
analysis empower them to swiftly identify market trends and customer demands, thereby
facilitating innovative decision-making. Within the framework of collaborative innovation
between manufacturers and service providers, it is essential to examine the impact of service
providers’ data mining and information sharing strategies on the innovation decisions
and priorities of both parties. Framing this as the research problem, this paper constructs
and analyzes the optimal decision-making results of the DP, SP, DPI, and SPI models,
examines the influence of various factors on decision-making, and subsequently explores
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the issue of innovation priority selection in the product—service innovation supply chain.
The main findings are summarized below. Firstly, service providers’ data resource mining
and information sharing strategies are not always favorable to both parties” innovative
decisions. It is certain that the optimal innovation decisions of manufacturers and service
providers increase with the level of information value transformation of both parties and
decrease with the increase in the information sharing cost coefficient. Therefore, only when
data resources can be transformed into real innovation value at a reasonable cost can data
mining and sharing really play the role of ‘external incentives’ to promote collaborative
innovation between the two parties. Secondly, product and service innovation efficiency
plays a decisive role in innovation prioritization choices when information is not shared,
and the party with high innovation efficiency adopts sub-priority innovations, which can
lead to a larger market share for the innovative integrated solution. Under the information
sharing strategy, product and service innovation efficiency affects the pricing decision under
the product innovation prioritization strategy. This dominates whether the supply chain
gains higher profits by increasing pricing or captures a greater market share by lowering
prices. Finally, the choice of innovation priority under the information sharing strategy
depends on the ability of manufacturers and service providers to transform information
value. When selecting innovation priorities based on market demand, service innovation is
prioritized when the manufacturer’s ability to transform information value is high. Product
innovation is prioritized when the service provider’s information value transformation
capability is high. When selecting innovation priorities based on the profits of both parties,
it is possible that one party’s profits may be compromised.

Based on the research conclusions, the following managerial recommendations are
derived: Firstly, enhance data resource sharing and optimize sharing costs. Data resource
sharing can improve levels of service and product innovation. Manufacturers should
actively establish cooperative relationships with service providers for data mining and
information sharing, creating efficient mechanisms for information exchange. Service
providers should optimize existing sharing processes through technological improvements
and cost reductions, thereby enhancing the overall benefits of information sharing. Sec-
ondly, emphasize value transformation of information to improve innovation decision
quality. Manufacturers and service providers should introduce advanced data analysis tools
and techniques to strengthen their data analysis and information management capabilities,
enhancing the value derived from transforming data resources into actionable information.
Managers should accurately assess their capabilities to set reasonable innovation priority
decisions and promote trust and support among collaborative innovation partners through
transparent decision-making processes. Thirdly, establish effective incentive mechanisms to
promote supply chain coordination. To address costs arising from information sharing and
collaborative innovation, consider the economic capabilities and contributions of all parties.
By designing a reasonable cost-sharing mechanism, the financial burden on supply chain
members can be alleviated, thereby increasing their willingness to share data resources and
engage in collaborative innovation.

Current research focuses on the universal issue of the impact of data resource sharing
on innovation prioritization, but different industries and different data mining approaches
may have unique characteristics that affect innovation prioritization and data sharing
capabilities. Meanwhile, the risk aversion of supply chain members, the long-term dynamic
impact of data resource sharing, and competitor pricing decisions can be further discussed
in the future.
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Appendix A

Corollary 1 Proof process

Calculating the partial derivatives of eP"*, eDP*, PP, pPP* 7DP* 7DP* with respect
to A, py, respectively.
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4 4
M (2B + (Vb)) O (2B g (N dbi) )
BwDP* _ ?\ !“Ls < 0 apDP* — a)\ Mg ([52*3blls) < 0
- - 2
a‘;‘; (ZBZM +()\2 4me)Hs) ’ a'g; b(ZEZELm+(2)\274me)2us) ’
s — —aZ?)p? Hs 5 < 0’ omy " _ _a A% p g (2bpg—B%) <0

3
M (22 +(A2—4bpgy ) bt Mm (224 +(A2—4bpig) 1)

Corollary 2 Proof process
Calculating the partial derivatives of e?f*, eSP* wSP*, pSP *, nff *, WEP* with respect to
B, K, respectively.

dem” _ 2aAB b b S50 aesPr _ aum(rszuwz(ﬂ—zwm)ub) >0,
B (Bup+2(A2—2bpg)uy) 9B (B2t +2(A2~2bygy ) i)
S _ 2aBpm (2bpm—A?) g ™ 2aBum(3bum—A?)us
B 2 2 7 > 0, B 2 2 7 > 0,
b(B%Hm+2(A"=2bpy ) 1) b(B*Hm+2(A"=2bpy, ) 1)
It 2a’Bud (2buy —AH)ul 0 4a?Bud g 0:
B 2 2 5 >0 3(3 2 2 7 >
7(6 Hm+2(>\ 72bum)ps) (726 Hm74(}‘ 72bllm)l~ls)
dem” _ —aA B2y, <0 9e™ _  aBuy, (A7 —4buy) L <0
s (B2, +2(A2—2bpg )ity s~ (B2u 12(A2 Dby ) ktg)
9wt _ _ aBlun(Mlbuy) g T aBlun(AM-3buy)
M bR 2N 2oy )T O bR t2(A2bun )’
aﬁ?r{)* — azﬁzugn(Zbumf}\z)Hs 0 angP* — —a BZF‘-m 0
] 2 2 3 <V, o, 2 2 2
Hs (B m+2(A2=2bpy ) 1tg) Hs 2(B2 i +2(A%—2bpy, ) 1)

Corollary 3 Proof process
Calculating the partial derivatives of eD™*, eDPl* | (DPIx pDPLx 7DPLx 7DPLe iy

respect to kg, 15, respectively.

aegﬂ* bA s 9eDPLx . bR m

= >0 s— = >0
ks by —2B% A2 T ks T abumis 2B um —ATis T
QDI — b b > op — B Hm+A Hs —bm
ks dbpy, Hs_zﬁzum_)\z Hs ! ks dbpn s —2B Hm_)\z Hs !
o™ _ _2b(atb(s—ms)umbs o o 9 b(atb(ks—ng)) g i (2bus - B ) < 0;
oks 8bpmbs—4B m—2A g ~ 7 Oks (B2 i+ A2 g — by )
g™ _ —bAp <0, o _ —bBuy <0
aTls 4meHs*2f52Hm*)\2Hs ! ans 4meHs*2f32Hm*7\2Hs !
QPP Bbpy 2%y —A?ug 2 2
= . It can be shown that, when 3b -2 —A >
on. - by 2B b A2k, , Hm s B um Hs
* . . .
0, a > 0, PP monotonically increases with 1. When 3bp, itg — 2321y, — A2 < 0,
DPI* . .
a‘g o <0 wPP* monotonically decreases with 7.
S
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9P by =B un —A%g 32 — A2
T = Db 2P A It can be shown that, when bp pg — By, — A 1g >
DPI
0, a%T > 0. pDPI* monotonically increases with ng. When bp, g — szm — Azus <
0,2°™" < 0. pPPI* monotonically d ith
o <0-p monotonically decreases with 1.

aﬂBPI* _ _zb(a + b(ks - Tls))”m“s
Mg 8bpmpts — 4B%pm — 2774

<0, aTISDPI* _ _b(a+b(k5 _ns))”’%n}ls(zbus - [32) <0

2
s (2B + (A2 — 4bpiy 1)

Corollary 4 Proof process
Calculating the partial derivatives of e
to km, 1, respectively.

SPI*/ egPI*I wSPI* ,

ot SPI*’ T[rSrIl)I*/ ,KEPI*

with respect

P

0edrlx A(bkm+B)

Ms  (bkm+B) im+2(A2—2bpy ) 1 <0,
9eSr 2(2bp,—A?) <0
Ms  (bkp+B) tm+2(A2—2b iy ) e !
S _ (bkin+) (2b1im =A%) <0
Ms " bbkm+B) Hm+2b(A2—2bpp) ity
9 APl DU A 3P kn)  Get (k) = —A2B — DKty + (kA2 + 3Biigy)
IMs b(bkm+B)” bt +2b(A2—2bp )1t | o o o
2
and make it equal to O to obtain ky, = %. Solve for the partial derivative of J(km )
with respect to kp, to obtain ¢’ (ky) = bA2 — b?u,,. When A2 < by, 6(kp) is monotoni-
2
cally decreasing with respect to ky,. At this point, the zeros satisfy ky, = m%i’}) >

—bPB p+v24/b% iy (2b iy —A?) g —bB i+ V21 b? i (2b 1y —A2) g

pu bzﬁm( = Jis  'When 0 < km < —2BH bQ:n( = Ju , 0(km) > 0,
SPIx

then agT < 0. When A2 > by, §(ky) is monotonically increasing with respect to

2
km. At this point, the zero point satisfies ky, = m%f;‘) < 0. When 0 < ky <
SPIx

_ 2 A2
bﬁHer\/i b (2bpy —A )Hs, then agn < 0.
s

b’ Hm

O™ (bkm + B) iy (2bity, — A%) (bngkm + 1B — ap)

2
s (ki + B)’ b + 2(A% = 2bpigy)1t)
SPIx 2 Vi
agngl = (bkm+2[3) b (2D —A7) 5, Where the second-order derivative is greater
ms ((bkm—+p) UmJFZO‘Z*Zme)Hs)

than 0 and is a concave function. The first-order derivative is equal to zero to obtain

apy (bkm+p) aps apty (bkm+B) aﬂﬁfl*
2(2bpy,—A?) < Bkm+B Whenns < 2(2bpy—A%) 7 O ’

o monotonically decreases with 1.

Ns = pratp, by condition ng <

omst*  2m (A% — 2bpy,) + 2(a(bkm + B) iy + 1s(A? — 2bpyy))

s 2(bkm + B) 1 + 4(A% — 2bpy )i '
* 2 2
agg{: = (bkm*f) b (2Dhiy —A7) >, where the second-order derivative is greater
s ((bkm+B)? i +2(A%=2bpy ) 1)

than 0 and is a concave function. The first-order derivative is equal to zero to obtain
— a”—m(bkm‘i'ﬁ’) aum(bkm"’_ﬁ) aT[gPI*

SPIx : :
s = by, A7) - When 14 < 20bi,A?) ¢ s < 0, """ monotonically decreases with
TMs-
SPIx 2 2_ _ _
aglr(nm — DA (bkim+B)” i +205 (A2 =204ttty 2(bkin + B) iy (bskin M5B =a1)) 519 it is not

(kB +2(A2~2b ) pty)”
possible to determine the positive or negative of the derivative function directly. There-
2a(bkm+3) m s
(bkm+ B)z umfz()\272b Hm) Hs ’

fore, make it equal to O to obtain the only zero point, n, =
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SPLx
and asf(“m solves the partial derivative with respect to my to obtain

SPIx o 2 2 A . . SPIx .
a?(eman = DA (bknm +2ﬁ [bim +22(7\ 2iw)is) < 0, indicating that aglf(“ monotonically de-
mes ((bkm+ﬁ) }‘Lm+2()\ 72bum>us) m
apy, (bkm+B)

creases with respect to ng. As 14 needs to meet the 0 < 1y < condition,

2a(bkm+ ) b Hs apm (bkm+B)
(bkm+B)? 1 —2(A2—2bpi )it~ 2(2bpy,—A%) 7
A, (bkm""ﬁ) aerSnPI*
2(2buy—A?) 7 Okm
L. aeSPl* awSPI* apSPI* aT[SPI* aT[SPI*
this is the case for 73— > 0, S5— > 0, 55— > 0, 52— > 0, 7p— > 0.

2(2bpp—A?)

the comparison finds then indicates that, when

0<ng < > 0, that is, ersfl* monotonically increases with ky,. Likewise,

Corollary 5 Proof process
Set 71(ns) = ep™
can be obtained, 7j(ns) =

— eRl*, for 7, solving the derivative function }(n,) on s,
—bApy
4bp s —2B7 p — A% g
cally decreasing. Make 71(ns) equal to 0, and ng = ks can be obtained. By Propo-
sition 3, it can be seen that, when the analytical solution is meaningful, to meet the
(—a+bks) B2 pm +b g (2apy, +ks (A2 ~2bpy))
0 <ms < it (2011, - B7)

that it is equal to zero and ks =

< 0, and then 97 on ng is monotoni-

= Meq condition, set 7, = g — ks, SO

aHm(BZ_ZbHs)
(2B% pm+ (A2 —4bpy ) 1)

derivative function with respect to ks for 7, yields 75 (ks) =

> 0 can be obtained. Solving the

2bB2 1, +bAZ g —4b2 1.

m S m s < O
b, (2bps—B?)

Then, 77 is monotonically decreasing with respect to ks. Then, it can show that, when

aum(ﬁzfzbus) = T H :
0<ks < DR (VT dbry ) Tsd > ks. At this time, if 0 < g < kg, then 71 (1) > 0, that

_ 2 2_
is, eDPI* > eDPr Jf k¢ < < (Z2FPke)BTimtbits (Camm tks (N =2blm)) hen 4 (n,) < 0,
burzn(2bus_|3 )
that is, e’ < eDP*. When kg > apy (B°—2bus) , Ted < ks. At this time, if

b(2B% i+ (A~ bty ) bts)
s < (—atbks) BZ“§+béi2afné2+)ks()‘272b“m)) , then 1 (ng) > 0, that is, eD’™* > eDP*. The
same reasoning canuge uzsed to compare the size relationships of other decisions. Similarly
to the above approach, (ii) is proven.

Corollary 6 Proof process

Set 13(ns) = ey’ — ef*. For 173, solving the derivative function 7}(n,) with re-

A(bkm+)
(bkm+B) i +2(A2~2b ppy ) g
to 1, is monotonically decreasing. Make 3(n,) equal to 0 to obtain its only zero point

abkm (bkm +2 ) iy Hg
(bkin+B) (— B b —2A pg+4bpm )

spect to ng can obtain 75(ns) = < 0. Then, v3 with respect

forng =

. From Proposition 4, it can be seen that the an-

. . . - aty (bkm+p) _ —=—
alytic solution has meaning when ng needs to satisfy 0 < ng < W = Mg
For this, there is a need to further judge the size of the zero point and the constraints.

_ apy, (bkm+p) abkm (bkm +2 ) b b
Let 7a(ne) = 2(2bpm—A?)  (bkm+B)(—BZm—2A2pgH4bpin )
aﬁzum((bkm‘f‘B)zum+2(>\2_2bum)U's)
2(bkm+B ) (2btn —A?) (B b +2(A* ~2b ki) 1)
allm(bkm+5) abkm (bkm+2f5)llm Hs
2(2bpm =A%) 7 (bkm+B)(— B hm—2A i +H4biy )|
decreasing, therefore, when 0 < ng <

bk (bkm+2B) i s
ey e e B
method, (ii), (iii), and (iv) are proved.

Corollary 7 Proof process

The quotient method compares the market demand under the SP and DP models
DD;I: = i:t:ﬁz:f ;2” :L“m__zii ﬁ: Two covariates, ¢m = i‘—: and @5 = ﬁ—:, are
introduced, which represent the relationship between the service innovation effect and the
service innovation cost and the relationship between the product innovation effect and
the product innovation cost, respectively, and are called the product innovation efficiency
and the service innovation efficiency. As a result, the market demand ratio can be reduced

toxy = Mﬁ. When ¢m = ¢s, x = 1, the market demand is equal under the two

. The simplification y4(ns) =

> 0 can be obtained, that is, denoted as

Since y3 with respect to n¢ is monotonically

bk (bkm 420 ) i K SPI« SPx
(bt ) (— B2t —2A 2ty b piy)” M~ € When

apm (bkm+B)  SPIx SPx i
22bp, A7) 7 M < ep, *. Similar to the above

to obtain y =
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M% > 1, s > @m can be obtained, that is, when

the efficiency of service innovation is higher than the efficiency of product innovation,
the market demand for the product innovation priority mode is higher than the market

demand of service innovation. When y = fg:;”f’%zz <1, ¢m > @s can be obtained, that is,

innovation modes. When x =

when the efficiency of product innovation is higher than the efficiency of service innovation,
the market demand of the service innovation priority mode is higher than the market
demand of the product innovation priority. This leads to the conclusion that the party with
high innovation efficiency adopts the sub-priority innovation strategy, which can lead to a
larger market share for the innovation results.

Corollary 8 Proof process

Set 75(ns) = D — DPPI* ‘and, for 73, solve the derivative function 74 (1) with

bzumus b(bkm+ )t
2%t —A i Hdbim bt (bkm+B)7 Hm+2(A2 by ) bt
make it equal to 0 to obtain two zeros:

, and

respect to 1, to obtain y5(ns) =

A2u5+2u5(62*b(2+6)u5)+\/464u;%n+4ﬁzumu5(7\274bum)+u?((%2*4bum)2*8b2umus(?\zf%um))

k =
mil 2b° i
A py 20 (B (2 B)1ty) — /4B 1 +4B L by (N2 —4bp) + 12 (A2 =413 )* —8D b1y (N2 2D,
Kmi2 = I

Km12 does not meet the constraints. Solve %(ng) with respect to the kpy, the first-

!/
order partial derivative, and the second-order partial derivative to obtain % =

b2 bt (= (bkm +B)* i 2V =2bkim 1) (9 975(Ns) _ 20° (bkimB)2 445, (b +B)” i ~6(A%~2ban 1)

(bt B) i +2(A2~2bpy ) pty)” ke (bt B) 1 +2(A2 by ) pty)”
0. It can be seen that, when ky, < k11 or k> k12, y5 monotonically decreases with

respect to ng. When kp11 < km < k12, y5 is monotonically increasing with respect to n.
Make 75(ns) equal to 0 to obtain the unique zero point:

<

s (a(b*KZ i + 2bkm Bits — B2pm + A21ts) + bks((bkm + B)pm +2(A — 2bpy ) 1s))
2B2(bkm + B) iy — (bkm + B)(—A2 4+ b(4 + bkm + B) ity ) s + 2b(2bpy, — A2)p2

MNs5 = —

. b2K2, 1 +2bkm B i — B2 m A% L .
Make i (k) equa to 0 o obtain ks = *, g o i) Man s . Solve the deriva:

tive function n/5 (ks) of ngs(ks) with respect to kg to obtain
e (ks) = bt (bkm+B)* 1 +2(A=2bpy )

s5 2B (bkm+B ) n — s (bkm+B ) (= A° +b (4+bkn+B) ) +2b (2b by —A%) 3

that, when ky, < kmi1 or km > k12, nls(ks) is monotonically decreasmg with respect

to km, and, when k11 < km < Kkmi2, n5(ks) is monotonically increasing with respect

5. Analysis shows

_ 2570 122
to k;m. Make kg (km) equal to O to obtain kyp; = bﬁ”er\/bezﬁu m DA My kpmoo =
_ _ 732 2 1242 . .
b n—/ 2bb2[5u in—b AT s, where kyp does not meet the constraints. From proposi-

—bB i+ v2v/b? i (2bpy —A?)
2

tion 4, it is known that k,, < ¢ needs to be satisfied. So, it

by
needs to be verified that k17 and ky»; meet the conditions, and through the calcu-

lation, it can be known that k11, kmo1 < DBy +v2 ”bb :Lm (Zopy 2" when b?

\/bzpm(Zﬁzpm — A1) < 0, km1 < Kmo1. When b? g — \/bzpm(ZBme — M) >0,

Km11 > kmo1. Therefore, when b1, pg — \/ b2t (2821 — A21tg) > 0, k11 < kmoi. The
reverse derivation is obtained as follows: When 0 < ky < kmi1, kg < 0 and <5 are
monotonically increasing with respect to 1g. If ks > 0 and ngs > 0, when 0 < ng < 1,5,
D < DPPI* . When ng > ng, D > DPP*. When kpip < km < kmoi, kg < 0.
When kg3 > 0, g5 < 0. When 15 is monotonically decreasing with respect to 1, then

\/ﬁ
DSP — DPPI . When kypy < km < —bBum+v2 l?um 2bpim —A%) b

monotonously decreasing with respect to ks. At this point, if 0 < ks < kg3, thenngs > 0
and 15 is monotonically decreasing with respect to ns. When 0 < 1y < 15, DS > DPPI,

HmMbs —

, k3 > 0 and ng5 is
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When ng > 15, DSP < DPPI | If kg > kg3, then Nes < 0 and 75 is monotonically de-
creasing with respect to ng. When ng > 0, D" < DPP™*, Similarly, the conclusion when

b2 g — \/bzp_m(262um — A1) > 0 can be proved.
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other insider under a Stackelberg setting. Linear strategies for the game’s participants are considered
and normal distributions for the fundamentals are assumed. Based on the Stackelberg game and the
Backward Induction theory, the unique linear equilibrium is characterized. The findings reveal that
the level of partial information might increase/decrease the insiders’ profits as well as the market
parameter in the Stackelberg setting relative to the Cournot setting. Additionally, this paper considers
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1. Introduction

Asymmetric information refers to one party having more information than other
market participants, leading to an imbalance in the market. In the case of insider trading,
where insiders have access to material non-public information, asymmetric information
can distort the efficient allocation of resources, where those may be allocated towards
investments that are not necessarily the most productive or deserving, as prices may not
accurately reflect the true value of the securities. In addition, investors lose confidence in
the fairness and integrity of the market and are discouraged to trade, leading to reduced
liquidity and potentially hindering market efficiency.

Owing to their position within the firm, corporate insiders, such as corporate execu-
tives or board members, are more informed than outsiders about any event involving the
firm they work for and whose stock is publicly traded. They can use this information to
make profitable trades at the expense of other market participants who do not have access
to the same information. Typically, this private, price-sensitive information is expected to
alter the behavior of the company’s stock and reduce market efficiency.

With the recurrence of insider trading scandals, academic research has consistently
renewed its interest in this topic. The innovative work of [1] on insider trading is very
famous in explaining how markets can incorporate private information. Ref. [1] studies
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the single auction model where three kinds of traders exchange one risky asset for a risk-
less asset. The traders are a fully informed risk neutral insider who has access to private
observation of the ex-post liquidation value of the risky asset of the firm, uninformed noise
traders, and market makers who set prices conditional on the information they have about
the quantities traded by others. Then, many other scholars extended the Kyle one-shot
game model in several directions. One direction investigated the effect of risk attitudes
of fully informed insiders on the equilibrium outcomes. For example, [2] studies the case
of risk averse insiders. Ref. [3] consider the case of one risk averse and one risk neutral
insiders. Ref. [4] studies the case of two insiders in which the first insider is risk-neutral
while the second insider is overconfident.

A second direction extended the static Kyle model to the case in which signals are
correlated. For example, in [5]'s model, the market maker observed correlated signals
about the stock value. Ref. [6] studied the Kyle model in which the noise traders are able to
correlate their trade with the true price.

A third extension of the Kyle model, studied the case of partially informed insiders
(see [7,8]). Moreover [9] extended the Kyle model to incorporate a finite number of insiders,
all knowing perfectly the value of the risky asset. Recently, ref. [10] investigated the case of
two partially risk neutral informed traders.

A fourth extension of the Kyle model investigated the existence and/or uniqueness of
equilibria in the Kyle-type model. For instance, ref. [11] provided conditions under which
normality is necessary for the existence of a linear equilibrium (Ref. [12] characterized the
distributions that imply existence of linear equilibria in the Kyle-model. Ref. [13] discussed
the existence of equilibrium when the market maker is risk averse and does not set the
price according to semi-strong form efficiency. Ref. [14] analyzed the closed form solution
of the Kyle model. Ref. [15] allowed for a more complex environment of the information
structure of the model).

A very interesting extension of the static Kyle model resides in the investigation of
the effect of different market structures on the equilibrium outcomes. Indeed, there are
different types of insiders in the firm, some without any managerial responsibilities (the
president and the members of the board of directors, for example), with the objective
of maximizing their profits from trading the stock of the firm whose inside information
they possess. Therefore, competition among fully informed insiders is another form of
competition that influences the amount of information disseminated in the stock price.
Fully informed insiders could compete in a Cournot duopoly model or in a Stackelberg
model in the financial market (see [16]).

This paper adds to the literature on insider trading in the spirit of [1] by modeling
Stackelberg competition among two insiders who are partially informed. The owner acts as
a Stackelberg leader in the financial market, and the manager acts as a Stackelberg-follower
in the financial sector to the owner who knows his reaction function before making any
decision. The Stackelberg structure in the financial market with the owner serving as
the Stackelberg leader seems very realistic. Indeed, the owner designs the manager’s
compensation mechanism and chooses a capable manager to serve his purpose; therefore,
he should have information on the manager’s reaction. In addition, feedback from staff
of various levels can tell the owner about any improper behavior of the manager, so the
owner can frequently adjust his perception. The results show that in the presence of partial
information, the follower makes more profits than the leader. Moreover, when the insiders’
signals have the same precision, the insiders’ profits are higher under Stackelberg setting
than in Cournot setting.

Although insiders tend to compete in the financial markets, they also tend to share
trading information. For instance, evidence suggests that mutual fund managers trade
based on local word-of-mouth communication in the asset-management community. Shar-
ing information reduces the informational advantage of the insider and therefore it is
important to understand what benefit investors obtain from sharing information. Ref. [17]
study information sharing between strategic investors who are informed about asset
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fundamentals. They show that a coarsely informed investor optimally chooses to share
information if his counterpart investor is well informed. By doing so, the coarsely informed
investor invites the other investor to trade against his information, thereby reducing his
price impact. Paradoxically, the well-informed investor loses from receiving information
because of the resulting worsened market liquidity and the more aggressive trading by the
coarsely informed investor. Another contribution of the current paper is to investigate the
effect of information sharing among partially informed insiders competing in a Stackelberg
game on the dissemination of information. The results show that the follower has no
incentive to share information, while the leader is indifferent between sharing and not
sharing information, leading to multiple equilibria.

The paper is organized as follows: Section 2 contains to the literature review. Section 3
presents the model and methodology. Section 4 displays the results and analysis. Finally,
Section 5 presents the discussion and conclusion.

2. Literature Review

The pioneering paper of [1] on insider trading is considered as the baseline model that
explains how an insider uses his private information to take advantage of noise traders
in a security market. A large body of the literature has since then been devoted to extend
the Kyle one-shot game model. Ref. [18] extend Kyle’s model to the case where the insider
may be subject to an additional trading penalty, increasing in the size of their trades, and
characterize the set of insider trading penalties which are efficient from the point of view
of a regulator who cares both about market liquidity and price informativeness.

Some papers extended the Kyle model to include different risk attitude traders. Ref. [2]
shows that competition among multiple risk-averse traders using a dynamic setting, in-
creases the information rapidly. Ref. [19] studies a continuous time version of [2] and
shows that the market depth decreases with time. Ref. [20] shows that the information is
revealed slowly under disclosure requirements. Recently, ref. [3] extend the Kyle model to
the case of two insiders, one risk-neutral and one risk-averse. They find that the market
depth depends crucially on the degree of risk aversion, and show that regardless of the
degree of risk aversion, the stock price reveals more information than the stock price in [2].
Ref. [4] study the case of two insiders in which the first insider is risk-neutral while the
second insider is overconfident. They show that the market depth parameter and price
information revelation vary with the degree of overconfidence.

Another direction of the extension of [1] is in [5] who allow for the market maker to
observe a second signal that is correlated with the order flow. They find that the stock price
is more informative and that the insider’s profits are lower than in [1], when the market
maker only observes the order flow.

Subsequent works have also studied the relationship between the financial decisions
and real decisions of the firm in a static Kyle model. In [21]’s model, the insider is considered
the manager of the firm that profits from a monopoly position on the real market. Therefore,
the insider chooses both the amount of the real output to be produced and the amount
of the stock of the firm to trade. In the model, the market maker observes two correlated
signals: the total order flow and the market price of the real good. They show that the real
output chosen by the insider/manager is greater than it would be in the absence of insider
trading, and that the stock price reveals more information than in [1]. In an extension of
this model, ref. [22] assume that the publicly-owned firm competes in the real market, like
Cournot, with another privately-owned firm. Their findings highlight the effect Cournot
duopoly in the real market on the stock price coefficients relative to the monopoly case, as
well as the negative effect on the insider’s profits and his compensation scheme relative
to monopoly, but do not show any effect on the amount of information incorporated in
the stock price. Ref. [23] suggest a two-tier model where the production of the real good
by the publicly-owned firm involves constant labor costs, in addition to the intermediary
products produced by another privately-owned firm. Their findings highlight the influence
of the insider on the market of the final good and the stock price coefficients. However,
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this two-tier market structure does not change the amount of information disseminated in
the stock price relatively to [21,22]. Ref. [24] study the impact of product differentiation
on the real and financial decisions of a publicly-owned firm, competing like Cournot with
another privately-owned firm. They show that the degree of product differentiation alters
the output of the publicly-owned firm and the stock price coefficients, in addition to having
a detrimental effect on the insider/manager’s profits and compensation scheme.

As different types of insiders with different managerial responsibilities exist in the
firms, another strand of the literature extended the Kyle model to investigate the effect of
competition among two insiders (the owner and the manager) on the amount of information
disseminated in the stock price. Refs. [25,26] extend, respectively, refs. [21,22] and model
Cournot competition between insiders in the financial market. Their findings show that
competition between insiders increases the amount of information disseminated in the
stock price. Ref. [27]'s model incorporates Cournot competition in the real market, with
Stackelberg competition in the financial market where the owner is considered as the
Stackelberg leader. They find that the owner’s profits as well as the amount of information
revealed in the stock price increase in comparison with [25]. Ref. [16] extend the Kyle-type
model of [5] with two signals to include Cournot duopoly among insiders in the financial
market and find that each insider loses market power and partially controls the stock price.
Hence, the stock price reveals more information with respect to [5]. The unconditional
profits of each insider also decrease. Ref. [16] also extend the model of [5] with two signals
to investigate the effect Stackelberg competition in the financial market on information
revelation. They assume that one of the insiders, the owner, is high in the organizational
hierarchy and chooses the second insider, the manager, to serve his purpose. In other
words, the owner is the leader and knows the reaction function of the manager. They show
that with Stackelberg competition in the financial market, the manager trades less and
hence earns less than in the Cournot case. However, the owner, due to their role as a leader,
trades more than in the Cournot and earns more profits. In addition, the price reveals more
information in the Stackelberg than in the Cournot structure. Ref. [28] develops a sequential
fair Stackelberg auction model in the spirit of [1] in which each of the two risk-seeking
insiders has an equal chance to be a leader or a follower at each auction stage. The authors
establish the existence and uniqueness of sequential fair Stackelberg equilibria when both
insiders adopt linear strategies, and find that, at the sequential equilibria, these two insiders
compete aggressively and cause the liquidity of the market to drop, the information to
be revealed, and the profit to go down very rapidly while the trading intensity becomes
substantially high.

While the above-mentioned works study the behavior of fully informed insiders, the
originality of the current paper stems from adding to the literature on the Kyle model by
modeling Stackelberg competition among two partially informed insiders in the financial
market. It also adds to the literature on information sharing [17] by investigating the
effect of information sharing among partially informed insiders on the dissemination
of information.

3. Model and Methodology

Let (Q), F,P) be a probability space, all the random variables are defined with respect
to this probability space. This model is a modified version of [1] with two insiders, each
of them being partially informed about the underlying value of the stock. Consider an
economy with one financial asset, the stock of the firm. There are three types of agents
trading in the financial market. First, there are two risk-neutral rational traders (the
insiders), each of them is partially informed about the the realization z of Z, the value of the
stock. Specifically, it is assumed that the partially informed trader i, (i = 1,2) observes the
signal §; = Z + §; correlated with Z where &; is normally distributed with zero mean and
variance 0’1-2. Second, there are (non-rational) noise traders, representing small investors
with no information on z. The aggregate noise trade is assumed to be a random variable 7,
which is normally distributed with mean zero and variance ¢2. Finally, there are K(K > 2)
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risk-neutral market makers who act like Bertrand competitors. Each of the variables Z and
g(i =1,2),is independent from ii. (Random variables are denoted with a tilde. Realized
values lack the tilde. The mean of the random variable is denoted with bar).

Following [1], the trading mechanism is organized in two steps. In step one, a linear
pricing rule and optimal order rule are determined by the market makers and the insiders,
respectively, as a Bayesian—Nash equilibrium. The market makers determine a (linear)
pricing rule p, based on their a priori beliefs, where p is a measurable function p : R — R.
Each insider i = 1,2 chooses a stock trade function X;, where x; : R — R is a measurable
function. In the second step, the insiders observe the realization of the signals, and submit
their stock order to the market makers based on the equilibrium stock trade functions. The
market makers also receive orders from the noise traders, all these orders arrive as a total
order flow signal # = % + %, + ii. The order flow signal is used by the market makers to
set the price p = p(), based on the equilibrium price function, to clear the market. Each
partially informed insider 7,i = 1,2 knows only the realization s; of §; and does not know
the values of i, , 7, before the order flow decisions is made. Moreover, each market maker
does not know neither the realization z of Z nor the realization s; of 5; but only knows their
distribution. Finally, the market makers cannot observe either x; or u.

In this model, Stackelberg competition is introduced among the two insiders in the
financial market. Specifically, we assume that one of the insiders, the owner (insider 1), is
high on the organizational hierarchy and acts as a Stackelberg leader in the financial market.
The second insider (insider 2), the manager, is in the lower ladder of the organizational
hierarchy and acts as a Stackelberg follower in the financial sector to the owner who
knows his reaction function before making any decision (e.g., see [29]). The Stackelberg
structure in the financial market with the owner serving as the Stackelberg leader seems
very realistic. Indeed, the owner designs the manager’s compensation mechanism and
chooses a capable manager to serve their purpose; therefore, they should have information
on the manager’s reaction.

The theoretical methods of economic theory are used to characterize and analyze the
main results of the model. Specifically, this is a game of incomplete information and we
seek for a Bayesian—Nash equilibrium. A Bayesian—Nash equilibrium is a vector of three
functions [x1(.), x2(.), p(.)] such that:

(a) Profit maximization of insider 1,
E(z — p(%1+ %2 +1))%1(51) > E[Z — pX] + %2 + 1)) |51 1)

for any level of trading order %] decided by the insider;
(b) Profit maximization of insider 2,

E[z — p(%1 + % + 1)) %1|%1, 8] > E[Z — p(%1 + & + 1)) %5| %1, 5] ()

for any level of trading order %, decided by the insider;
(c) Semi-strong market efficiency: The pricing rule p(.) satisfies,

p(7) = E[2]7]. ®)

4. Results and Analysis

Before characterizing the equilibrium of the model, it should be pointed out to the
reader that a linear linear Bayesian equilibrium is being sought. Formally, an equilibrium
is linear if the insiders’ strategies are linear with respect to their observed signals and
the pricing rule is linear with respect to the order flow signal. In other words, there are
constants ag, a1, b, by, b, u, A such that,

x1(s1) = ap +ais1 xp(sy,x1) = by + bix1 + brsy (4)

105



Mathematics 2023, 11, 4580

and
Yr, p(r)=p+Ar. (5)

Note that conditions (1) and (2) define the optimal strategies of the insiders while
condition (3) guarantees the zero expected profits for the market makers. The stock price, set
by the market makers, is equal to the conditional expectation of the asset given the available
information. The study is restricted to linear equilibrium. The normal distributions of
the exogenous random variables, together with the particular expressions of the insiders’
strategies and the market price, enable us to derive and to prove the existence of a unique
linear equilibrium. In Proposition 1, the unique linear equilibrium outcomes of the model
are characterized.

Proposition 1. In the Stackelberg model with two partially informed traders, a linear equilibrium
exists and it is unique. It is characterized by,

%1(51) = a1(81 —51) and %(¥, %) = bi¥y + ba(82 — 52) (6)
B PYG +h1])1(1f2+ hi+hy)’ = _% + 71_2111 and b = ZMlJrhferhz) 7
o V(L ) [4hy (1 + Ry )2 + 41+ Ry ) (1+ 2k + (4 + 301 13)02]07 "
4(1+h) (1 +hy + hp)o?
n=2 E[m]=a[y(1—Aby) — Aay(1+b1)](07 + 07) and E[,] = AE[%3] ©)
where hy = Z—? hy = Z—;i and v = rfzzofa%’

Proof. See Appendix A. [

Proposition 1 highlights the impact of market structure (the Stackelberg setting) and
information asymmetry on the equilibrium outcomes. Hence, the relationship between this
model and the existing literature should be clarified. First, this paper studies the impact
of partial information on the equilibrium outcomes in alignment with [16,28] which both
consider a Stackelberg structure of [1] with fully informed traders. Moreover, this model
differs from [8,17] which study the case of a Cournot setting with partially informed traders,
by studying the impact of the Stackelberg structure in the financial sector. Consequently,
this paper will be able to show the effect of market structure and information asymmetry
on the equilibrium outcomes.

The sequential structure of the players” information and moves in the Stackelberg
game has a direct effect on the equilibrium outcomes. Indeed, when the two insiders are
fully informed, this paper reduces to the case studied by [16]. To achieve such result, a two-
step procedure is implemented: in the first step, the equilibrium outcomes are characterized
when the variance of the follower’s signal noise is replaced by zero (equivalently, the limit
when /ip goes to infinity is considered). In the second step, the variance of the leader’ signal
noise is replaced by zero (equivalently, the limit when h; goes to infinity is considered) of
the resulting outcomes. Specifically, the following result is as follows.

Lemma 1. When the two insiders are fully informed, this paper reduces to the case studied in [16].
(The superscript “D” refers to [16].) Indeed,

P(2) = lim (lim (@5 - 5) = 53p(2-2) (10)

h] —» 00 ]’lz —00
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%(2) = lim (lim (0151 +b>(52 —2)) = 5752~ 2) (11)
=2 and AP = h}iinm(hliinoo A) = ‘Zf (12)
Elm)” = lim (lim (E[m]) = ‘;ng (13)

Elm)” = lim ( lim (E[m]) = fjg (14)

Note that this procedure is restrictive to the Stackelberg structure. Indeed. in the
Cournot model with partially informed traders studied in [8,17], the equilibrium outcomes
converge to the full information case when both /1; and h; go simultaneously to infinity.
Moreover, it should be noted that the information structure in the Stackelberg game imposes
the order of convergence. In other words, the full information case is not obtained if first /1;
goes to infinity and then /i, goes to infinity.

5. Discussion and Conclusions

This section discusses the impact of market structure on equilibrium outcomes. On the
one hand, a comparative statics analysis of this model’s results is carried out with respect
to the results of [8,17], and on the other hand, the impact of information sharing on the
insiders’ decisions is studied.

The equilibrium outcomes of this model are first compared to the ones in [8,17]. Given
the complexity of the expressions of the equilibrium outcomes, the analysis is restricted to
the case when the two insiders observe the same signal. In this case, Proposition 1 becomes

Proposition 2. When the precision of the two signals are the same (07 = 03), the equilibrium is
characterized by,

#1(51) = a1(51 —51) and %(¥,5) = by + by(5 — 5) (15)
“1:2A(1+:)2(1+2h)’ bl:%Jr% andb2:2}x(1h+2h) (16)
p=zandi=" \/hzf;ujzlhi(:)zsﬁ(sh;r s 17
Elml = 2(1+2h);;giz§l()gfu3h(s+5h)) 18)
E[m] h(4+ 3h)%0,0y (19)

41+ 2h)\/h(1 + h)(8 + 3h(8 + 5h))
where h = hy = hy.

Lemma 2 shows graphically (see Figure 1) the impact of the Stackelberg structure
when compared to the Cournot setting studied in [8,17].

Lemma 2. The relation between the Stackelberg and Cournot models when the signals” errors have
the same precision is given by

AS>AC, mp > at and 15 > S (20)
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Figure 1. Market depth parameter A and the profits of the two insiders in the Stackelberg and Cournot
settings, when they observe the same signal.

First note that Stackelberg competition between the two insiders increases their uncon-
ditional profits when compared to the Cournot competition between the insiders. Second,
the market depth parameter A is higher in this model than in the Cournot case. It should be
pointed out that these results do not hold in the case when both insiders are fully informed
about the stock value (see [16]). Consequently, in the presence of incomplete information,
the insiders benefit more in the Stackelberg setting than in the Cournot setting.

To better understand the impact the information asymmetry between the insiders on
the market structure, this paper considers the case when insider 2 is fully informed about the
stock value (5, = Z) while insider 1 is partially informed. In this case, Proposition 1 becomes

Proposition 3. When insider 2 is fully informed about the stock value (5, = Z) and insider 1 is
partially informed (51 = § and hy = h), the equilibrium is characterized by,

£1(5) = a1(51 —5) and %2(1,2) = by + ba(2 - 2) 1)
“1:22\(1h+h)’ blz%l andb2:% (22)
w2 anda = SV DELEY 23)

Elml =2 i it)g(gh +4) @)

iy - (451 5

4 /0 +h)(3h+4)

Lemma 3 graphically shows (See Figure 2) the impact of the Stackelberg structure
when compared to the Cournot setting studied in [8,17] when insider 2 is fully informed
while insider 1 is partially informed.

Lemma 3. The relations between the Stackelberg and Cournot models when insider 2 is fully
informed and insider 1 is partially informed, is given by

A5 <AS, mp < at and w5 < S (26)
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Figure 2. The market depth parameter A and the profits of the two insiders in the Stackelberg and
Cournot settings when insider 2 is fully informed and insider 1 is partially informed.

Lemma 3 reveals that Cournot structure is more beneficial for both insiders when one
of the two insiders in fully informed. Moreover, a quick comparison between insiders’
profits (see Equations (24) and (25)) shows that the unconditional profits of the leader
(insider 1) are greater than the profits of the follower (insider 2) when the signal of insider
1 is less noisy.

Finally, it is worth noticing that Proposition 1 sheds light on the impact of partial
information on the equilibrium outcomes in a Stackelberg game structure. Indeed, Figure 3
shows that the profits of the follower (insider 2) are greater than the profits of the leader
(insider 1).

10000

5000

10000

Figure 3. 011 = I, — Il;: the difference between the two insiders’ profits in the Stackelberg setting
when they observe the same signal.
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* Investors simultaneously e Investors observe their e The value of the asset is
make information-sharing private information and, if realized, and all agents
decisions. any, the shared information; consume.

¢ Investors and noise traders
submit order flows, and the
market maker sets the price.

The second part of this discussion studies the impact of information sharing on the
insiders” decisions. For comparison purposes, the same structure of [17] who study the
impact of the information in the Cournot case is adopted. Specifically, it is assumed that
insider 2 is fully informed about the asset value, i.e., Proposition 3 holds. Moreover, it
is assumed as in [17], that Z = 0 and ¢? = 1. Following [17], the fully informed insider
(insider 2 in this model) is denoted by H while the semi-informed insider (insider 1 in
this model) by L. Att = 0, H and L simultaneously decide whether to share their private
information to maximize their respective expected trading profits. For investori € H, L,
A; € {S,D} is used to denote the information-sharing decisions, where A; = S means that
the investor fully shares information with the other investor, whereas A; = @ means that
the investor keeps it secret. It is assumed that the date-0 information sharing decisions
become common knowledge at the beginning of date 1, so that backward induction can be
applied to compute the equilibrium of this economy.

Trading occurs on t = 1. Conditional on the endowed private information, as well
as the shared information (if any), investor i € H, L places market order to maximize the
expected trading profit. Let [F; indicates investor i’s information set. For instance, if L shares
information with H but H does not share information with L (i.e., A = Sand Ay = @),
then the two investors” information sets are, respectively, F; = {5} and Fy = {Z,5} (see
Figure 1 which describes the timeline of the economy).

Given the information-sharing decisions of the investors A; and Ay on date 0, differ-
ent trading subgames follow on date 1, depending on whether the investors share their
respective private information or not. The investors” expected profits evaluated on the
date-1 subgame equilibrium will serve as their payoffs of the date-0 information-sharing
game. We next discuss each subgame separately.

Subgame 1: Neither Investor Shares Information (A} = Ag = ©).

When neither investor shares information, we obtain the expression of the expected
profits stated in Proposition 3.

Subgame 2: L Shares Information but H Does Not (A; = {5} and Ay = ?).

Since H is the follower and plays at the second stage of the game, observing the signal
of L, which is linearly dependent to his strategy, will not change the profits maximization
problem of each of the two players. Hence, this case will coincide with subgame 1 and the
expression of the expected profits is stated in Proposition 3.

Subgame 3: H Shares Information (Ay = 5).

There are two subgames when H shares information, depending on whether L shares
his information. Nonetheless, it turns out that the equilibrium in these two subgames is the
same because H owns perfect information about the asset fundamental, and once he shares
it with L, L no longer uses his own noisy signal § in predicting the asset fundamental. Thus,
regardless of L’s information-sharing decision, once H shares information, the trading game
degenerates to the [16] with two perfectly-informed traders. Consequently, the expression
of the expected profits stated in Lemma 1 is obtained.

Now, the insiders’” payoffs of the date-0 information sharing game is summarized
in Table 1. It can be easily noticed that this game has 2 equilibria with the same players’
payoffs. Indeed, the strategy of player H, “Not share” is a dominant strategy. (Consider the

function f(h) = %

and having a horizontal asymptote with equation y = ; 3 .) Taking this information into

. It is easy to check that this function is decreasing on (0, o)
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account, player L is indifferent between “Share” or “Not share” since both strategies lead to
the same payoff.

Table 1. Insiders’ payoffs of the date-0 information sharing game.

H
Not Share Share
Not sh hoy, (4+h)o, oy , 0y
L o share 2/(1+h) Bh+4)” 4y/(1+h)(3h+4) 23" 4V3
Share hoy (4+h)0'u Ty [

2/(1+h) Bh+4)” 4y/(1+h)(3h+4)  2V3’ 4¢M§

Finally, it should be noted that the result is quite different than the result found in [17]
in which the equilibrium consists of player L sharing his information whereas player H
does not. This difference is due to the fact that in the Stackelberg game, on the one hand, the
fully informed player is the follower and on the other hand, it is also due to the sequential
structure of the game timing.

In this paper, the authors generalize the Kyle model with two risk neutral insiders to
the case where each insider is partially informed about the value of the stock and compete
under a Stackelberg game setting in the financial market. Based on the backward induc-
tion theory, the linear Bayesian equilibrium is first characterized. Given the information
structure of the signal of the two insiders which is realistic and well used in the field of
market microstructure, this paper can provide important reference for market analysts and
practitioners in the field of insider trading.

However, there are still some limitations in the paper. First, the current analysis
illustrates the impact and the important role that Stackelberg structure has on the insiders’
decisions and the equilibrium variables. In particular, it is shown that the relation between
the market depth parameters under Cournot and Stackelberg settings is quite ambiguous
and depends crucially on the precision of the insiders’ signals. Therefore, understanding
the role of partial information and its implications to the regulatory aspects of the world of
insider trading should be examined more closely. Secondly, in the case of general correlated
signals (see [10]), a linear equilibrium might not be necessarily unique. This is an open
question for future research.
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Appendix A

Proof of Proposition 1. Applying the backward induction approach to solve for the equi-
librium, insider 2 solves,
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M?aXE[(Z — p(f’))fz‘gz, fl] = MfaxE[(Z —U— A(x~1 + X + ﬁ))fg‘gz, fl]
2 2
= Max(E[2|§2, J?ﬂ —u— A% — AXp) %o
kY
The F.O.C implies that

E[Z‘gz, -721] ) )Lfl
2A

Xy =

(A1)

and the 5.0.C. requires A > 0. Since all the variables Z, 5; and ¥; are all normally distributed,
then by the projection Theorem, we have E[Z|5, #1] = ag + a1 %1 + a5, where ag, a1 and
«p will be expressed later in the paper. Hence, Equation (A1) becomes,

o wg + &1 X1 + &80 — U — AX ng — a1 —A) Ny
(5, %) = 2;2 E 1= 02/\”+( 12/\ )x1+ﬁ52 (A2)
Thus we obtain,
_ %o ¢ A m
bO* N ’ bl* N 7 bzfz/\ (A3)

Now insider 1 solves

MZ?XE[(Z —p(F)x1[51] = ME?XE[(Z — = MEy + %+ 1)) %151]

Plugging Equation (A2) into the above equation, insider 1 solves,

s e Mo (= A) o a
l\/JI?alaxE[(z =A% — A o T at 2/\52Dx1|51]
~ Max(Efgls)+ P - @A) o drp )5
) 2 2 2
The F.O.C implies that
_ o E[ls]+ B - ZE[5]5
xl(sl): [ | ] D{i+/\2 [ | ] (A4)
Recall that E[5;|51] = E[Z + &|51] = E[Z|51] since &; is independent of §;. Hence,

Equation (3) becomes

(4 — o) + (2 — ap) E[2]31]

% (5) = TN (A5)
Since Z and §; are jointly distributed,
o2
E[Z|51] = 981 + 1 where = 2 _i 2 and 7= (1—17)z (A6)
Thus, Equation (A5) becomes
#(5) = ) 7;((51;“23;(751 +1) (A7)

Consequently, it is obtained that,
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(h—0) +(2—w)y  —_ (2-m)y
2(a1 + A) ’ te 2(a1 + A)

apg = (AS)

In order to express the coefficients of the insiders, the values of g, #; and a; have to
be found. Recall the Theorem to find these values.

Theorem Al. Ifthe p x 1 vector Y is normally distributed with mean U and covariance V and if

the vector Y is partitioned into two subvectors such that Y = ( ? ) and if Y* = < ;(1 >
2 2

u, Vin V2 )
u= and V =
( U ) ( Vor Vo
are the corresponding partitions of Y*, U and V, then the conditional distribution of the m x 1

(m < p) vector Yy given the vector Y, = Y5 is the multivariate normal distribution with mean
U; + V12V2_21( Y5 - Up) and covariance matrix Vi1 — V12V2_21 Vo1.

Proof. See [30], Theorem 3.10, p. 63. O

Now, applying Theorem A1 to the normal random vector B = (Z, %1,5,) with p = 3

and m = 1. By identification, Y1 = Zand Y, = ( ;fl ) U=z, U, = ( ;_Cl ) and
2 2
0_22 Ozx;  Uzsy
vl o 2 o _(Vll Vlz)
- zZXq X1 X182 -
2 Vo1 Vo
Ozsy UOxysp U,

52

2
where Vi = Uzzz Vip = (szlz 0252)/ Vo1 = ( Tz ) and Vp, = ( T Ux1252 )
Ozs, Uxys, Os,
Note that 5
V2_21 = 113< Os; _Uﬁzflsz )/
_lesZ USZ
where D is the determinant of Vy, thatis D = (T,%l (Tszz — 0,%1 o
Since it is assumed that x1(51) = ag + 4151, then

2 2 2 2 2, 2 2 22, 2
Ozsy = 0%, Ozxy = @103, Oxjsy = 4103, Oy, = 05 + 03, Oy, = ai(of +07).

Since E|[Z|5y, X1] = ap + a1 X1 + a5, the values of ag, 1 and ay can be expressed as:

K = Z — K1X] — K257 (A9)
2
a0y = Uzx105, — Uzs,0xy5, (A10)
D
2
oy = 2%~ T (A11)
D
First note that D = 07 02 — 07, = a3[07 (0% + 03) + 0203]. Second, Equation (A10)
becomes
2.2
a10; 05
= —== Al2
a0 D (A12)
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Similarly, Equation (A11) becomes after simplification

222
410,07
= Al3
L) D (A13)
Combining Equations (2), (A6), (A8), (A12), and (A13), gives
20202 4 20%0% — 020? o20?
by = “ERTIAB R g, = L (A14)
20207 2MA(020% + 0202 + 0207)
42
oio
by = —uby and a; = =1 , Al5
0 #o2 LT 20(02 + 02) (0207 + 0202 + 020%) (A15)
S —0202(po? — z0% + po?) _ pos (o +o?) (A16)
O 7 202+ 02)(020% + 0202 + 202) T 0207 + 0202 + 0202
z T Op)\0z07 + 0705 + 0703 z0] T 005 + 0705
2A(02 + 0?)0? 0202
alz—(zz 21)2 anday = —— 2212 5 (A17)
007 0707 + 005 + 0705

To find the expressions of i and A, first recall that the market efficiency condition
together with the price linearity imply that

p(7) = E[Z[F] = p + AP
taking the expectation on both sides of the above equation,
Z=p+AF=p+ AT + 1)
= u+ Alag + by + brag + a1 (1 4 by)51 + br3s]
Using the expressions of ag, by, a1, by, ba, xg, #1, and ap written above, it is found that

u = z. Since the orders of the insiders and the liquidity traders are normally distributed,
applying the projection theorem for normal random variables,

where 7 = ¥ + %p + i = ag + by + byag + a1 (1 + by)3, + b2, + . Hence,

Cov(z,7)

JF) (a1(1+ by) + ba)o?
ar (7

7
)\ = =
) a3 (1+ b1)2(02 + 02) + b3 (02 + 03) + 2a1 (1 + by) bpo2 + 02

(A18)

Substltutlng Equatlons (A14)—(A17) into (A18) and using the following change of

2

variable iy = 2, hy = 2 and ¢y = + 7 to solve for the positive root A, expressions (7)
71

and (8) of the equ111br1um outcomes as stated in Proposition 1 are found. It remains to find

the expressions of the unconditional profits. Indeed,

E[(z—p(F)x1|51] = E[(Z - (x1+x2 )% |51]

= (E[(z[5 ] p—Ax; — AE[%]51]) %

= (E[(2]81] — 2 — Aa1 (31 — 31) — AE[b1a1 (31 — 51) + b2(52 — 52)(51]) (a1 (81 — 51))
= (Z+7) —z2—Aa1(51 = 51) — Ay (51 — 51) — Abay (51 —51)) (a1 (51 — 51))

= a1(51 = 51)%[v(1 = Ab2) = Aay (1 + 1))
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Taking the expectation on both sides of the above equation, expression in (9) is ob-
tained.The conditional profits of insider 2 are now computed:

E[(Z— p(F))%2|%1,52] = E[(Z — p — A(%1 + %2 + 1)) X2| %1, 2]

= E[(Z —U—AX — /\fz)f2|f1,§2] = (E[Z|.‘f1,§2] — U —AX — /\fg)fz
= (0(0 + 1% + a8 —p — AX — /\fz)fz

=A

=1
[NIN)

where the last equality is based on Equations (A3) and (A15). O
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Abstract: This paper considers a dynamic Stackelberg game model for a manufacturer-led supply
chain with risk aversion. Cooperative advertising strategy is applied to the marketing decisions of
supply chain participants. Based on Stackelberg game and system dynamic theory, the game and
complex dynamical behaviors are studied through the use of several methods, such as the stability
region of the system, bifurcation diagram, attractor diagram, and the largest Lyapunov exponent
diagram. The expected utilities of participants are given and compared by numerical simulation.
The results illustrate that a series of variations in adjustment speed of advertising expenditure,
participation rate of local advertising expenditure by manufacturer, risk tolerance levels, and the
effect coefficient of advertising expenditure may cause a loss of stability to the system and evolve
into chaos. Meanwhile, the Nash equilibrium point and the expected utility of the manufacturer and
retailer will change greatly. The parameter control method is further applied to control the chaos
phenomenon of the system effectively. By means of analyzing the impact of relevant factors on the
game model, the manufacturer and retailer can make optimal strategy decisions in the supply chain
competition. The findings of this study mainly include the following three aspects. Firstly, for market
stability and maximizing revenue, the manufacturer adjusts the participation rate appropriately,
avoiding too high or too low values. Secondly, the manufacturer will try to reduce their own risk
tolerance level for the economic revenue, and the retailer appropriately adjust the risk tolerance
level to adapt to their own development according to their own enterprise strategy. Finally, both the
manufacturer and retailer reduce their own effect coefficients of advertising expenditure. Meanwhile,
they will attempt to increase their opponent’s effect coefficient to gain the most revenue. The research
results of this study can provide important reference for the advertising expenditure decision and
revenue maximization of participants in the context of risk aversion.

Keywords: manufacturer-led supply chain; cooperative advertising strategy; risk aversion; dynamic
game; chaos

MSC: 91-10

1. Introduction

Berger [1] first discussed cooperative advertising in a manufacturer—retailer channel,
proposing a financing of advertising expenditures through a discount on the wholesale price
by the retailer. Cooperative advertising is an interactive scheme in a supply chain system in
which the manufacturer pays a part of the advertising expenditure incurred by the retailer
in local advertisement. Fulop [2] considered that cooperative advertising was an important
aspect of promotional activities by many manufacturers. Manufacturers can enhance brand
image and boost sales through a cooperative advertising strategy. As distinguished by
Bergen and John [3], advertising could be divided into national advertising and local
advertising. For retailers, local advertising investment can attract potential customers
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to buy products. The goal of participating in the local advertising expenditure by the
manufacturer is to influence the retailer to invest more, which can generate more sales [4,5].

The concept of risk management was first put forward by Nobel Prize winner
Harry Markowitz in the 1950s [6] and later became a field of enterprise management.
Early research on risk management mainly focused on the field of financial investment.
Markowitz [7] was the first to introduce the statistical concepts of expectation and variance
into the portfolio problem and used the variance of investment revenue as a measure of
risk. Later, on this basis, many scholars put forward other financial risk measurement tools
and extended them to inventory control, supply chain management, and other fields [8-11].
Previous literature on the supply chain considered that enterprises were risk-neutral. Early
studies on supply chain models were usually based on the assumption of risk neutrality of
decision makers, and the decision-making goals were generally to maximize expected prof-
its or minimize expected costs. However, subsequent studies by experimental economist
Marshall Fisher [12] showed that most decision makers were not risk-neutral. Anupindi
and Bassok [13] pointed out that relaxation of the risk-neutral hypothesis would enable a
better understanding of the behavior of supply chain decision makers. With the market
uncertainty and intense competition, the ability of enterprises to take risks was seen as
progressively affecting its overall revenue. Some enterprises preferred to sacrifice some
revenue to avoid risk.

Researchers studied the effect of risk attitude on the decision-making behavior of
the supply chain recently. In the field of enterprise management, most decision makers
tended to be risk-averse [14-16]. Therefore, most scholars researched the decision-making
issues of supply chains that consisted of one or more risk-averse participants. They mainly
researched the effect of risk attitude on the production decisions, price decisions, and cor-
poration strategy of supply chain participants. In the context of supply chain management,
both the utility function approach and the mean-risk model had been widely applied to
risk-averse decision-making problems [17]. Eeckhoudt and Gollier [8] explored the effect
of risk attitude on decision making when they decided inventory levels without knowing
market demand. Xiao and Yang [18] proposed the price service competition model of two
supply chains. The study found that the higher the risk sensitivity of the retailer, the lower
the optimal solution of service level and retail price. Zhang and Wang [19] mainly studied
the coordination problem on dual channels of retailers in the case of short life cycles. With
the increase of market demand uncertainty, enterprises must consider the risk tolerance
of enterprises while pursuing the maximum profit. Therefore, the attitudes of enterprises
towards risk affected the final profit of enterprises.

Beijing Automotive Industry Corporation (BAIC), which makes new energy vehi-
cles, and vehicle retailers of Sale Service Sparepart and Survey (4S) constitute a typical
manufacturer—retailer supply chain. Due to the impact of COVID-19, BAIC was faced
with environmental risks, which posed a great risk to the stability of the entire supply
chain. BAIC formulated rapid response strategies to improve the level of risk aversion and
the risk management system for minimizing the impact of the sudden epidemic on the
enterprises. By providing customers with a series of service-type advertising, including
a sufficient supply of spare parts and timely tracking system, the 45 automobile retailers
made customers trust the brand and expanded sales. In order to celebrate the cumulative
sales volume of 100,000, BAIC cooperated with 15 retailers in Beijing, and then launched
a special campaign for 10,000 people to buy cars as a reward to consumers. BAIC completed
a reasonable share of the local advertising expenditure by retailers. The overall benefits of
the supply chain were optimized.

Complexity theory was widely used to study the stability of various systems, such as
mechanics, meteorology, economics, and supply chain systems. Based on bounded rational
expectations, complexity theory discussed the characteristics of the system complexity
produced by enterprise decision making, and analyzed the effect of dynamic adjustment
on the supply chain. Ma and Wang [20] considered two non-cooperative game models
using the bounded rational expectations theory. They found that the closed-loop supply
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chain system would be more likely to fall into chaos as the retailer’s position in the game
increased. In addition, the decision-making stage of the decision-making body in the
supply chain was a dynamic process. Based on this fact, many scholars introduced the
nonlinear dynamics theory into the related problems of supply chain management and
carried out a lot of research [21-23]. Sun and Ma [24] combined this with a pricing model
of risk aversion in the supply chain and carried out the study of dynamic complexity by
discussing the game process in the environment of incomplete information. Nonlinear
dynamics was widely used as an effective tool theory and made a great impact in many
research fields.

Combing the existing literature, this paper applies both risk aversion and cooperative
advertising theory to the supply chain game model. Researchers consider a cooperative
advertising supply chain as being composed of a manufacturer and a retailer which are
both risk-averse participants. The research emphasis of this paper is the impact of the
supply chain relevant factors, containing the adjustment speed of advertising expenditure,
participation rate of local advertising expenditure by manufacturer, risk tolerance levels,
and advertising expenditure effect coefficient. Based on the Stackelberg game model and
system dynamic theory, this paper researches the effects of advertising investment and risk
aversion on the stability of the supply chain and revenue of participants. There are three
primary innovations in our paper. Firstly, researchers build a dynamical Stackelberg game
model of cooperative advertising based on the supply chain with risk aversion. Secondly,
effects of relevant factors such as adjustment speeds, risk tolerance levels, participation
rate of manufacturer local advertising expenditure, and advertising expenditure effect
coefficient are mainly analyzed on the stability and complex dynamic behavior of the
supply chain. Thirdly, expected utilities of the participants are given and compared by the
numerical simulation method that can provide guidance for the manufacturer and retailer
to make optimal decisions.

The paper is organized as follows: Section 2 is a brief review of relevant studies. In
Section 3, a Stackelberg supply chain game model is established and the equilibrium points
and stability of the system are analyzed. In Section 4, the influences of relevant factors
on complexity and expected utilities are given and compared by numerical simulation.
In Section 5, system chaos control based on the parameter control method is investigated.
Section 6 gives the conclusions of the paper.

2. Literature Review

Our research is mainly related to three streams of literature: cooperative advertising,
risk aversion, and complexity in the supply chain. To highlight the contributions of the
article, some representative literature examples are reviewed in these three streams.

2.1. Cooperative Advertising in Supply Chain

Cooperative advertising was extended by many authors under different settings [25,26].
Karray and Zaccour [27] demonstrated that cooperative advertising could also have harm-
ful impacts on the retailers considering a bilateral duopoly. Xie and Wei [28] discussed
coordinating advertising and pricing in a supply chain channel. Compared with the non-
cooperative mode, the cooperative mode achieved better coordination by generating higher
channel profits. The retailer price was lower to consumers and the advertising efforts
were higher for all channel participants. Cooperative advertising was applied to the col-
laboration policy in supply chain management under uncertain conditions by Sarkar and
Omair [29]. Through these research studies, it was concluded that the optimal decision
of cooperative advertising made the revenue of the supply chain grow rapidly. Xiao and
Zhou [30] established a mixed manufacturer-retailers advertising cooperation model, in
which the manufacturer acted as the leading participant and played the Stackelberg game
with the retailer coalition.

In recent years, more researchers have applied cooperative advertising to the supply
chain and obtained a large amount of research results. Further research has shown that
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the investment of cooperative advertising affects the stability of the supply chain and the
revenue of each participant.

2.2. Risk Aversion in Supply Chain

The crucial issue of supply chain risk management was risk measurement. The risk
preference of participants had an important impact on the profit of each node enterprise and
the whole supply chain. Therefore, more and more scholars began to study the influence
of the risk preferences on production, price and profit, as well as on the coordination
mechanism of conflicts among supply chain participants. Agrawal and Seshadri [31]
demonstrated a single-cycle supply chain involving one supplier and multiple risk-averse
retailers using a mean-variance approach. The research found that retailers could increase
the number of orders to the expected optimal level and thus share the risk by offering
reciprocal risk-sharing contracts. Xu and Dan [32] focused on the manufacturer’s dual-
channel pricing strategy in a risk-averse supply chain. He found the price with risk
aversion was lower than that with risk-neutral in a complete information environment of
the dual-channel supply chain, and then proposed a two-way coordination mechanism of
a profit-sharing contract. Yan and Jin [33] concentrated on the optimal decision-making
problem of a supply chain with risk aversion under the condition of demand disturbance.
Zhou and Li [34] built cooperative advertising and ordering in a two-level supply chain
with risk aversion that considered manufacturers selling through retailers.

Based on the analysis of the literature, supply chain management with risk aversion
has become a trending issue in the fields of economics and management. Researchers pay
more attention to how participants effectively avoid risks in the competition so as to obtain
maximum revenue.

2.3. Complexity in Supply Chain Game

In recent years, more researchers have applied game theory to study the system of the
supply chain. However, the decision-making stage of the participants in the supply chain
is a dynamic process. Based on this fact, nonlinear dynamics theory was introduced into
related problems about supply chain management.

Karray and Amin [35] built a cooperative advertising model in a channel with compet-
ing retailers. The study discussed the equilibrium solution of the game model under central-
ized and decentralized decision making, and gave the corresponding coordination mecha-
nism. The conclusion was that cooperative advertising stimulated retailers” spending.

Based on game theory and chaotic dynamics theory, Ma and Ren [36] established
a closed-loop supply chain model with dual recycling channels. The results show that
a precipitous speeding of recycling price adjustment led the system into a chaotic state and
caused the entropy of the system to increase. Ma and Hong [37] explored the dynamic
game with risk attitudes and free ride. The pricing and service strategy were studied in
a dual-channel supply chain. The study indicated that the system fell to chaos when the
risk preference of the retailer was too high.

Stackelberg game theory was widely used in various fields of supply chain research
as a conventional processing method of an economic model. Khademi and Ferrara [38]
studied a two-level Stackelberg game model with two followers and a leader, and applied
control theory and algorithm to obtain the optimal solution of the game model. This study
was applicable to a long-term investment game model. Ma and Tian [39] constructed a
long-term dynamic Stackelberg game model in three situations: without cap-and-trade
regulation, grandfathering approach, and benchmarking approach. The work focused
on the dynamic complexity study of a multi-channel supply chain which contained a
manufacturer, an e-retailer, and a traditional retailer under cap-and-trade regulation.

Combing the previous literature, researchers find that most scholars established
Stackelberg game models based on single risk aversion or cooperative advertising. Few
scholars paid attention to research on the dynamic behavior of the Stackelberg game model
in a cooperative advertising supply chain considering risk aversion. The influences of
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relevant factors on complexity and expected utilities of the supply chain were not studied
and compared by numerical simulation.

3. Supply Chain Model
3.1. Model Description

In this research, researchers consider a supply chain which consists of a manufacturer
and a retailer as shown in Figure 1. The manufacturer produces products and sells them
to customers through the retailer. To improve sales volume, the manufacturer usually
invests in national advertising and the retailer invests in local advertising. Considering the
manufacturer as the leader deciding on national advertising investment and the retailer as
the follower deciding on local advertising investment, researchers establish a Stackelberg
game model of a manufacturer-led supply chain with risk-averse behavior.

National advertising Local advertising

‘ (1-p)Ar

Manufacturer o Retailer »|  Consumer

Figure 1. The model framework.

Notations used throughout this paper are listed in Table 1.

Table 1. Notations.

Notation Explanation
p Price of retailer, p > w > 0
v Baseline demand, v > 0
Am National advertising expenditure of manufacturer, A, > 0
A, Local advertising expenditure of retailer, A, > 0
ki Effect coefficient of national advertising expenditure, k;;, > 0
ky Effect coefficient of local advertising expenditure, k, > 0
w Wholesale price (manufacturer’s price to the retailers)
u Manufacturer participation rate in percentage, 0 < u <1
nq Adjustment speed of manufacturer advertising expenditure, ay > 0
ap Adjustment speed of retailer advertising expenditure, a; > 0
A Risk tolerance level of manufacturer, A; > 0
A Risk tolerance level of retailer, A, > 0

3.2. Model Assumption

The following assumptions are used for the game model of a manufacturer-retailer
supply chain:

(1) The unit production cost of the manufacturer and unit handling cost of the retailer
incurred in addition to purchasing cost are assumed to be equal to zero.

(2) Cooperative advertising is divided into the manufacturer’s national advertising ex-
penditure A, and the retailer’s local advertising Due to different formula editors,
some formula formats are not uniform. We will adjust the format of this part in later
stage of production. A,, which are decision variables for the supply chain participants.

(3) In this model, the manufacturer and retailer are risk-averse, which revenues are
represented by exponential utility functions and follow a normal distribution.
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3.3. Model Construction

The consumer demand function depends on the retail price p and the advertising
expenditures A, and A,, which is linear in prices and concave in advertising expenditure
to account for decreasing marginal returns. This specification was widely used in previous
research. The demand decreases in price and increases with advertising expenditures
of the supply chain participants. The consumer demand function can be expressed as

follows [35,40]:
V(p/Am/Ar) :U_P+km\/ Am+krv Ay (1)

The effect coefficients of advertising expenditure are captured by the positive parame-
ters k;, and k. Parameter y is the participation rate by the manufacturer, the percentage that
the manufacturer agrees to pay the retailer to subsidize the local advertising expenditure.
The profits of the manufacturer, the retailer, and the system are as follows, respectively [28]:

Iy, =wo—p+knvVAn+ ke Ar) — HA; — (2)

I, =(p—w)(v—p+knvVAn + ke Ar) — 1—;4)Ar 3)
Iyr=p U—P“‘km\/ m+ ke A — A 4)

Parameter v is a random variable, as follows v = v + ¢. Here, U is the mean of the
baseline demand and ¢ follows a normal distribution, such that E(e) = 0, Var(e) = o2,
and E(v) = E(7). The exponential utility function is one form of the utility function,
which dominates in both theoretical and applied study in the field of managerial decision
making. Here, the manufacturer and retailer are risk-averse participants. The profit

IT follows a normal distribution. Expected utility can been expressed by the following

equation [37,41-43]:
E(U) = E(IT) — Ay/ Var(IT) (5)

This paper investigates the risk attitudes of the manufacturer and retailer, mainly
referring to Xie and Yue [41] and Choi and Li [44]. Parameter A is the risk tolerance
level. The value of A > 0 implies risk-averse behavior. When the value of A is higher,
the risk-averse degree is greater. When A approaches 0, risk-neutral behavior is implied.
Researchers can obtain the expected value E(IT) and the variance value Var(I1) of the
manufacturer and retailer as follows:

E(Tn) = w(0 = p+knv/An + ke VAr) — pAy = Ap ©6)
Var(Il,) = w?o? 7)

E(IL) = (p = w) (0 = p + ki /A + ke VAr) = (1= ) Ar ®)
Var(Iy) = (p — w)*o* )

According to the Formulas (5)—(9), the expected utility function of the manufacturer
and retailer can be expressed by the following equation:

E(um) :w(v_p+kaAm+kr\/ Ar)—]/lAr—Am—/\ﬂ/UO' (10)

E(Uy) = (p—w)(v—p+knvVAn+k/A) = (1= ) A — ha(p—w)e  (11)

From Formulas (10) and (11), researchers can obtain the revenue functions of the
manufacturer and retailer which are more in accordance with the actual situation using
the utility function. The prospects of the manufacturer and the retailer are to maximize
respective expected utilities.

The manufacturer firstly determines advertising expenditure A;, and the wholesale
price w of products. Based on the manufacturer’s decision information, the retailer deter-
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mines advertising expenditure A, and the retail price p of products. To solve the Stackelberg
equilibrium, first consider the retailer’s optimal decisions [45].
The solutions can be solved by first order equations 0E (U, ) /dA, = 0 and 0E(U,)/dp = 0.

{ P = 14 =0

VA (12)

L) — & — 2p + kA + v/ A + 0 — A0 = 0

Obtain the optimal values A} and p*:

k(=0 — ky/Am +w + Apo)
(—4+ 4+ k,2)>

20 2
p*:1(0+w+km\/Am—Aza+er ki2(=0 = ki v/ Am + @ + A20) ) (14)

Al =

r

(13)

2 (k2 + 4 — 4)°

Then, the expected utility function of the manufacturer E(U,,) has the form

E(Up) = w(v — p* + kn/Am + ke v/ AF) — 4AS — Ay — Mqwo (15)
Researchers can obtain JE(U,)/0A,, where F = (—4+4u+ kr2)2 and

G=—-v+w+ Ao

~1  (16)

OE(Un) _ whn (| k(G —knv/An) | , k(G —kn/An)
A, /A,

F krz(G*km\/Aim)z F \% Am
F

Then, 0E(U,)/dA, can be obtained by Formulas (12) and (14):

2
EU) _ <kmM+ kr\/k’z(c_kmm) - G) Y _1vw o ap

A, F /A,

In this paper, researchers develop a dynamic Stackelberg game model. Researchers
assume that they adjust their advertising expenditures adaptively based on limited in-
formation and each enterprise can obtain its marginal utility information by means of
market experiments [45]. In fact, when making advertising expenditure decisions, the
manufacturer cannot obtain the whole market information, as they are restricted by the
objective conditions such as the decision-making ability. Suppose that the decision in next
period can be adjusted with bounded rationality based on partial estimation of marginal
utility of the current period [46]. In each period, adjustments occur as follows: Firstly,
manufacturer estimates marginal utility with respect to national advertising expenditure
and makes decisions based on the bounded rational expectation. After the manufacturer
carries out this decision, the retailer estimates the marginal utility with respect to local
advertising expenditure according to the advertising expenditure of the manufacturer [45].
The model can be constructed as follows:

_ L wky [ 1 KA(G—kuy/Au(D) ki ki (G—km /A (1)) _
Am(t + 1) - Am(t) + alAm(t) { 4 Am(t) (1 F\/er(G,km\/m>2 ) " F\/A””(t) 1}
(G /A D)

(18)

2
A(t+1) —Ar(t)—i-oczAr(t){(km A1) + ks \/kVZ(ka FA;n(t+1)) _ G>4 IZ(:) _1+u}

Here, a1 and «; represent the advertising expenditure adjustment speed of the manu-
facturer and retailer, respectively.
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3.4. The Stability of the System

In order to intuitively describe the dynamic competition process and complex sys-
tem dynamics of enterprises, the numerical simulation is carried out in this section to
investigate the influence of relevant parameters on system stability. Referring to related
literature [5,41,47], the researchers used similar parameter settings for the numerical simu-
lation. Based on satisfying constraints, we consider the assignment of relevant parameters.

The baseline demand should be large enough, so v = 400 was assigned to be larger
than other parameters. The researchers set 4 = 0.3 as u should be within [0,1]. Other
parameters were assigned as w = 200, k, = 0.2, k;;, =04, A1 =3,A, =4,and 0 = 8.

In system (18), let A, (t+1) = Ap(t) and A,(t +1) = A,(t). Then, researchers can
obtain four groups of system equilibrium solutions as follows:

Eo = (0,0), E; = (407.2,0), E; = (0,148.2), E3 = (407.2,162.8). (19)

Obviously, Eg, E1, and E; are partly or entirely zero. They are boundary unstable
equilibrium points. Ej is the unique non-negative equilibrium point of system (18). It is
very significant to analyze the unique positive equilibrium point for participants. To study
the local stability of equilibrium points, the Jacobian matrix at E3 has the form

[ 1-05001a; 0
J(E) =1 06414020, 1035000, 20)

Its characteristic equation is F(A) = A2 — TrA + Det = 0, where Tr is the trace and Det
is the determinant of matrix J(E3), which are given by

Det = (1 —0.5001a71)(1 — 0.3500 a5 ) 1)

Tr = 2 —0.5001a7 — 0.3500a2 (22)

Researchers can obtain Tr? — 4Det > 0. Thus, the eigenvalues of the Nash equilibrium
are real. According to the Jury condition, the necessary and sufficient condition for the
local stability of the Nash equilibrium can be obtained:

1—Tr+ Det >0
1+ Tr+ Det >0 (23)
1— Det >0

The long-term strategies of the manufacturer and retailer can remain stable when
constraint (24) is satisfied. The above conditions are defined as the stability region of the
adjustment parameters (xq,a7).

To study the influence of key parameters on the stability region of system (18), re-
searchers examined a two-dimensional stable region with adjustment parameters (x1,a7) to
examine the changing trend of the stable region when other parameters were fixed. If the
values of (x1,x2) are in the stable region, the system will be stable at the Nash equilibrium
E3(407.2,162.8) after a number of games. The two-dimensional stable region of the system
is presented in Figure 2 according to Equations (22)—(24).

The blue areas indicate the stable region of the system and show the interaction effects
between the adjustment parameters a1 and ap. Obviously, the stable region a; € [0,5.71] is
larger than a1 € [0,3.99]. From the range of the stability region, researchers can see that the
stability of the system is more sensitive to the manufacturer. If a; is relatively lower, even
if a5 is relatively higher, the system is stable, which also will be proved by the following
figures. If the enterprises keep adjustment speeds (x1,&2) within the stability region, no
matter what initial advertising expenditures are chosen by the enterprises, the market will
eventually reach the Nash equilibrium after a series of games. As a result, the enterprises
can obtain optimal strategies. Otherwise, complex phenomena such as bifurcation and
chaos will appear.
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Figure 2. The stable region of Nash Equilibrium in (a1, ) plane.

The economic meaning of the stable region is that whatever initial values are chosen by
the manufacturer and retailer in the local stable region, they will eventually achieve Nash
equilibrium E3(407.2, 162.8) after finite games. Stability is beneficial for enterprises to make
long-term strategies. Therefore, enterprises pay more attention to the stable region. The
enterprises can forecast the development of the market but have to change their advertising
expenditures frequently [48]. If the parameters exceed the stable region, the system will
eventually be out of control and fall into chaos.

Based on the above reasons, researchers investigated the dynamics of system (18) and
the impacts of relevant factors by means of dynamics analysis and numerical simulation,
as described in the following sections. The complex dynamical behaviors of the system
including the stable region, bifurcation, and chaos will be studied in detail.

4. Dynamics Analysis and Numerical Simulation
4.1. The Dynamics with Respect to Adjustment Speeds a1 and wy

Dynamic characteristics can be expressed in the 2D bifurcation diagram [39]. In
Figure 3, the light blue area stands for the stable region, while the bright blue, the dark
blue, and the deep blue stand for the period-2, period-4, and period-8 stable regions. With
the parameters a7 and &, increasing continuously, the system will go into a chaos state.
The chaos and divergence regions are shown by the gray and the white areas, respectively,
which indicates that one enterprise will quit out of the market in economics. Figure 3 shows
that a; has better stability than ay, illustrated by its larger stable region.

Figure 4a,b show the bifurcation diagram of A, and A, with respect to a;. The
corresponding largest Lyapunov exponent (LLE) is shown by Figure 4c,d, which is usually
seen as characteristic value of chaos. It is shown that when the parameter a; < 3.99,
Ay and A, become asymptotically stable with ap = 3.5 and ap= 6. Researchers can observe
that the stable region of A, is not changed with parameter «;. For a1 = 3.99, the system
goes into period-2 bifurcation, which is improved by LLE from another aspect. After that,
the system enters the 2-period state (3.99 < a; < 4.64), which also can be depicted by its
attractor in Figure 5a,b. A further increase of &1 will lead to the appearance of the period-4
state (4.64 < a1 <4.75) and chaos (¢; > 4.75). Figure 5¢,d show chaotic attractors with
a1 = 4.95, which is consistent with Figure 4. Chaos attractors represent the disordered
fluctuation of the system.
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Figure 3. Two-dimensional bifurcation diagram with respect to a1 and a;.
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Figure 5. The attractors of system with different a1 and 5.

The corresponding Double Largest Lyapunov Exponents (DLLE) with respect to «;
and «; are shown in Figure 6a,b. The blue areas are LLE < 0 with a color transition from
dark blue to light blue. When the LLE tends to 0, the color becomes light khaki and the
system is in period-2 and period-4 stable cycles, etc. The dark khaki areas with the LLE > 0
means the system is in chaos and divergence. Researchers can see the trend of system state
from order to disorder by the perspective of LLE.

(a) 2D largest Lyapunov exponents (b) 3D largest Lyapunov exponents

Figure 6. The largest Lyapunov exponents with respect to a1 and ap.
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In the market, the objectives of the manufacturer and the retailer are to maximize
respective expected utility. The effects of the parameters a7 and a; on expected utilities
and average expected utilities are shown in Figure 7. According to Figure 7a,b, when a4
is in the stable region, expected utilities of the manufacturer and the retailer are stable at
(E(Um), E(Uy)) = (19006,7863). With a7 increasing, the system enters period-doubling
bifurcation and a chaotic state. When E(U,,) and E(U,) go into chaos, the oscillation of
expected utilities intensifies, which has similar bifurcation properties to A, and A,.

In Figure 7c,d, it can be found that the average expected utilities of the manufacturer
and the retailer are in a downward state with the instability of the system. When the system
loses the stability, the average expected utility will decrease, which is not in accord with
the revenue of enterprises. It is favorable for participants to stabilize the system to the
equilibrium point. Hence, the manufacturer and retailer will control their adjustment speed
to maintain the stability of the market in order to obtain the maximum revenue.
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Figure 7. The expected utilities and the average expected utilities with respect to a1 and a;.

4.2. The Influence of the Manufacturer Participation Rate p

In this section, the influence of parameter y on system stability and dynamic behavior
will be studied.

Figure 8 clearly indicates the 2D bifurcation diagrams of the system with 4 = 0.2,0.4,0.6,0.8,
respectively. From the 2D bifurcation diagrams, researchers can clearly know that different
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bifurcation curves correspond to different values of parameter y. Researchers can find
that u rarely has influence on the stable region of &;. However, u has a greater influence
on the stable region of a,, which becomes larger with a greater y. This indicates that the
participation rate of local advertising by the manufacturer has a positive impact on the
system’s stability, that is, the higher the degree of the manufacturer’s participation rate, the
harder for the Nash equilibrium point to lose its stability.

Figure 9 shows the bifurcation diagram of A, and A, with respect to  when the
system is stable, during period-2 bifurcation, period-4 bifurcation, and chaos, respectively,
with aq and a; taking different values. Researchers can see that A;, decreases slightly, but
Ay increases dramatically as y increases. Therefore, the greater the participation rate in
local advertising by the manufacturer, the more the retailer spends on the local advertising
expenditure. However, the manufacturer’s national advertising expenditure A, only has a
slight downward adjustment with the increase of participation rate .
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Figure 8. The 2D bifurcation diagrams with respect to 4y and a, with different p.

The expected utilities of manufacturer and retailer are shown in Figure 10. With
the increase in participation rate p and the change of system state, the manufacturer’s
expected utility decreases, while the retailer’s expected utility increases slightly on the
whole. Therefore, in real market competition, the manufacturer tries to avoid taking
too large a value of the participation rate for obtaining the maximum expected utility.
Although the retailer will obtain more expected utility by increasing y, it will also increase
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local advertising expenditure rapidly. In order to maintain market stability and maximize
revenue for both participants, as the dominant enterprise in the market, the manufacturer
will adjust the participation rate  appropriately, neither too high nor too low.
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Figure 10. The expected utilities with respect to y with #; = 3.5 and ap = 3.5.

130



Mathematics 2023, 11,512

4.3. The Influence of Risk Tolerance Levels A and Ay

In this section, the influence of risk tolerance levels A1 and A is to be analyzed with
respect to the Nash equilibrium point and expected utilities.

In order to analyze the effects of risk tolerance levels on the stable region, the corre-
sponding 2D bifurcation diagrams are shown in Figure 11. Researchers chose (A1, 1) as
(2,3),(3,3), (4,4), and (4,5), respectively, and other parameters remained unchanged as in
system (18). Researchers can find that the stable region has no variation with risk tolerance
levels A1 and Aj.

Figure 12a,b are the 3D bifurcation diagrams with respect to the parameters a1, A1, Ay,
and ay, Ay, A;, respectively. Figure 12¢,d are the 3D bifurcation diagrams with the parame-
ters wq, Ay, Ay and aq, Ay, Ay, respectively. Researchers can find that the Nash equilibrium
(Am, A;) of the system does not change with risk tolerance levels A;. Figure 12¢,d show
the change of Nash equilibrium A, is very slight, whereas Nash equilibrium A, is obvious
with risk tolerance levels A.
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Figure 11. The 2D bifurcation diagram with respect to &1 and a, with different A; and A,.

Figure 13 shows the Nash equilibrium points of A;; and A, with respect to A1 and A,.
Figure 13a,b indicate the influence of risk tolerance level A1 and A, on advertising expendi-
tures A;; and A, respectively, when the system is in a stable state. The expected utilities
of the manufacturer and retailer with respect to A; and A, are described by Figure 13c¢,d.
In order to compare the Nash equilibrium (A,,, A,) and expected utilities (E(Uy,), E(U;))
with different values of A and A, more clearly, Table 2 has been created with respect to Aq
and A, with o = 3.5 and a, = 3.5. Researchers can conclude that

(1) The Nash equilibrium A, rises slightly and A, reduces with increasing risk toler-
ance level Ay, while A;, and A, remain unchanged with an increase in risk tolerance level
A1, which corresponds to Figure 13a,b. Therefore, the retailer will try to increase their own
risk tolerance level for less local advertising expenditure.

(2) The expected utility E(U,,) decreases and E(U,) remains unchanged with an
increase in risk tolerance level A1. The expected utility E(U,, ) increases and E(U, ) decreases
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with an increase in risk tolerance level A,. These correspond to Figure 13c,d. Therefore,
in order to obtain more expected utilities, the manufacturer and retailer will try to reduce
their own risk tolerance levels. Meanwhile, the manufacturer wants to increase the risk
tolerance level of retailer for its own revenue.

© A4=3,0,=35 @ A =3,0=35

Figure 12. The 3D bifurcation diagrams of A;; and A, with respect to a; with (a,b) A; =1,2,3,4 and
(c,d) Ap =2,3,4,5.
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Table 2. Nash equilibrium points (A;;, Ar) and expected utilities (E(U,y,), E(U,)) with respect to A
and A, with a; = 3.5and ap = 3.5.

A, A
(Egu::) Er()u,)) AM=2 A =3 AM=4 M =5 M =6

Y (406.8,193.7)  (406.8,193.7)  (406.8,193.7)  (406.8,193.7)  (406.8,193.7)
2= (19,020,9356)  (17,420,9356) (15,820, 9356)  (14,220,9356) (12,620, 9356)

N3 (407,177.9)  (407,177.9)  (407,177.9)  (407,177.9) (407, 177.9)
2= (19,810,8593)  (18,210,8593) (16,610, 8593) (15,010,8593) (13,410, 8593)

N (407.2,162.8)  (407.2,162.8)  (407.2,162.8)  (407.2,162.8)  (407.2, 162.8)
2= (20,610,7863)  (19,010,7863)  (17,401,7863) (15,810,7863) (14,210, 7863)

N s (407.4,148.3)  (407.4,148.3)  (407.4,148.3) (407.4,1483)  (407.4,148.3)
2= (21,400, 7165) (19,800, 7165) (18,200, 7165) (16,600, 7165) (15,000, 7165)

e (407.6,134.6)  (407.6,134.6)  (407.6,134.6)  (407.6,134.6)  (407.6,134.6)
2= (22,190, 6499) (20,590, 6499) (18,990, 6499) (17,390, 6499) (15,790, 6499)

4.4. The Influence of Advertising Expenditure Effect Coefficients ky, and k

In this section, the influence of effect coefficients k;, and k, is to be analyzed with
respect to the Nash equilibrium point and expected utilities.

The 2D bifurcation diagrams are shown in Figure 14. Researchers can find that
the stable region has no variation when effect coefficients (k, k;) are (0.3,0.3), (0.5,0.3),
(0.7,0.5), and (0.7,0.7), respectively. No matter how k,, and k, change, the system stability

remains fixed with a; € [0,3.99] and a; € [0,5.71].
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Figure 14. The 2D bifurcation diagram with respect to &1 and a, with different k;;, and k.
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Figure 15a,b are the 3D bifurcation diagrams with respect to the parameters a4, ky;,
Ay and aq, ki, Ar, respectively. Figure 15¢,d are the 3D bifurcation diagrams with the
parameters aq, k;, Ay and aq, k;, Ay, respectively. Researchers can find that the Nash
equilibrium (A,,, A,) is changed with effect coefficients k,, and k,. As shown in Figure 15a,b,
the values of the Nash equilibrium (A,,, A,) increase with the increase in ky,. As shown in
Figure 15¢,d, the increase in k, can increase the values of the Nash equilibrium (A,,, Ay).
Meanwhile, the bifurcations and the chaos of the system are indicated clearly.

4000 /?g 250
/

(b) k =02,k =0.3,0.5,0.7,0.9
- —(7-1

6000 4

(© k =04,k =0.3,0.50.7,09  (d) k, =04,k =0.3,0.5,0.7,0.9

Figure 15. The 3D bifurcation diagrams of A, and A, with respect to ay with a; = 3.5.

Figure 16 shows the Nash equilibrium points of A;; and A, with respect to k;, and
ky. Figure 16a,b indicate the influence of effect coefficients k,, and k, on advertising
expenditures A, and A; when the system is stable. Figure 16¢,d describe the expected
utilities of the manufacturer and retailer with respect to k;; and k;. In order to compare
the Nash equilibrium (A, A;) and expected utilities (E(U,,), E(U,)) more clearly, the
following Table 3 was created with respect to k;, and k, with a; = 3.5 and ap = 3.5. By
comparison, researchers can find that

(1) With an increase in effect coefficients k;; and k;, the stable region remains un-
changed.

(2) The Nash equilibrium A, and A, rise with an increase in effect coefficients k,, and
ky. Ay, grows rapidly but A, slowly and relative to the increase in k;;, meanwhile A, grows
slowly but A, rapidly relative to the increase in k,. Researchers can see from the trend of
the graph in Figure 16a,b that A,, and A, are greatly influenced by k;, and k;, respectively.
Therefore, the manufacturer and retailer will try to reduce their own effect coefficients ky,
and k; for less advertising expenditures. More noteworthy is that the increase in their effect
coefficient has a greater impact on their own advertising investment.
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(3) The expected utilities E(U,,) and E(U,) rise with an increase in effect coefficients
ky and k,. The expected utility E(U,,) grows slowly with an increase in k,,; meanwhile,
growth is rapid relative to an increase in k;,. Researchers can also see from the trend of the
graph in Figure 16c¢ that the expected utility E(U,) grows slowly with an increase in k;;
meanwhile, growth is rapid relative to an increase in k;,. These correspond to Figure 16d.
The effect coefficient of the opponent has a greater impact on its own expected utility.
Therefore, in order to obtain more expected utilities and less advertising expenditures,
while decreasing their own effect coefficient, the manufacturer and retailer will be willing
to increase the opponent’s effect coefficient to gain the most revenue.
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i d \‘\\\\\\.‘\‘:\\\‘ i 10,000
,,,/{; 10,000 “\\\‘\\\\‘ (ke A
2000 i 2000 \3\“\‘“ ‘\\“\..\‘\:\‘ I
£ 2 i £, T i \\‘\\:‘\‘:\‘«':‘ e 8000
< Il ',; Ir, < ‘“““\“\\‘\t‘:\“.\“"::“‘\“‘ \\‘\“
'l’l lpll it ! /: 5000 . \ e ) ‘ ‘
s 10 i 6000
""llm"/,;a,:',';w,’[:':{:,:/‘:"j"?
0 %000 0. 4000
08 500 2000
kr 0 o K
m
(a) A4, withrespecttok, and k, (b) A, withrespecttok, and k,
«10* <10*
24
x104
22
3
2
. 18
E 25
= 16
14
2
12
1 1
08

() E(U, ) withrespectto k,

and k,

(d) E(U,) withrespecttok,,

and £,

Figure 16. Nash equilibrium points and the expected utilities with a; = 3.5 ap = 3.5.

Table 3. Nash equilibrium points (A, Ay) and expected utilities (E(U,y,), E(Uy)) with respect to ky,
and k, with a; = 3.5and ap = 3.5.

(E (&A";'?&)l ) Ky = 0.3 Ky = 0.5 K = 0.7 K = 0.9
m)rs T
s (2343, 365) (6501, 400.4) (1272, 456.3) (2098, 536.4)
r=0 (19,000, 7694)  (19,500,8439)  (20,130,9618)  (20,960,11,310)
Cos (251.9, 1148) (697.3,1262) (1359, 1444) (2230, 1704)
r=0 (19,970,8193)  (20420,9013)  (21,090,10310) (21,970, 12,160)
s (280.6, 2749) (772.7,3038) (1459, 3494) (2429, 4141)
r=0. (21,470,9072)  (21,960,10,030)  (22,700,11,530) (23,670, 13,660)
oo (3209, 6148) (8743, 6834) (1665, 7903) (2650, 9396)
r=0 (23,830,10,570) (24390, 11,750)  (25220,13,590) (26,290, 16,160)
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5. Chaos Control

Based on the discussion above, the chaotic state frequently appears against the stability
of the supply chain, which is harmful to market returns. The manufacturer and retailer in
the supply chain try their best to take measures to prevent the period-doubling bifurcation
and chaotic state.

Referring to previous studies, the parameters control method is used to control chaos.
Here, set the control parameter m [33,49-51]. The manufacturer and retailer should control
their adjustment speed of relevant variables when they formulate a management strategy.
The system (18) can be rewritten as:

_(1_ wky, _ K(G—kun/An(1)) ke 2k (G—kn /A (t))
An(t+1) =1 —m) {Am(t) +a1Am(t) { 43/ A (b) (1 F\/kVZ(G—kmx/Am(I))Z ) * Fy/Au(b) 1} } +mAn(®)
S S (24)

At4+1) = (1— m){A,(t) +a2A,(t){ (km VAm(®) + k] G )" _ c) W’ZW —1 +u}} + mA(F)

Figure 17 shows the bifurcation and LLE diagram with respect to parameter m
with &1 = 4.9 and a; = 7. The system changes from chaos to stability when parame-
ter is m = 0.185. (A, Ay) returns to Nash equilibrium (407.2,162.8) with an increase in
parameter m.

600 fF>— ' ' ' ' ' ‘ ‘ '
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m

Figure 17. The bifurcation diagram of A, and A; and the largest Lyapunov exponent with respect
to m.

Through comparison between the stable regions in Figure 18, researchers can find that
the range of the stable region is extended compared with the one without chaos control in
Figure 3. By m = 0.1,0.2,0.3, 0.4, the stable region expands with an increase in parameter
m. Nevertheless, the Nash equilibrium (A, A;) does not change with parameter m and
stays at (407.2,162.8).
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Figure 18. The 2D bifurcation diagrams with respect to a1 and a, with different m.

6. Contribution and Implication

The major findings obtained in this paper can be employed by managers of supply

chains as follows:

@

)

If the enterprises keep adjustment speeds within the stability region, no matter what
initial advertising expenditures are chosen by the enterprises, the market will eventu-
ally reach the Nash equilibrium after a series of games. As a result, the enterprises
can obtain optimal strategies. Otherwise, if the adjustment speeds of advertising
expenditure are too fast, the system loses stability and enters chaotic states, which lead
to a rapid decrease in expected utilities. The manufacturer and retailer will control
their adjustment speeds to maintain the stability of the supply chain market for the
maximum revenue.

The stability range of the system expands with an increase in the participation rate of
local advertising expenditure by the manufacturer. As the manufacturer increases the
participation rate of local advertising, the retailer spends more on local advertising
expenditures. However, the national advertising expenditure of the manufacturer
only has a slight downward adjustment with the increase in the participation rate. The
expected utility of the manufacturer decreases, while the retailer increases slightly on
the whole by an increase in the participation rate. For market stability and maximizing
revenue, the manufacturer should adjust the participation rate appropriately, avoiding
too high or too low values.
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(3) The stable region has no variation with risk tolerance levels of the manufacturer and
retailer. The risk tolerance level of the manufacturer has no effect on the national
advertising expenditure by the manufacturer and local advertising expenditure by the
retailer. However, the manufacturer’s national advertising expenditure rises and the
retailer’s local advertising expenditure reduces with an increase in the risk tolerance
level of the retailer when the system is in a stable state. The expected utility of the
manufacturer decreases and the expected utility of retailer remains unchanged with
an increase in the risk tolerance level of the manufacturer. The expected utility of the
manufacturer rises and the expected utility of the retailer decreases with an increase in
the risk tolerance level of the retailer. Hence, the manufacturer will try to reduce their
own risk tolerance level for economic revenue. In order to make neither too much
advertising expenditure nor too little expected utility, the retailer will appropriately
adjust the risk tolerance level to adapt to their own development according to their
own enterprise strategy in the supply chain market competition.

(4) With increasing effect coefficients of advertising expenditure, the stable region remains
unchanged. The advertising expenditures and expected utilities rise with an increase
in effect coefficients of advertising expenditure. The increase in its effect coefficient has
a greater impact on its own advertising investment. In order to obtain more expected
utilities and less advertising expenditures, both the manufacturer and retailer will
reduce their own effect coefficients of advertising expenditure; meanwhile, they will
attempt to increase their opponent’s effect coefficients to gain the most revenue.

(5) Itis profitable to keep the relevant factors in a certain range for manufacturer and
retailer. Once the system falls into chaos, the chaos phenomenon can be delayed or
eliminated effectively by the parameters control method.

Some valuable managerial implications for managers are summarized as follows: First,
the appropriate participation rate of local advertising expenditure not only is good for the
revenue of participants, but also is conducive to the stability of the supply chain, which
needs to be constantly adjusted by the manufacturer in the competitive supply chain market.
Second, the manufacturer and retailer will try to reduce their own risk tolerance levels
for economic revenue, which makes it impossible for enterprises to avoid risks. However,
in the realistic market competition, enterprises need to avoid risks as much as possible
to ensure the stability of the market, avoiding market turbulence. Therefore, enterprises
cannot develop steadily for a long time in the fierce supply chain market competition.
Finally, once the market is in a chaotic state, the control method is applied by the manager
effectively to avoid some loss in revenue.

7. Conclusions

In this paper, considering cooperative advertising, researchers have established a
Stackelberg dynamic game model of a manufacturer-retailer supply chain with risk-averse
behavior. Based on game and dynamics theory, the influence of relevant parameters on the
stability of the model has been researched. The impact of adjustment speeds, risk tolerance
levels, participation rate of local advertising expenditure by the manufacturer, and effect
coefficients of advertising expenditure on system complexity and expected utilities have
been analyzed by the numerical simulation method. Based on the parameters control
method, the chaotic state of the system is effectively controlled. The research results of this
study can provide important reference for advertising expenditure decisions and revenue
maximization of participants in the context of risk aversion.

There are still some limitations in the paper. The analysis of the Stackelberg dynamic
game model of the manufacturer and retailer might be simple in practice. The future work
can consider a complicated multi-channel supply chain game model with a combination
of traditional and online factors, and take into account the impact of more factors on
the multi-channel supply chain stability, including but not limited to risk aversion and
cooperative advertising.
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Abstract: To alleviate farmer poverty, this paper investigates the effect of a retailer’s different socially
responsible practices on a two-echelon supply chain consisting of one rural (poor) farmer, one
suburban farmer, and one common retailer. Different from a commercial supply chain (whose
members’ objectives are to maximize their profits) and a humanitarian supply chain (whose objective
is to save more people, rather than to prioritize profits), the paper aims to study a development
supply chain where the CSR-conscious retailer aims to lift the poor farmer out of poverty through
cost sharing, altruistic practices, or fairness practices. Can the CSR-conscious retailer (and the
development supply chain) do well by doing good? To answer the above question, four models
of potential CSR investment are established and analyzed. Considering the different influences of
the retailer’s CSR practices, this paper uses a Stackelberg game to analyze the decisions and profits
of the farmers and the retailer in these four models. Our study finds that, first, the retailer’s CSR
practices can improve the whole supply chain’s performance, which means that the supply chain has
the potential to achieve the Pareto improvement for both the farmers and the retailer. Second, the
retailer’s CSR practices yield benefits while implementing cost-sharing or fairness practices. Third,
the rural farmer always benefits from the retailer’s CSR practices and may prefer the altruistic practice
from which they can benefit the most. In addition, to benefit their profit more, the rural farmer should
grow high- or low-value-added crops rather than medium-value-added ones. Fourth, from the
suburban farmer’s perspective, the retailer’s CSR practices are not beneficial for their performance.
However, the extent to which the suburban farmer’s performance decreases is much lower than the
extent to which the rural farmer’s performance improves. The results of this paper might be used by
stakeholders to alleviate poverty.

Keywords: socially responsible practices; development supply chain; emerging markets; operational
improvements; poverty alleviation; game theory
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1. Introduction

In emerging markets, the agricultural sector accounts for a significant portion of
economic activities. Most farmers in developing economies such as India or China remain
poor, partly because most farmers have limited access to advanced farming practices, low-
cost logistics systems, efficient sale channels, and reliable market information, in addition
to other obstacles such as access to traffic, credit, loans, land, electricity, and water [1].
It is an obstacle for farmers in developing areas to make a living since they have a cost
disadvantage over farmers in developed markets [2,3]. In contrast, many large, modern
firms are expanding rapidly in developed regions. For example, with the reform and
opening up in China, many firms have grown, e.g., the Yonghui retail superstore. Facing
these challenges, many companies try to help poor farmers out of poverty [1]. The question
of how to help people in impoverished areas to escape poverty through the efforts of
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firms from developed areas is a vital topic in economic imbalance, poverty alleviation, or
corporate social responsibility (CSR) research.

Many companies take poverty alleviation as social responsibility in developing coun-
tries. However, since industrial poverty alleviation requires overcoming the harsh business
environment, companies have to invest considerable money. This will bring tremendous
financial pressure to CSR-conscious companies, which means that implementing corporate
social responsibility does not necessarily increase profits in the short term. They believe that
conducting CSR is strategic philanthropy. They hope that, in the long run, it may be helpful
to increase their product quality, reputation, or marketing effectiveness, and even increase
profits [4]. For example, the Yonghui superstore invested 50 million RMB in building
value-added food industrial parks and organizing product deep-processing workshops in
Min county of China to support local people to establish their businesses, which helped
at least 5000 households to escape poverty in 2019. As a leading domestic retail company,
Yonghui actively fought against poverty with its abundant supply chain resources and
perfect sales channels through altruism, charity, and fairness. Yonghui also created the
“charity supermarket” model, aiming to target poverty alleviation by various means of
profit surrender [5]. Purchasing and using more products and services from poor areas is an
effective strategy to help poor people to increase their incomes and eliminate poverty. The
Chinese government advocates for supporting some role-model firms, which take the lead
in poverty alleviation through purchasing and reselling products from poor areas under
the same conditions as those in developed regions [6]. With the government’s pro-poor
initiative as an endorsement and the proper profit surrender from CSR-conscious firms,
farmers can provide quality products and sell them at reasonable prices rather than accept
the market price passively. For example, by the end of August 2020, Hubei province had
included 15,235 consumer poverty-relief products, with a total sale volume of 21.25 billion
yuan, effectively offsetting the impact of the price drop on the income of poor households
due to the epidemic. In addition to low-value-added (i.e., low-profit-margin) products such
as vegetables and shiitake mushrooms, farmers can plant more high-value-added products
such as tea and crayfish [7].

A commercial supply chain consists of individual players whose objective is to max-
imize their profits. Whereas a humanitarian supply chain does not maximize its profit,
it always aims to minimize the loss of life and alleviate suffering after a disaster. It does
not matter if it ends up with a higher cost. Unlike a humanitarian or commercial supply
chain, a development supply chain aims for the economic development of the poor [8].
Specifically, a development supply chain refers to the integration of farmers from poor
areas into the supply chain system as suppliers or distributors [9], in which the core firms
implement corresponding strategies according to the characteristics of poor farmers, such
as providing technologies, information, and funds, to improve the performance of poor
farmers and/or the supply chain. CSR-conscious core firms help poor farmers through
cost sharing, altruistic preference, or fairness concerns during this process. These firms
might sacrifice their profits to lift poor farmers out of poverty, and, by doing so, the whole
supply chain’s performance might improve. Such supply chain poverty alleviation practice
is of great help in developing poor areas around the world [10]. All transactions in the
development supply chain are commercial. Unlike commercial supply chains, they require
core firms to implement CSR practices to support farmers struggling to make a living.
Such supply chains can play an essential role in developing areas to bridge the period in
which humanitarian assistance has ended and the economy has grown enough to allow
commercial supply chains to function. Moreover, eventually, farmers from rural areas can
make a living under the competition of suburban farmers, which is a key feature of the
development supply chain.

Typically, rural farmers incur higher costs than suburban farmers in planting the same
types of crops due to the previously mentioned technical and infrastructure disadvantages
and obstacles. A CSR-conscious retailer can help the rural farmer to survive via different
practices, e.g., cost sharing, profit surrendering, or selling more rural products. Doing
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so might cause competition between rural farmers and suburban farmers. Our research
purports to study the impact of the retailer’s different CSR practices on the development
supply chain in the presence of competition. Specifically, given a 2-to-1 development supply
chain with one rural farmer (poor farmer), one suburban farmer (modern farmer), and
one common retailer, our model is intended to examine the following research questions:
(1) What are the effects of the retailer’s CSR practices on the development (i.e., anti-poverty)
supply chain? (2) How can the poor farmer benefit from the retailer’s CSR practices? (3) Are
the retailer’s CSR practices financially sustainable (i.e., can the retailer and the development
supply chain do well by doing good)? (4) What are the determining factors that affect the
performance of the anti-poverty actions and their sustainability?

To examine the research questions, we use a game-theoretic framework to capture the
underlying strategic interactions among three parties: a poor farmer, a suburban farmer,
and a retailer. Our core contribution is to study a development supply chain where the
retailer may sacrifice their profit to lift the poor farmer out of poverty through cost sharing,
altruistic preference, or fairness concerns. Our analysis shows that, with the retailer’s CSR
practices, the performance of poor farmers and even the supply chain has been improved
significantly, providing theoretical support for the development supply chain and poverty
alleviation in impoverished areas. Specifically, our key findings are as follows. (1) The
retailer’s CSR practices improve the whole supply chain’s performance, which means that
the supply chain has the potential to achieve the Pareto improvement for both farmers
and the retailer. (2) The retailer’s CSR practices also yield benefits while implementing
cost-sharing or fairness practices. (3) The rural farmer always benefits from the retailer’s
CSR practices. The effect of altruistic preference practice and fairness concern practice
on the rural farmer’s profit is better than the cost-sharing practice. In addition, to benefit
their profit more, the rural farmer should grow high- or low-value-added crops rather than
medium-value-added ones. (4) From the suburban farmer’s perspective, the retailer’s CSR
practices are not good for their performance. However, the extent to which the suburban
farmer’s performance decreases is much less than the rural farmer’s performance gains.

The rest of this study is organized as follows. In Section 2, we review the relevant
literature. Section 3 describes the model formulations. In Sections 4 and 5, we carry out the
equilibrium analysis and compare four models to articulate the management implications.
Section 6 presents numerical results and insights. Finally, Section 7 concludes the paper.

2. Literature Review

This paper is related to two streams in the literature. The first studies the development
supply chain and the second research stream focuses on CSR practices in the supply chain.

2.1. Development Supply Chain

Agricultural production is easily affected by the weather. Thus, the output is random,
and the demand volatility is high. Coupled with the perishability factor, farmers in
an unstable environment are faced with tremendous pressure and many risks [11]. For
areas with better infrastructure, contract farming is an essential aspect of agricultural
institutions that aid in the transition to modern agriculture [12]. However, farmers in
poverty areas usually face higher production costs and lower profit margins because
they are isolated from main production areas and markets and lack the infrastructure,
knowledge, technology, and information [13]. Although there are cases in which individual
enterprises have led the implementation of initiatives for poverty alleviation, this type of
initiative typically requires resources that an average enterprise would not possess [14].
Thus, an enterprise without a sense of CSR will tend not to participate in poverty alleviation.

In the development supply chain literature, it can be seen that CSR practices have
attracted considerable attention. To alleviate farmer poverty, enterprises, governments,
and nongovernmental organizations are developing different mechanisms for aiding farm-
ers in developing countries. Specifically, Zhou et al. [15] examine whether the broader
dissemination of information will always benefit farmers. Providing information to only
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one farmer is optimal, but providing information to all farmers can be detrimental. Chen
et al. [16] investigate a new business model in which L.T.C. Limited developed the “e-
Choupals” for the rural areas of India, and they find that the implicit agreement behaves
as a formal contract, regardless of the price elasticity of the local market. Upon reaching
an agreement with LT.C., the farmers always give priority to delivering directly to I.T.C.
Since most consumers in rural areas of developing countries cannot afford to purchase
certain livelihood improvement products such as home appliances, Yu et al. [17] develop a
parsimonious model to determine the optimal subsidy program in different settings to gain
a better understanding about the conditions under which it is optimal for the government
to subsidize consumers only, manufacturers only, or both, and they find that the structure
of the optimal subsidy program depends on (a) whether there is a well-established market
selling price for the products; and (b) the relative emphasis that the government places on
consumer welfare versus manufacturer profit.

Although these studies examine the issues of economic value creation for farmers
in different ways, they all lack the investigation of the CSR practices of supply chain
enterprises. They do not study the issue of whether CSR contributes to improving the
economic performance of the supply chain.

2.2. CSR Practices in Supply Chains

There is limited modeling literature on socially responsible operations because this
topic is an emerging research area in operations management [18,19]. Accordingly, most of
the relevant articles are recent. They are divided into three categories: cost-sharing practice,
altruistic preference practice, and fairness concern practice.

Cost-sharing practice. Zhou et al. [20] investigate a two-echelon supply chain where
the retailer provides customers with some pre-sales services, which positively impacts the
market demand. Moreover, the manufacturer’s online channel benefits from the retailer’s
pre-sales services by sharing the retailer’s sales effort cost. The findings show that a service-
cost-sharing contract can effectively stimulate the retailer to improve their service level, the
manufacturer would share a larger proportion of the service cost, and the retailer would set
a higher service level in the differential pricing scenario than in the non-differential pricing
scenario if the degree of free-riding is not very high. Xie et al. [21] investigate a dual-channel
closed-loop supply chain combining the revenue-sharing contract in the forward channel
with the channel investment cost-sharing contract and introduce the Stackelberg game to
explore the contract coordination mechanism. The results show that the proposed contract
can increase the profits of supply chain members. Li et al. [22] investigate the impact of
revenue-sharing and cost-sharing contracts offered by a retailer on emission reduction
efforts and firms’ profitability. The findings suggest that supply chain coordination and
the range of sharing rates depend critically on parameters. Hosseini-Motlagh et al. [23]
propose a cost-sharing contract to explore the coordination issue in a manufacturer—retailer
supply chain where the manufacturer is socially responsible and invests in CSR activities.

Altruistic preference practice. Wang et al. [24] investigate the influence of a government
subsidy and a remanufacturer’s altruistic preference on the decision making in a low-carbon
e-commerce closed-loop supply chain, and find that the altruistic preference behavior
increases the revenue of the e-commerce platform and improves the efficiency of the
supply chain, but is not advantageous to the remanufacturer. In addition, the effects of
altruistic behavior on promoting the recycling of waste products are inferior to the impact
of government subsidies of the same strength. Wan et al. [25] construct a dual-channel
supply chain network equilibrium model comprising hotels, online travel agent platforms,
and demand markets to study the influence of the decision-maker’s altruistic preference
and the consumers’ low-carbon preference on decision-making behavior in all layers of a
dual-channel environmental hotel supply chain, and they find that the altruistic preferences
have different impacts on the supply chain under the merchant mode and the agency
mode. Xu and Wang [26] propose a competitive—cooperative strategy based on altruistic
behavior for the dual-channel supply chain by applying the theory of the co-competition
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game, and prove the existence of the equilibrium strategy and the stability of the proposed
model through mathematical deduction. In the same context, Wang et al. [27,28] study
the decision making, coordination contracts, and altruistic preferences of an e-commerce
supply chain composed of a manufacturer and a third-party e-commerce platform, and
find that altruistic preferences help to improve sales prices and sales service levels.

Fairness concerns practice. Guan et al. [29] examine channel coordination under fairness
concerns in a supply chain. They determine the optimal strategies by differential game
models. A dominant channel member’s sensitivity to fairness is more significant in the
decision-making process and channel efficiency. Caliskan-Demirag et al. [30] extend the
model developed by Cui et al. [31] to a nonlinear demand setting. They find that compared
to the linear demand, the conditions to coordinate the decentralized channel are relaxed, in
which only the retailer has fairness concerns. Yang et al. [32] investigate the effect of the
retailer’s fairness concerns on a distribution channel composed of a manufacturer and a
retailer. They find that there exists a Pareto improvement for the supply chain member’s
profit when the retailer has changed from having no fairness concerns to being fair-minded.
Zheng et al. [33] propose three coordination mechanisms to allocate surplus profit and
examine how the retailer’s fairness concerns practice affects profit allocation in a three-
echelon closed-loop supply chain (CLSC). Zhou et al. [34] consider a low-carbon supply
chain channel with a manufacturer and a retailer and show how the optimal decision
and coordination change when a retailer has fairness concerns. Shen et al. [35] construct
decentralized decision models with and without fairness concerns to study the impact of
network externalities and fairness concerns on platform supply chain advertising strategies.

There is literature that considers CSR in other contexts. Arslan and Turkay [36] inves-
tigate the EOQ model with sustainability considerations that include environmental and
social responsibility criteria and conventional economic considerations. Modak et al. [37]
develop a socially responsible closed-loop supply chain (CLSC) model that considers dona-
tion as a CSR activity and recycling of the used products for environmental sustainability
to investigate the optimal channel structures. Considering the main reasons behind the lack
of social responsibility of multinational corporations, Liu et al. [38] develop a model with
punishment to analyze whether the penalty rate will impact corporate social responsibility’s
input and how it will affect the self-interest of supply chain members.

However, the papers above do not address the comparison of different CSR practices
in a development supply chain with two representative farmers and a retailer. In other
words, they do not give reasonable explanations of how different CSR practices influence
the supply chain equilibrium in different ways. In sum, the literature positioning of this
article is shown in Table 1 by incorporating the supply chain, poor farmer, CSR practices
(cost-sharing practice; altruistic practice; fairness concerns practice), competition, and
game theory. Most existing studies have not considered poor farmers in developing areas.
In addition, although some study the poor farmer in the supply chain (e.g., Sodhi and
Tang [9,39]), they adopt the conceptual approach and do not consider the competition
context, which is one of the main factors that influences pricing decisions in the supply
chain. On the other hand, the researchers including CSR practices in a supply chain
usually focus on a noncompetitive context and ignore the poor farmer’s characteristics
and their impact on the decisions with game theory, which is an essential phenomenon in
a development supply chain. Thus, we will fill the research gap by introducing the poor
farmer’s characteristics, the competition, and the CSR practices in the context of the supply
chain structure.

This study extends the literature related to the development supply chain and CSR
practices and contributes to the literature in the following ways. First, we assume a
positive relationship between CSR practices and consumers’ purchasing intention and
propose the corresponding analytical models to study the optimal decisions of farmers
and retailers. Second, we deploy three retailers” CSR practices, i.e., cost-sharing practice,
altruistic preference practice, and fairness concern practice, and investigate whether these
CSR practices have the same or different implications for the development supply chain.
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Table 1. Positioning of this article.

Poor Supply Cost- Altruistic Fairness Game
Farmer Chain Sharing Preference Concern Competition Theory
Practice Practice Practice
Sodhi & Tang [9] Vv Vv
Sodhi & Tang [39] v Vv
Zhou et al. [15] v Vv Vv
Chen et al. [16] Vv vV v
Zhou et al. [20] Vv Vv Vv Vv
Xie et al. [21] Vv Vv Vv
Wu [40] v v v
Yu et al. [17] Vv N4 Vv
Wang et al. [24] Vv Vv Vv
Wan et al. [25] Vv Vv Vv Vv
Xu & Wang [26] v Vv Vv
Guan et al. [29] Vv v v
Zheng et al. [33] Vv Vv Vv Vv
Zhou et al. [34] Vv Vv Vv
This paper v N, v v v v ¥,

3. Model Assumptions

We analyze a two-level supply chain that has two representative farmers (“she”) who
produce and sell similar agricultural products to a common retailer (“he”), as depicted in
Figure 1. The farmer (farmer 1) from a poor rural area can label their crops as anti-poverty
products, which are certified by the government (e.g., in China) so that customers know they
are purchasing an anti-poverty product at the point of purchase. The crops produced by
the farmer (farmer 2) from a suburban area are considered a general product. The farmers
offer a reasonable wholesale price for their agricultural products before the sale season.
The retailer signs a purchase contract that specifies the agreed price and volume with the
farmers to meet the demand of the retail market. We assume that the farmers engage
in the Bertrand competition, which is similar to those used in prior literature [16,18,41].
Farmer 1 incurs a unit production cost ¢ + y, and farmer 2 incurs a unit production cost
c. Without loss of generality, let c = 0 and the unit production cost to the retailer is 0.
In this development supply chain, the retailer implements social responsibility practices
through cost sharing, altruistic preference, and fairness concerns to support the farmers
from rural areas. Consumers have become more sensitive to CSR practices over the past
few decades, which strongly influences corporate strategies and decisions [40]. Existing
literature suggests that CSR practices have often positively influenced consumers’ purchase
intentions and company profitability [42,43]. According to a survey conducted by Yuen
et al. [44], CSR practices positively affect consumer satisfaction and consumers are willing
to pay extra premiums for CSR. For example, Chongqing municipality created a public
poverty-alleviation brand, which can be used for all identified anti-poverty products and
enhance added value through the brand effect. In 2020, the sales of anti-poverty products
in Chongqing amounted to 2 billion yuan, increasing by 7.1 percent over 2019.

We assume that consumers are willing to pay extra money for each anti-poverty-
labeled product 1 (x7, k6, x¢), where (7, 0, ¢) represents the degree of retailer’s different
types of CSR practices on farmer 1, as depicted in Table 2. «x represents the extent to
which consumers perceive the retailer’s CSR practices. ¥ = 0 means that even if the
retailer implements CSR practices, the practices are not perceived by consumers, which is
equivalent to the effect when there is no anti-poverty label. x > 0 means that consumers
can perceive the retailer’s CSR practices, and the larger «, the more pronounced the degree
of perception. We consider a one-period model. The two farmers set the wholesale price
wy and w; first, and the retailer sets the order quantities g1 and g, after observing the
wholesale prices. The market prices p; and pp without the retailer’s CSR practices follow a
downward-sloping inverse demand function:
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p1 = a1 —bgqy — g2 1)
p2 = a2 —bga — yq1 2
Farmer 1
/07
(rural farmer ) xb K
Y >
a Retailer market
>
W,
Farmer 2 19,
( suburban farmer )

Figure 1. Two-echelon two-to-one development supply chain structure.

Table 2. Explanation of CSR practices.

CSR Practices Explanation

Due to technical and infrastructure disadvantages, the rural
farmer pays more than the suburban farmer to grow the same

Cost-sharing practice agricultural products. As a CSR practice, the CSR-conscious
retailer shares the rural farmer’s cost, but not the suburban
farmer’s.

The CSR-conscious retailer has altruistic behavior toward the

Altruistic preferen: racti
stic prelerence practice rural farmer but not the suburban farmer.

Typically, the retailer will order more products from the
suburban farmer due to the cost advantage. As a fairness
concerns practice, the CSR-conscious retailer tries to order a
similar amount from both farmers.

Fairness concern practice

This type of inverse demand function is widely used in alternative products [45,46].
a1 and ap correspond to the market potential. Since these two products come from different
regions and brands (anti-poverty products, general products), a; and a, are different
and relatively independent. For example, Yangshan, a poor county in China, is known
for chicken farming, and the selling price in the Guangzhou wholesale market is very
competitive (a1 > a3). On the other hand, the two products from the farmers are popular
commodities whose quantities sensitivity and cross-quantities sensitivity are very close.
For the convenience of processing, we assume that the quantities sensitivity and cross-
quantities sensitivity are the same in these two inverse demand functions. b represents
quantities sensitivity, and cross-quantities sensitivity -y reflects the degree to which the
products of the two farmers are substitutes (b > 7). All parameters are positive. Table 3
lists the definitions of the symbols used in the paper.

Four models are established and analyzed based on three CSR practices. For expo-
sitional simplicity, the basic model without any CSR practice, the model with the CSR
practice being the retailer sharing the cost proactively, the model with the CSR practice
being the retailer’s altruistic preference, and the model with the CSR practice being the
retailer’s fairness concerns strategy are denoted as Model N, Model S, Model A, and Model
F, respectively.
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Table 3. Summary of notations.

Notation Definition

a; Market potential of farmers’” products

b The quantities sensitivity parameter of two products

0% The competition intensity of two farmers’ products

K The elasticity of market price with regard to CSR performance

U The cost difference between two farmers’ products

T The degree of retailer’s cost-sharing practice

0 The degree of retailer’s altruistic preference practice

¢ The degree of retailer’s fairness concern practice

pf Market prices of the two products

wf The wholesale price of two products (farmers” decision variable)
fig The order quantities of two products (retailer’s decision variable)
71'{: Profit of two farmers

71% Profit of the retailer

n]S c Profit of the supply chain

Note: i = {1,2} represent farmer 1 and farmer 2, respectively. j = {N, S, A, F} represent model N, model S,
model A, and model F, respectively.

4. Model Analysis
4.1. Model N: The Base Model

In Model N, the supply chain members are rational economic individuals who make
decisions to maximize their profits. This model is a benchmark to analyze the effect of
retailers” CSR practices.

Farmer 1’s profit is determined by

m = (w1 — p)m ®)
Farmer 2’s profit is determined by

Ty = Waq> 4)

The retailer’s profit is determined by

R = (p1 — w1)q1 + (p2 — w2)q2 )

The following proposition details the equilibrium results for the two-stage game,

which can be solved analytically using the backward induction method, and we obtain
Lemma 1.

Lemma 1. In model N, the farmers” equilibrium wholesale prices are

2a1b% — ayy? 4 2b%u — axb
N _ 40 1Y I 207
wy = 4b2—’)/2 (6)

2a,b% — ary? — a1by + b
N _ 22 27 197 T Oy

The retailer’s equilibrium order quantities are

N _ b(2a1b* — ayy? = 267 + P — axby) @®)
& 2(4b% — 50292 1 o4

N b(2ab? — axy? — ayby 4 byp) )
12 = T —5p2y2 1 oY)

All the proofs are given in Appendix A.
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We next examine the effects of the model parameters on the farmers” wholesale prices,
the retailer’s order quantities, the market prices, and the supply chain member’s profits in
sequence. Specifically, we study the effects of the cost difference y.

Proposition 1. (i) wl, wY, pl, pY, q) increase with y, q¥ decreases with y; (ii) ¥ decreases
with p, and 7T increases with y; (iii) 7Y increases with y if Ay is positive; otherwise, it decreases

with p, where Ay = 2a,y® — (a1 — p) (8> — 6b7?).

Proposition 1 indicates that, on the one hand, the higher the cost difference y, the
higher the wholesale price w; will be established to maintain farmer 1’s optimal profit. It
will force the retailer to increase the market price p;, which leads to the lower demand ¢4
for product 1, and then affects the profit of product 1; that is, farmer 1 obtains a lower profit.
On the other hand, farmer 2 has a competitive advantage over farmer 1 for the increasing
cost difference, which always benefits farmer 2. Since the demand of product 1 can be
transferred to product 2 through competition, thus, not only the wholesale price w, and the
market price pp will be set higher, but also the demand g, for product 2 increases, which
will increase farmer 2’s profit. As the retailer’s profit is affected by product 1 and product
2, only if the maximum unit profit of product 1 (a; — p) is greater than that of product 2
(a2) will the retailer’s profit decrease with the increasing cost difference p.

4.2. Model S: Model with a Cost-Sharing Retailer
Next, we explore a scenario in which the retailer implements social responsibility
through cost sharing with farmers from rural areas. Since the consumers are willing to
pay more for an anti-poverty product labeled with the retailer’s cost-sharing practices, the
demand functions of product 1 become p; = a1 — bgqy — yq2 + 7T [42,43], and the demand
functions of product 2 remain the same as 2. Thus, farmer 1’s profit is determined by
my = [w1 — p(1 = 7)1 (10)

Farmer 2’s profit is determined by

T = W (11)

The retailer’s profit is determined by
R = (p1 — w1 — TH)q1 + (p2 — w2)q2 (12)

Lemma 2. In Model S, (i) the farmers” equilibrium wholesale prices are

s 2a1b% — ayy? — apby + 2b2y —4b?uT 4 YUt — YT + 20%KT
wy = 2 (13)
2a,b% — ary? — ayby + byp — byxt
s _ <2 27 1977 — 0y — 0%
w5 = 17— 2 (14)
The retailer’s equilibrium order quantities are
5 _ b(2u1b2 — a1y? — agby — 2024 + y?p + 2b% kT — 721('() (15)
g 2(4b* — 50292 + 7%
s b(2ab? — ayy* — ayby + byp — byxt) 16)

2= 2(4b* — 50292 + 7%

(ii) The retailer’s equilibrium profit is 7y, and farmer 1's equilibrium profit and farmer 2's
equilibrium profit are as follows:

149



Mathematics 2022, 10, 3762

5 _ b(ayy? — 2a1b% + 267 — 2 — 2b%kT + KT + azb'y)z a7
: 2(b2 — 9?) (402 — 72)?

b(ayy? — 2ab* + ayby — byp + b’y;cr)z
262 = 72) (407 — 72)°

We next examine the effects of the model parameters on the farmers’” wholesale prices,

the retailer’s order quantities, the market prices, and the supply chain member’s profits in

sequence. Specifically, we study the effects of the cost difference u and the degree of the
retailer’s cost sharing 7.

s =

(18)

Proposition 2. (i) w} increases with y if T < 2b*/(4b* — 4?), and decreases with p if 2b*/
(4b% — %) < T < 1; (i) w3, p3, p3, q5 increase with y, and q3 decreases with y; (iii) 77, 73
decrease with y and 7t5 increase with y; (iv) when 0 < u < wo, ”gc decreases with y; when y > o,

T3 increases with y, where py = (a1 + x7) — ap (8b3y — 3b7°) / (12b* — 9?72 + 27*).

Proposition 2 indicates that when the degree of the retailer’s CSR practice is low
(T < 2b%/(4b> — 7?)), the retailer shares a small proportion of the cost difference, and
farmer 1 still bears most of the cost difference. The higher the cost difference y, the higher
the wholesale price w; will be established to maintain farmer 1’s optimal profit. It will
force the retailer to increase the market price (p1), which leads to the lower demand for
product 1 (g1), and then affects the profit of product 1; that is, farmer 1 obtains a lower
profit. When the degree of the retailer’s CSR practice is high (2b?/ (46> — 7?) < T < 1),
most of the cost difference will be transferred to the retailer. Farmer 1 will set a lower
wholesale price despite facing a higher cost difference y. However, it will induce the
retailer to set a higher market price for product 1, leading to a lower demand for product
1. Thus, farmer 1 still obtains a lower profit; the cost difference always hurts farmer 1. As
we know from Proposition 1, farmer 2 has a competitive advantage over farmer 1 for the
increasing cost difference, which always benefits farmer 2. Since the demand of product 1
can be transferred to product 2 through competition, thus, not only the wholesale price w,
and the market price p, will be set higher, but also the demand g, for product 2 increases,
which will increase farmer 2’s profit. As for the retailer, even though his profit is affected
by product 1 and product 2, he takes on a certain proportion of the cost difference y as
implementing social responsibility. Thus, his profit will decrease with increasing cost
differences.

However, the impact of cost difference on supply chain profit falls into two cases,
which are affected by the relationship between the elasticity of the sale price x and the
potential markets of product 1 (a1) and product 2 (a). When the cost difference is small
(0 < u < pg), the supply chain profit will decrease with pi. The reason is that a smaller
cost difference (1 < o) means that the consumers are willing to pay more for the retailer’s
CSR practice (a larger x) and prefer product 1 over product 2 (a; > a3). There may be
little room for the retailer’s CSR practice to be effective; that is, the increase in farmer
1’s profit is less than the retailer’s giveaway. As for case two, when the cost difference is
slightly higher than the threshold (y), the supply chain profit may benefit from . The
probable reason is that a high cost difference may undermine the advantage of product 1
over product 2, which means that the retailer’s CSR practice is effective, allowing farmer
1 to obtain more profit than what the retailer provides. Therefore, in poverty alleviation,
on the one hand, firms and governments should improve the business infrastructure to
minimize cost differences for those anti-poverty products that will help the supply chain to
obtain a better profit (case one). On the other hand, for those anti-poverty products with a
relatively high cost difference, firms should seek methods to improve the effectiveness of
CSR practices, which may help to improve the supply chain profit, e.g., taking measures of
publicity to strengthen consumers’ recognition of CSR. Otherwise, it may need support
from the government.
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Proposition 3. (i) wf increases with T if (2b* — 72)1{ — (4172 — %) u > 0; otherwise, it de-

creases; (ii) pf, qf increase with t, and wg, pg, qg decrease with t; (iii) nf, 711% increase with

T, and ng decreases with T; (iv) when 0 < T < min(Ty, 1), ngc decreases with T, and when
1 a2(8h3'y—3b73)

max (0, T9) < T < 1, 3 increases with T, where Ty = % (b0 2y7) (a7 —p)|.

Proposition 3 indicates that, relative to the cost difference, when the elasticity of the
sale price concerning the degree of cost sharing is large (x > 1 (4b* — %)/ (20> — 7?)),
consumers are more willing to pay extra money for product 1 after observing the re-
tailer’s CSR practice. With a higher degree of cost sharing 7, not only the wholesale
price w; and the market price p; will be set higher, but also the demand of product 1
increases, which will increase farmer 1’s profit. Furthermore, relative to the cost differ-
ence, when the elasticity of the sale price concerning the degree of cost sharing is small
(0 < < p(4b* — y?)/ (2b* — 4?)), farmer 1 will set a lower wholesale price even though
the retailer implements a higher degree of cost sharing 7. However, because of the con-
sumer purchasing intention, the retailer still can set a higher market price p; and obtain a
higher demand for product 1 at the same time, which means that farmer 1 obtains a higher
profit. Thus, the retailer’s cost-sharing practices always benefit farmer 1.

Farmer 2 has a competitive disadvantage over farmer 1 for the increasing degree of
the retailer’s cost sharing, which always hurts farmer 2. Since the demand of product 2 can
be transferred to product 1 through competition, thus, not only the wholesale price w, and
the market price p, will be set lower, but also the demand g, of product 2 will decrease,
which will decrease farmer 2’s profit.

Since the retailer’s profit is affected by product 1 and product 2, the retailer’s profit
will increase with an increasing degree of cost sharing 7, which means that the retailer’s
cost-sharing practice benefits not only farmer 1 but also himself. It proves that the consumer
market recognizes the retailer’s CSR practice to some extent. Thus, higher cost sharing may
help the retailer to obtain better profits.

As for the supply chain, the effect of the cost sharing on its profit depends on the
relationship between the elasticity of the sale price x, the potential markets of product 1
(a1), and the cost difference y. For example, a higher degree of cost sharing T may induce a
higher supply chain profit because consumers are willing to pay more for the retailer’s CSR
practice (a larger x) and prefer product 1 with a low cost difference than product 2 (a; > a5).
Thus, the management implication is similar to Proposition 2. In poverty alleviation, on
the one hand, firms and governments should build brands for poverty-alleviation products
and pay attention to quality, packaging, advertising, etc., to improve their market potential.
On the other hand, firms can organize various activities to promote CSR, which may help
to strengthen consumers’ recognition of their CSR behaviors.

Let A = pY — u to capture the added value of the anti-poverty product. 75, =
nls + 7r25 + 71152 is the supply chain profit in Model S. Substituting 1 = pl¥ — A into 3., we
obtain Proposition 4.

Proposition 4. (i) When 0 < T < min(tps, 1), 7t5,. decreases first and then increases with A; when
min(tas, 1) < T < 1, it increases with A; (ii) when 0 < A < Ay, 75, decreases first and then
apby (36b* —25b37 2 +44%)

1 (7206 —78b472+30b24—446)

increases with T; when Ars < A, 15, increases with T, where Tag =

arby (%2 —472)

Avs = o 1ay7 ey

Proposition 4 shows the interaction effect of the added value A and the degree of
cost sharing T on the supply chain profit. To obtain a higher supply chain profit, on the
one hand, from the retailer’s perspective, if farmer 1 has produced high-value-added
products, e.g., medicinal materials, then the retailer should implement a higher degree of
CSR practice—that is, to share a greater proportion of the cost difference. If farmer 1 has
produced low-value-added products, e.g., rice or soybeans, the retailer should implement
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a slightly lower CSR practice to avoid reducing the supply chain profit. When farmer 1 has
planted low-value-added products, a higher retailer’s CSR practice may make competition
between farmers fiercer, which will not help to increase the supply chain profit.

On the other hand, from farmer 1’s perspective, if the retailer has a high degree of CSR
practice, farmer 1 should plant products with high added value. If the retailer performs a
low degree of CSR practice, farmer 1 should grow low-value-added products. Farmer 1
should not grow medium-value-added products, which do not help to increase the supply
chain profit. The possible reason may be that the threshold for farmer 1 to plant high-value-
added products is relatively high. The added value can compensate for the threshold cost,
causing the supply chain to profit at a higher level. For example, it requires farmer 1 to
have increased operational capacity and investment to produce rare medicinal materials,
but the added value of these products is much higher than the cost. However, the value of
medium-value-added products cannot cover the threshold cost for farmer 1. For instance,
farmers from poor areas in China invest in such medium-value-added products as fruits,
e.g., mandarin oranges. Even if such a product does not require a significant investment, it
cannot help them to obtain a better profit since it cannot be sold at a higher price.

4.3. Model A: Model with an Altruistic Preference Retailer

Altruistic preference behavior is another type of retailer’s CSR practice in which the
retailer takes farmers’ profit into account when making decisions. Let the degree of the
retailer’s altruistic preference for farmer 1 be 6 (0 < 6 < 1), which means that the retailer
favors farmer 1. The consumers are willing to pay more for an anti-poverty product labeled
with the retailer’s altruistic preference practice. Thus, the demand function of product 1
becomes p; = a; — bgy; — yq2 + k0 [42,43], and the demand function of product 2 remains
the same as py = ay — bgo — vq1.

Farmer 1’s profit is determined by

m = (w1 — u)q (19)

Farmer 2’s profit is determined by

T = W (20)

The retailer’s utility is determined by

Ur = (p1 — w1)q1 + (p2 — w2)q2 + 013 (21)

Lemma 3. In Model A, (i) the farmers” equilibrium wholesale prices are

wh — 201b% — a2 + szy +2b%K6 — 4b2y9 — ¥%k0 + 2 ub — axby

1 @ =) 1 -6) .

A @y —2apb* + arby — byp + byx6
w2 == 42 — 2

(23)
The retailer’s equilibrium order quantities are

4 b(ary? — 2aqb% + 2%y — y*p — 2670 + ¥2x6 + aby)

_ 24
g 2(4b* — 5b22 + *) @

a_ b(ayy? — 2a1b% + 26 — y?u — 2670 + y*0 + axby) (25)
12 2(4b* — 50292 + %)

(ii) The retailer’s equilibrium profit is wg = (pf! —wit)qf + (p5' — w4')qs, and farmers
1’s equilibrium profit and farmer 2’s equilibrium profit are as follows:
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A b(ary? — 2a10% + 26 — 2 — 26%k6 + K0 + azb'y)z
' 2(12 — 2) (402 —12)*(1 - 6)

(26)

7TA . b(ag’yz — 2{12172 + ﬂlb’)/ — b’)’]/l + b’)/KQ)Z
i 212 — 72) (412 — 2’
We next examine the effects of the model parameters on the farmers’” wholesale prices,
the retailer’s order quantities, the market prices, and the supply chain member’s profits in

sequence. Specifically, we study the effects of the cost difference u and the degree of the
retailer’s altruistic preference 0 for farmer 1.

(27)

Proposition 5. (i) w{ increases with p if 0 < 6 < 6y, and decreases with 0 if 0y < 0 < 1, where

6o = % ; (i) wat, pit, p3t, g5 increase with y; and g% decreases with y; (iii) 74 decreases with
,and 1t2t increases with u; (iv) If 0 < 6 < 01 (6, < 6 < 1), then when 0 < u < uq, 74 decreases
K 2 K N
4h* —3h22
12b% — 112424247

(v) when 0 < p <y, 4 decreases with y; and

(increases) with y; and when y > 1, 74 increases (decreases) with i, where 6, =

a (40319 —by°0—b7?) )
1264 —11b292+294 ) 0—4b*4-3b227

ylzal—i—GK—(

ap (81)37731773)

when p > pp, T increases with , where py = (a1 + x0) — 126490292124

Proposition 5 indicates that when the degree of the retailer’s CSR practice is low
(0 < 8 < Bp)—that is, the retailer takes a small proportion of farmers’ profit into account
when making decisions—the higher the cost difference y, the higher the wholesale price w;
will be established to maintain farmer 1’s optimal profit. It will force the retailer to increase
the market price (p;), which leads to the lower demand ¢; of product 1, and then affects the
profit of product 1; that is, farmer 1 obtains a lower profit. When the degree of the retailer’s
CSR practice is high (6) < 8 < 1), it means that the retailer is willing to transfer a higher
part of the profit to farmer 1 when making a decision. Farmer 1 will set a lower wholesale
price despite facing a higher cost difference. However, this will induce the retailer to set
a higher market price for product 1, which leads to a lower demand of product 1. Thus,
farmer 1 still obtains a lower profit; that is, the cost difference always hurts farmer 1. As
we know from Propositions 1 and 2, farmer 2 has a competitive advantage over farmer 1
for the increasing cost difference, which always benefits farmer 2. Since the demand of
product 1 can be transferred to product 2 through competition, thus, not only the wholesale
price w, and the market price p, will be set higher, but also the demand g of product 2
increases, which will increase farmer 2’s profit.

As we know, the retailer’s profit is affected by product 1 and product 2. There are two
ways for the retailer to increase his profit when facing the increasing cost difference. The
first one is that when the cost difference is low (0 < p < p1), the retailer can implement a
high degree of CSR practice (§; < 6 < 1). The reason is that a high degree of CSR practice
helps to mitigate the double marginal effect between farmer 1 and the retailer, which results
in a better profit. The second one is that when the cost difference is high (# > 1), the
retailer can implement a low degree of CSR practice (0 < 6 < 6;). It means that farmer 1
bears most of the increasing cost difference, which may cause the retailer to take part of the
profit from farmer 1.

From the perspective of the supply chain, the impact of the cost difference on the
supply chain profit is affected by the relationship between the elasticity of the sale price
x and the potential markets of product 1 (a1) and product 2 (ay), which is similar to
Proposition 2(iv). For example, when the cost difference is slightly higher than the threshold
(#2), the supply chain profit may benefit from y. The reason may be that with a slightly
higher cost difference, the marginal revenue of the retailer’s CSR practice for farmer 1 is
higher than the marginal cost of CSR for the retailer, which means that the retailer’s CSR
practice is effective.
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Proposition 6. (i) w{ increases (decreases) with 0 if (a7 — p +x) > (<)%; (i) pft, gt in-

crease with 0; and w?, pf‘, q? decrease with 0; (iii) ﬂé“ decreases with 6; (iv) when (a1 + k6 — u) <
2;22312 < a1 +x(2—0) — ], i decreases with 0; when 2522312 < (ay+x60 — p) or 2522312 >
[a1 + k(2 — 0) — ], 7{" increases with 6; (v) when 0 < § < min(6y,1), 7w&- decreases with 6;
1 ap (8h3773b’)‘3) o _
=Ty Rl C R DI

when max(62,0) < 6 <1, N‘SA‘C increases with 6, where 0, =

Proposition 6 indicates that if the maximum unit profit of product 1 is relatively greater
than that of product 2 (a; — p +x) > aby/ (2b* — 7?), farmer 1 will set a higher wholesale
price even though the retailer implements a higher degree of altruistic preference. On
the other hand, if the maximum unit profit of product 1 is relatively smaller than that
of product 2 (a1 — p + k) < asby/(2b* — 4?), the higher degree of the retailer’s altruistic
preference for farmer 1 leads to a lower wholesale price wi. However, because of con-
sumers’ purchasing intentions, the retailer can still set a higher market price p; and obtain a
higher demand g; of product 1. Thus, farmer 1 may obtain a higher profit when the retailer
performs a higher level of altruistic preference. Since the retailer’s altruistic preference
practice is motivated by helping farmer 1, farmer 2 has a competitive disadvantage over
farmer 1, which is always not beneficial for farmer 2. The higher the degree of altruistic
preference, the more demand of product 2 can be transferred to product 1 through com-
petition. Thus, not only the wholesale price w, and the market price p, will be set lower,
but also the demand g5 of product 2 will decrease, which will decrease farmer 2’s profit.
The effect of the retailer’s altruistic preference practice on the supply chain profit depends
on the relationship between the elasticity of the sale price «, the potential markets a; of
product 1, and the cost difference y, which is similar to Proposition 3(iv). For example, a
higher degree of altruistic preference 6 may induce a higher supply chain profit because
the consumers are willing to pay more for the retailer’s altruistic preference practice (a
larger x) and prefer product 1 with a low cost difference than product 2 (a; > ay). Thus,
in addition to the measures proposed in Proposition 3, firms and governments can work
together to improve the business infrastructure to reduce cost differentials, which may help
in poverty alleviation.

Let A = p)¥ — y to capture the added value of a poverty-alleviation-labeled product.
nS = nf + 77:3 + 7IIS< is the supply chain profit. Substituting = p)¥ — A into 3., we have
Proposition 7.

Proposition 7. (i) When 0 < 6 < min(0p4,1), 72 decreases first and then increases with A; when
min(fpap4,1) <6 <1, 4k increases with A; (ii) when 0 < A < Aga, 74 decreases first and then in-

aby(36b* 25052 +49%) S
k(7265780402 43002 —496) T A

creases with 6; when NAgy < A,ng% increases with 6, where Op 4 =

Aps — aby (36b*+47* —25b27%)
0A = 9616 —96b%2+34b77F —4y5 "

Proposition 7 shows the interaction effect of the added value A and the degree of the
retailer’s altruistic preference 6 on the supply chain profit. From the perspective of farmer 1,
she should produce crops with high added value after observing the retailer implementing
a high level of altruistic preference. Otherwise, farmer 1 should produce crops with low
added value. From the perspective of the retailer, if farmer 1 has produced high-value-
added crops, the retailer should perform a high degree of altruistic preference. If farmer 1
has produced low-value-added products, the retailer should implement a slightly lower
degree of CSR practice to avoid reducing the supply chain profit. Thus, only the retailer
and farmer 1 cooperate well, which can maximize the supply chain profit.

4.4. Model F: Model with a Fair-Minded Retailer

Fairness concerns practice is a type of retailer’s indirect CSR practice for farmer 1, and
will affect the distribution of supply chain profits in the supply chain [47]. The fair-minded
retailer takes the order quantities of product 1 and product 2 into account when making
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decisions. We model fairness concerns practice as quantities inequity aversion such that the
fair-minded retailer is willing to “give up some monetary payoff to move in the direction
of more equitable outcomes” [31,48]. Let the degree of the retailer’s fairness concerns be ¢.
Since farmer 2 has an advantage over farmer 1 because of the cost difference, the retailer’s
fairness concerns practice means caring for farmer 1. Since the consumers are willing to pay
more for an anti-poverty product labeled with the retailer’s fairness concern practice, the
demand function of product 1 becomes p; = a1 — bg; — yq2 + k¢ [42,43] and the demand
function of product 2 remains the same as py = ay — bga — 4.
Farmer 1’s profit is determined by

m = (wy — W) (28)

Farmer 2’s profit is determined by

Ttp = Wa(2 (29)

The retailer’s profit is determined by

R = (p1 —w1)q1 + (p2 — w2)q2 (30)

The retailer’s utility is determined by
Ur = (p1 = w1)q1 + (p2 — w2)q2 — (92 — q1) (31)

Lemma 4. In Model F, (i) the farmers” equilibrium wholesale prices are

WF — 2a10% — a19? + 20%p + 262 — V2 — Pk — axby + by + 2b%k¢

! 4h2 — 42 (32)
o my? —2apb? + 267 — v P + arby — by + byg + by
4b? — 2
The retailer’s equilibrium order quantities are
F_ b(2a1b% — ayy* — 2024 + 2% + VP — 2 p — v — azby + by + 2b%k¢p) (34)
g 2(4b% — 56292 + o)

P b(agy? — 2ab% + 202 — > + arby — byp + by + byxe) 35)

1 2(4b% — 50292 + o)

(ii) The retailer’s equilibrium profit is tf = (pi — wi)q} + (p5 — wh)qh, and farmer 1's
equilibrium profit and farmer 2’s equilibrium profit are as follows:

o b(2a1b? — agy? = 207 + 26%p + U — vAP — Pk — aby + by + 2%k

B )? 26
e 212 — 12) (412 — 72)? 0

E_ b(apyy? — 2apb% + 202 — y*p + arby — byp + byp + b’)/K4))2
’ 2(12 — 4?) (402 — 72)°
We next examine the effects of the model parameters on the farmers” wholesale prices,
the retailer’s order quantities, the market prices, and the supply chain member’s profits

in sequence. Specifically, we study the effects of the cost difference y and the degree of
retailer’s fairness concerns ¢ here.

(37)
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Proposition 8. (i) wf, wg, pf, pg, qg, 7'(5 increase with y; (ii) qf, nf decrease with y; (iii) nll';

decreases with y in 0 < p < uz, and increases with p in y > uz, where u3 = (ay + ¢x) —

22b73 +¢(b+7)*(2b—7)>
R (42-372)

; (iv) itk decreases with pin 0 < p < py, and increases with p in y > py,

a3 (8631 —3b7%) —p(2b—7)* (b+7)*
(1264 —9b2924294) )

where py = (a1 + ¢px) —

Proposition 8 indicates that, on the one hand, the higher the cost difference y, the
higher the wholesale price w; will be established to maintain farmer 1’s optimal profit.
The higher wholesale price w; will force the retailer to increase the market price p1, which
leads to the lower demand g; of product 1, affecting the profit of product 1; that is, farmer 1
obtains a lower profit. On the other hand, farmer 2 has a competitive advantage over farmer
1 for the increasing cost difference, which always benefits farmer 2. Since the demand of
product 1 can be transferred to product 2 through competition, thus, not only the wholesale
price wy and the market price p, will be set higher, but also the demand g of product 2
increases, which will increase farmer 2’s profit.

However, the effect of the cost difference on the retailer’s profit and supply chain
profit are similar. When the cost difference is small (0 < p < p3, 0 < u < pg4), both the
retailer’s profit and supply chain profit will decrease. A small cost difference means that
the competitive advantages of product 1 and product 2 are similar. Thus, there may be little
room for the retailer’s CSR practice to be effective; the increase in farmer 1’s profit is less
than the retailer’s giveaway.

When the cost difference is slightly higher than the threshold (y3, j4), both the re-
tailer’s profit and supply chain profit may benefit from . In this situation, farmer 1 has a
competitive disadvantage over farmer 2, which means that the marginal revenue of the
retailer’s CSR practice for farmer 1 is high. To some extent, it demonstrates the retailer’s
CSR practice’s effectiveness.

Proposition 9. (i) wf, qf increase with ¢; (ii) wg, qg, 715 decrease with ¢; (iii) when © >
(<) (2b* — by) /(66> —292), p! increases (decreases) with ¢; when x > (<)(2b— )/, p5
increases (decreases) with ¢; when x > (2b> — bry) / (2b* — 4*), rik increases with ¢.

Proposition 9 shows that a retailer’s greater fairness concern can help farmer 1 to
obtain a higher profit if consumers have relatively high recognition of the retailer’s CSR
practice (x > (2b* — by) /(26> — 7?)). On the one hand, if consumers have relatively high
recognition of the retailer’s CSR practice (x > (2b% — by)/ (6b* — 29?)), the market price
of product 1 will be higher. On the other hand, a fair-minded retailer is more willing
to purchase from farmer 1 (larger 4f), which may help farmer 1 to increase slightly the
wholesale price wf. Thus, farmer 1 will obtain a higher profit. As for farmer 2, since the
retailer’s purchases are skewed towards farmer 1, farmer 2 has a competitive disadvantage
over farmer 1, which means that the order quantity of product 2 will decrease. Furthermore,
the market price of product 2 will also decrease due to consumers preferring product 1,
which can lead to a lower wholesale price w} of product 2. Thus, farmer 2 will also obtain
a lower profit.

Let A = p¥ — ju to capture the added value of the anti-poverty product. 7tl, = 7} + 7t + 7tk
is the supply chain profit. Substituting = p) — A into 7tf., we obtain Proposition 10.

Proposition 10. (i) When 0 < ¢ < min(¢par, 1), 7L, decreases first and then increases with

A; when min(pap, 1) < ¢ < 1, 7tk increases with A; (i) when 0 < A < AyF, ik, de-
creases first and then increases with ¢; when App < A, ik, increases with ¢, where Dpr =
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a (4by° 4 36b°y — 25b373) — kg (720° — 78b*9* — 40 4 30b%9*)
—(24b° — 296 + 126%9* — 200°% — 26b*92 4 4b75 + 24b%7) p B
(9666 —96b%12+34b2 94 —490) and  ¢ar -
(—ar?) 6a,b%y? — 6arb* — 2ary* + 3arby® — 5arb>y + 4arby3x — 9ar b3y
! F24Ab* K + 4A7 K — 18AB2 72K + 8Ab* + 2A9* — 6AD>9% — 4AbY3 + 8Ab3y
S 12b*2 + 8b*k + 8b3 K — 9?2k — 6b* K
—4by3x + 2942 + 294k — 8b* + 6b%9% — 2b3

Proposition 10 shows the interaction effect of the added value A and the degree of
retailer’s fairness concerns ¢ on supply chain profit. There is a game between farmer 1
and the retailer to maximize the supply chain profit; each one can adopt a strategy based
on the other’s action. From the perspective of farmer 1, she should produce crops with
high value-added after observing a retailer with high fairness concerns. Otherwise, farmer
1 should produce crops with low added value. From the retailer’s perspective, if farmer
1 has produced high-value-added crops, the retailer should perform a high degree of
fairness concern. If farmer 1 has produced low-value-added products, the retailer should
implement a slightly lower degree of CSR practice to avoid reducing the supply chain
profit. Thus, the retailer and farmer 1 can work together to maximize the supply chain
profit.

5. Comparison of Four Models

This section discusses the comparison of Model N, Model S, Model A, and Model F.
Since the two farmers seek competitive pricing policies while the retailer is making optimal
quantities decisions, each player considers interaction with the competitor to maximize
their individual profit. We compare the equilibria of each player in the same degree of the
retailer’s CSR practice and let § = ¢ = 7.

Proposition 11. (i) wy' = w3, qf! = g, q5' = g5, pi* = p3, P4 = p5; when 2010 — a19% +
202 — apby + T (202 — i — 4b%u + ) > (<)0, wit > (<)wi. (i) wh > wi, wh < w3,
F F F F 5y oo F A F o gA F A F A F .
91 > 3,0 < 495, P1< Pi/ Py = ng (”21) Wy < Wiy > Qvsdy <920 P1 S PioPy > psi
by—2a1b° a1y +2b pu—y u+2b*—y*+arby _ F A

when T < (>) ! (2b21772+b7+2b21(772x) =, wp > (<wg.

Proposition 11 shows the comparison of decision equilibria between the four models.
In Models A and S, the decision equilibria of product 2 are the same (w§ = wg g5 = qg ,
pat = p3). Furthermore, the order quantities q; and market price p; of product 1 remain
the same. It means that the form of the retailer’s CSR practices will not affect the overall
profit of the supply chain, but will affect the profit distribution among the supply chain in
Model A and Model S. As for Model F, compared with Models S and A, the retailer will
order more product 1 (41 > 47, g1 < g¢!), but has a lower market price (p} < p7, pi < pih).
However, the retailer will order product 2 in a lower quantity (95 < 45, ¢ < g4'), but has
a higher market price (p5 > pg , v} > p4). Thus, the retailer implementing different CSR
practices can affect the strategic equilibria of supply chain members.

Proposition 12. (i) nf > n{\’, 7'({‘ > n{\l, nf > 7'({\’, n{‘ > nf, nf > nf; (ii) there exists a T

whereby, when 0 < T < 19, an > 7Tf‘, and when 7 < T < 1, ﬂf < 71{‘.

Proposition 12 indicates that the retailer’s CSR practices are beneficial for farmer
1, which means that the retailer’s CSR practices are conducive to poverty alleviation
(nf > 7'({\] , nf > 7'({\] , nf > 7'[{\] ). Furthermore, from farmer 1’s perspective, both the
retailer’s altruistic preference practice and fairness concerns practice are better than the
cost-sharing practice (7{! > nf , k> nf ). However, the question of which CSR practice
is the best for farmer 1 depends on the extent to which the retailer implements it. When
the retailer implements a lower degree of CSR practice (0 < T < 17), the retailer’s fairness

concerns practice is better than the altruistic preference practice (7t} > 7{!). Otherwise, the
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retailer’s altruistic preference practice is better (71 < 7{!). Therefore, the retailer should
adopt corresponding CSR practices according to the effort he wishes to make.

Y, nf =,

Proposition 13. 75 < 71}, iy < i, il < 7 <5,k < s
Proposition 13 indicates that the retailer’s CSR practices are not always beneficial
for farmer 2 (ng < né\] , 71? < né\[ , 7'(2F < né\’ ). As we know from Proposition 11(i), the
decision equilibria of product 2 are the same in Models A and S, which means that farmer
2’s profit will be the same in these two models (774 = 75). Compared with Models A and
S, farmer 2 will achieve the lowest profit if the retailer implements a fairness concerns
practice (1} < 75, & < 74)). It means that the CSR practices implemented by the retailer
always benefit farmer 1, but inevitably hurt farmer 2. Therefore, the retailer has to consider

a tradeoff to decide which CSR practice is the most appropriate.
Proposition 14. (i) 7§ > 7¥, 70y > ma; (i) When ay — p > ap, 3 > mk.

Proposition 14 indicates that, compared with Model N and Model A, the retailer’s
profit has increased in Model S (7'[15{ > 7'[11%] , 711% > 7'[1‘%), which is consistent with what we
find in Proposition 3. However, compared with the fairness concern practice, whether the
retailer’s cost-sharing practice is better for his profit depends on the competitive advantage
between product 1 and product 2. When the potential market of product 1 has a competitive
advantage over that of product 2 (a; — # > ay), the cost-sharing practice is the retailer’s best
strategy (773 > 7t%), which also helps the retailer to achieve a win-win result at the same
time; that is, the cost-sharing practice benefits not only farmer 1 but also the retailer himself.

Proposition 15. (i) When (a; — p — ay + x7) (b + ) — bt > (<)0, k. > (<) 7S and k. >
(<)md; (i) il = 7S

Proposition 15 indicates that the effect of the retailer’s CSR practices on the supply
chain profit depends on the relationship between the elasticity of the sale price «, the
potential markets of products (a1, a2), and the cost difference y;, which is consistent with
the previous discussion. For example, the retailer’s fairness concern practice may be better
than the cost-sharing practice and the altruistic preference practice for the supply chain
profit (7tk, > 5., k. > 7Zl) under the condition that consumers are willing to pay more
for the retailer’s CSR practice (a larger x) and prefer product 1 with the low cost difference
than product 2 (a; > a3). As we know from Proposition 11(i), the form of the retailer’s CSR
practices will not affect the supply chain profit in Models A and S; the retailer’s altruistic
preference practice and cost-sharing practice are equally effective for the supply chain
profit (2t = 73.). Thus, since it can change the effectiveness of CSR practices for the supply
chain by adjusting a1, x, a;, and p, this may be the optimal solution for management to
implement the retailer’s best CSR practices.

6. Numerical Analysis

This section verifies the above results and further analyzes the impact of i and the
retailer’s CSR practices on the four models’ pricing, demand, and profit. A series of
numerical analyses are carried out using MATLAB software. According to the allowed
range of the parameters, let us set 1y = 10,ap =13, = 1.5,y = 04, x = 1, p = 3, and then
change the values of parameters 7, 6, and ¢.

Figure 2a shows that without the retailer’s CSR practices, the wholesale price w; of
product 1 is lower than w, of product 2. Moreover, the influence of the retailer’s different
CSR practices on the wholesale prices is different. Firstly, with the increasing degree of cost-
sharing practice, both wholesale prices w; and w, decrease. Secondly, with the growing
degree of the retailer’s altruistic preference and fairness concerns, the wholesale price w;
of product 1 increases while the wholesale price w; of product 2 decreases. In addition, the
wholesale price w; of product 1 with the altruistic preference practice is the highest, while
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that with cost-sharing practice is the lowest. Moreover, the wholesale price w, of product 2
with the altruistic preference practice is equal to that with the cost-sharing practice, while
that with the retailer’s fairness concern practice is the lowest. We also observe that there are
interactions between w; and wy. With a lower degree of the retailer’s altruistic preference
and fairness concern, wj is lower than w,, while, with a higher degree of the retailer’s
altruistic preference and fairness concern, w; becomes higher than w,. This may give the
retailer an opportunity to manage farmers’ decisions w; and w, by implementing different
CSR practices in different degrees.

("’.')

: 0.8 * 7.5 :
0 0.5 1 0 0.5 1 0 0.5 1

7,0, ¢ 7,0, ¢ 7,0, ¢

Figure 2. (a) Effects of the retailer’s CSR practices on wq and wy. (b) Effects of the retailer’s CSR
practices on g1 and g;. (c) Effects of the retailer’s CSR practices on p; and p».

Figure 2b shows that without the retailer’s CSR practices, the order quantity q; of
product 1 is lower than g, of product 2. Moreover, the effect of the retailer’s different CSR
practices on order quantities is similar. With the increasing degree of the retailer’s CSR
practices, the order quantity of product 1 increases while that of product 2 decreases. We
can also observe that the order quantity of products 1 and 2 in Model A is equal to that
in Model S. In addition, the order quantity g; of product 1 with the cost-sharing practice
is higher than that with the retailer’s altruistic preference practice and fairness concern
practice, and the order quantity g, of product 2 with the fairness concern practice is lower
than that with the altruistic preference practice and cost-sharing practice.

Figure 2c shows that without the retailer’s CSR practices, the market price p; of
product 1 is lower than p; of product 2. Moreover, the effect of the retailer’s different CSR
practices on market prices is different. Firstly, with the increasing degree of the cost-sharing
practice and altruistic preference practice, the market price of product 1 increases while
that of product 2 decreases. Secondly, with the increasing degree of the retailer’s fairness
concern, both the market prices of product 1 and 2 increase. We can also observe that
both the market prices of product 1 and 2 in Model A are equal to those in Model S. In
addition, the market price p; of product 1 with the retailer’s cost-sharing practice and
altruistic preference practice is higher than that with the fairness concern practice, and the
market price py of product 2 with the fairness concern practice is higher than that with the
cost-sharing practice and altruistic preference practice.

Figure 3a shows that without the retailer’s CSR practices, farmer 1’s profit 77y is lower
than farmer 2’s profit 7r,. Moreover, the effect of the retailer’s different CSR practices on
farmers’ profits is similar. The retailer’s CSR practices always benefit farmer 1’s profit, while
decreasing farmer 2’s profit slightly. In addition, farmer 2’s profit with the retailer’s cost-
sharing practice is equal to that with the altruistic preference practice, which is higher than
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that with the retailer’s fairness concerns practice. However, with the retailer’s altruistic
preference practice, farmer 1’s profit 711 is higher than that with the retailer’s fairness
concern practice, which is higher than that with the cost-sharing practice.
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Figure 3. (a) Effect of retailer’s CSR practice on 711 and 715. (b) Effect of retailer’s CSR practice on 7rg.
(c) Effect of retailer’s CSR practice on 7tgc.

Figure 3b shows that the retailer’s profit 77z will increase when he implements the cost-
sharing practice and fairness concern practice, and his profit will decrease if he implements
an altruistic preference practice. In addition, the retailer will obtain the highest profit
when he implements fairness concern practice, and the lowest profit when he implements
altruistic preference practice.

Figure 3c shows that the supply chain profit 7rgc will increase when the retailer
implements CSR practices, and the effect of cost-sharing practice and altruistic preference
practice on supply chain profit are the same. In addition, with the retailer’s cost-sharing
practice and altruistic preference practice, the supply chain profit is higher than that with
the retailer’s fairness concerns practice.

Figure 4 demonstrates the effect of 7, 6, ¢, and A on supply chain profit under different
retailer CSR practices. Through the calculation, (1) we obtain Ars = 1.329 > 0. It can be
observed from Figure 4a that when 7 = 0, ”gc decreases with 0 < A < 1.329 and increases
with A > 1.329. Furthermore, when A = 0, ngc decreases with T. When A is large, e.g.,
A =14, ﬂgc increases with 7. Thus, Figure 4a can verify Proposition 4.
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Figure 4. (a) Effect of T and A on supply chain profit under retailer’s cost-sharing practice. (b) Effect
of # and A on supply chain profit under retailer’s altruistic preference practice. (c) Effect of ¢ and A
on supply chain profit under retailer’s fairness concern practice.
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(2) Since Apq = 1.329 > 0, we can observe that the property of Figure 4b is similar
to Figure 4a. On one hand, when 6 =0, ﬂgc decreases with 0 < A < 1.329 and increases
with A > 1.329; when 6 = 1, ”gc increases with A. On the other hand, when A = 0, ngc
decreases with A. When A is large, e.g.,, A = 4, ngc increases with 0. Thus, Figure 4b can
verify Proposition 7.

(3) It also can be observed from Figure 4c that, when A is small, e.g.,, A = 0, ”gc
decreases with ¢. When A is large, e.g., A = 4, ngc increases with ¢.

Figure 5 shows the comparison of supply chain profit under the retailer’s CSR practices.
The upper plane of Figure 5 shows the supply chain profit under the retailer’s altruistic
preference practice and cost-sharing practice, and the bottom plane shows the supply
chain profit under the retailer’s fairness concern practice. The three planes intersect when
the retailer does not implement any CSR practice. We can find that, in this situation, the
retailer’s altruistic preference practice and cost-sharing practice are better for supply chain
profit than the fairness concern practice.

Figure 5. Comparison of the supply chain profit under the retailer’s different CSR practices.

7. Conclusions

This paper has investigated a development supply chain where two representative
farmers produce and sell a similar crop through a common retailer. The farmers from
poor rural areas can label their crops as anti-poverty products, which are certified by the
government, and the crops produced by the farmers from suburban areas are considered
as general products. By an analytical modeling framework, we have examined the impacts
of the retailer’s CSR practices (i.e., cost-sharing practice, altruistic preference practice, and
fairness concerns practice) on the decision equilibria and profits of the farmers and retailer.
Findings are derived and summarized as follows.

First, compared with Model N, each of the retailer’s three CSR practices can increase
the whole supply chain’s profit, which means that the supply chain has the potential to
achieve the Pareto improvement for both the farmers and the retailer. From a supply chain
perspective, the retailer’s altruistic preference and cost-sharing practice are equally effective
and better than the fairness concern practice. The results show that the development
supply chain can do well by doing good, i.e., the whole development supply chain’s
performance is improved with the retailer’s consideration of the poor farmer rather than
their own shareholder value. Therefore, poverty alleviation initiatives that promote the
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implementation of different CSR practices by core enterprises in the supply chain (e.g.,
retailers) can generate both economic and social value.

Second, the retailer’s CSR practices also benefit them while implementing cost-sharing
practice or fairness concern practice. Both CSR practices can create a win-win result for
both farmer 1 and the retailer. When implementing the altruistic preference practice, the
retailer’s situation deteriorates; however, the whole supply chain’s performance improves.
In this case, a contract can be designed to coordinate the three parties to improve the
retailer’s performance. The traditional supply chain coordination contracts, such as two-
part tariff contracts, can be used to achieve the Pareto improvement among supply chain
members. As the core enterprise in the poverty alleviation supply chain, the retailer can
realize the incentive conditions and participation constraints of implementing altruistic
preference practices among members through contract design. In addition, when the
potential market of product 1 has a competitive advantage over that of product 2, the
cost-sharing practice is the retailer’s dominant strategy. When the retailer implements
cost-sharing practice, the wholesale prices of both products will increase if the elasticity of
the sale price is large, and will decrease if the elasticity of the sale price is small. In sum,
since the development supply chain system becomes better and the retailer can also benefit
from CSR behavior, such CSR practices are viable and sustainable, and thus the farmer’s
poverty can be alleviated.

Third, the rural farmer always benefits from the retailer’s CSR practices, and the effect
of the altruistic preference practice and fairness concern practice on the rural farmer’s profit
are better than those of the cost-sharing practice. The cost difference between farmer 1 and
2 always hurts farmer 1, which means that poverty is an obstacle for farmer 1 in making a
living. However, the retailer’s CSR practices always benefit farmer 1, which means that
the retailer’s CSR practices are highly effective in alleviating poverty. In addition, farmer
1 should not produce medium-value-added products, which may not help significantly
in her profit (shown in Figure 5), while she should develop high-value-added products
(e.g., medicinal materials) or low-value-added products (e.g., rice and soybeans), which
will benefit her profit more. This form of management may indicate that, from a short-term
perspective, the retailer’s CSR practices can effectively improve the rural farmer’s profits
and help them to eliminate poverty. However, in the long run, improving the production
efficiency of rural farmers and eliminating the factors leading to poverty, such as upgrading
skills, upgrading equipment, and improving infrastructure, are stable strategies to prevent
the return to poverty and achieve shared prosperity.

Fourth, from the suburban farmer’s perspective, the retailer’s CSR practices are not
beneficial for their performance. However, the extent to which the suburban farmer’s
performance decreases is much less than the rural farmer’s performance gains. Furthermore,
the whole supply chain’s performance has been improved significantly with the retailer’s
CSR practices. Thus, there is always a means to transfer the revenue to the suburban
farmer through a contract design to enable the suburban farmer to improve their profit and
thus participate in the transactions. In addition, the effect of the cost-sharing practice and
altruistic preference practice on farmer 2’s profit are the same, being better than those of
the fairness concerns practice.

Poverty is an economic and structural problem that is difficult to reduce by using
only one approach. It is therefore worth studying the combinations of different CSR
practices that enterprises can adopt to help in the reduction of poverty. As we focus
on the impacts of the retailer’s three CSR practices on the equilibrium decisions of the
players in a development supply chain, there are a few limitations in the current model
setup and we offer some guidelines for future research. First, in our model, we assume
that all consumers value the retailer’s three CSR practices equally. However, in reality,
there are different forms of retailers” CSR practices, and consumers may be heterogeneous
in recognizing different retailers’” CSR practices. Second, we assume that farmers incur
linear production costs. In reality, there are also nonlinear production cost functions in
which farmers face diseconomies of scale due to constraints of land, technology, and other
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resources. Third, we focus on the most popular commodities and assume that the quantities
and cross-quantities sensitivity are the same in the demand function. However, in reality,
due to channel and quality differences, there may also be large differences in quantities
sensitivity and cross-quantities sensitivity between farmers, which can be further studied.
Fourth, our model does not take into account supply chain incentives and coordination
issues. For example, a contract can be designed to coordinate the development supply
chain that achieves the Pareto improvement for both the farmers and retailer. In addition,
knowing the retailer’s CSR practices to favor farmer 1, farmer 2 may ally themselves
with farmer 1. Fifth, we investigate the impact of the retailer’s three CSR practices on
the decisions and performance of the supply chain members. In further research, CSR
can be treated as an endogenous decision variable instead of a choice from three options
exogenously. Sixth, with technological development, the product cycle is becoming shorter
and shorter, and consumers’ cognition of products is also changing rapidly, which leads to
a greater influence of demand uncertainty on supply chain decisions. In this way, demand
uncertainty can be incorporated into the development supply chain as a stochastic model.
Thus, it would be interesting to propose alternative models to include these aspects in
future research.
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Appendix A

Proof of Lemma 1. We adopt backward induction to find the equilibrium decisions
of the farmers and the retailer. The retailer’s profit function is denoted by max g =

q1(ay — wy — bgy — ’Yﬂz) +q2(ax —wy —bgp — W]l)
Grven that & ”R =-2b<0, 82,17552 =-27,5 Ca ”R = —2b < 0, and the Hessian matrix,
aan aan 2b 2
0g? 91992 | | — Y 2
Prg Py | ‘—27 —2b‘ =41 =1?) >0

0001 3g3

The retailer’s profit function is a concave function. Therefore, the retailer has the
optimal decision to maximize profits. Let HZR 0 and a”R = 0, then g1 (w1, wp) =

a1b—ayy—bw +yw, agb—ayy—bwy+yw;

and gp(wq,wp) = Farmer 1’s profit function is de-

2b2—272 207292
noted by 71 (wy, wy) = (g )(a12bb—2512;7—2bw1+7w2)‘ Farmer 2’s profit function is denoted
_ wz(ﬂzb*ﬂl’Y*hwer’le)
by 7 (wy, w2) = W2y :
By calculation, we obtain 387111 = h2 7 < 0 and a ”2 = fﬁ < 0, which shows

that both farmer 1’s and farmer 2’s profit functlons are a concave function. Thus, the

farmers have the optimal decision to maximize profits. Let a;T L =0and 8752 0, and then
we obtain
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N 2a1b% — a;y? + 2b2y - azb'y
! 4b2 — 2

N 20,07 — apy? — alb'y + b'yy
w2 = 4b% — 2

Substituting w) and w} into g1 (w3, w), g2 (w1, wy), 71 (w1, w2), 7o (w1, wy), and 7R,
we have equilibria q{\’ , qé\’ , 71{\] , né\] ,and nﬁl .0

eys . Bwi\’ o 2p? E)wé\] _ by apl o »?
Proof of Proposition 1. (i) T R 0, B TR T 0, = > 0,
wm by oy _ by any _ —b(Z’?2 ?)
g T 2(42—2) >0, ap T 2(4b*—5b292+4) >0, au 2(4b4—5b2'yz+'y4) <0.
om _ (dwy _ 0 (22 _ )
(i) —( o 1>q1+(w1 Wap = @iz — 1)+ (= w5, <0,
aTL'z _ awz

8]4 = ay lh—i—wzay >0

anR s [2a273 (al—y)(8b3—6b72)] ory . oy .
(iii) & = AP A7) , then TR 0if Ay >0, < 0if Ay < 0, where

A= [Zazfy — (a1 — p) (8V® — 6b7?)]. O

Proof of Lemma 2. The proof is similar to Lemma 1, so we omit it here. [J

awl o2 2wy .
Proof of Proposition 2. (i) - = w2 then when 7 < W2 0; when
4h2 S <T<l, % < 0.
aw2 = a”l __P b 9% _ o berr)
(11) 4172 72 > 0/ T 4p2—52 72 > 0/ T 2(4b2—92) >0, - 2(4b475b272+74) <0,
%3 _ by
O T 2(4pt5b292 0 4) >0
2
(iii)ﬁ _ b(szf'yZ)[azb'yf(alf;w;m')(szf'yz)] _ orl B KTb(szf’)/z) <0 @ _
(b2=92) (40 —12)° WPt T oK
w3 Sy Sa‘h
q; + >0,

ou w3 ou

b(2a10% —ay 7> =20 p+y* p—azby)
oy . N _ 1 17 KTy H—a07y
In addition, since g7’ = 2@ 57 )

> 0, which means 0 < ap <

2 _gin2_ b2y 4n2 s b2 [2ay9° — (ay — p+x7) (863 —6b7?
2 uwb WY then we have ;R = e —(on ) 7 7)] Thus,
v " 4(b2—2)(4b2—72)
o sy b[ (b2 —92) (4b*—2) (a1 —pu)+xTb? (46> —3+2
s QU4 NP | (it 9] 9 0 i i ) IS
[ A 2(b>—2)(4b°—~2)
.\ oms b[p(12b* =962 42 +-29*) — (126* 96224294 (a1 +xT) +ay (803 y—3b7° .
(iv) % _ 7+277) 7277 () by (80 7)],wh1ch means

2(b2—2) (4h2—2)?
s
that 2 SC increases with p. By solving the equatlon aa;C =0, we obtain Ho = (a1 +xT) —

8b3'y 3b°

a
amThus when 0 < p < po, ¢ <0, wheny>y0, c>0.0

Proof of Proposition 3.
2_ A2 _ 2_~2
Q) % awl € )_’jr(fb ) then when x (20 — 92) — (46> —9%) > 0, awl >0,

4p?
d
when (202 — 92) — u(4b% — 9?) <0, ;"; <0
awz _ byx apl _ x(3P—?) apz _ byx 3‘71 _
(11) __4b22<0 —W>O —_m<0 =
bK(sz— ) 075 b2k
2(4b* 5022 +94) >0,5% = 2(4p4 50292 +9%) <0
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s s
(iii) Since aa% < 0, then [apby — (a1 — p + x7) (26> —9?)] < 0, we obtain a{% =
bK(szffyZ) [(a1 —{+KT) (2b2772) 7!1217’)/]
(b2 —92) (402 —12)°
_ Kb? [112’)/3—(111—}l+KT>(4b3—3b’yz)] _ anR
2(b2—72) (402 —2)° ~ e
(i )aLsSc B bK[TK(12h479h272+2’y4) (a1— y)(12h479h272+2'y4)+a2(3b7378b3'y)]
V) o = (2, 42)(4b2—ry 2)2

S
increases with 7. By solving the equatlon SC = 0, weobtain 1p =

. ang _ awgs ‘72 . 9”152 _
> 0 T o= TGt wFE < 0 FE o=

, which means ag st

ap (863 y—3bry
% W — (a1 —p)|.

S
Thus, when 0 < T < min(T, 1), ;TSC < 0; when max(0, 1) < T < 1, aggf > 0.0

Proof of Proposition 4. Substituting Equation A = p)¥ — y into 3. can yield 7. (A, T),
which means 7. will be affected by parameter A and 7. Moreover, we obtain

P, (A, T)  126% — b2 + 2bot

W @2 )
P (A1) bi? (126* — 9b292 + 29*)
T2 )

which means 72.(A, T) is convex in parameter A and T, respectively.

BHEC(A,T)
JA

We solve the equation = 0, and obtain

36ayb%y — 72xTb® + 78k Th*y? + 4xT® — 25450393 — 30xTb? Yt 4 4ar by
96b6 — 96b42 + 34b2y% — 4o

Ag =

ayby (360*—25b3 2 +49*)
K (7200 —~78b% 72 +30b2 9 —470)
It means that when 0 < 7 < min(7pg, 1), then Ag > 0, which means that 5. decreases first
with A in (A < Ag) and then increases with A in (A > Ag); when min(tag,1) < T < 1, then
As < 0, which means that 7z5. increases with A in (A > 0). Thus, Proposition 4(i) is proven. The
proof of Proposition 4(ii) is similar to Yuen et al. [44], so we omit it here. [

We observe that Ag| 1= > 0. By solving Ag = 0, we obtain Tps =

Proof of Lemma 3. The proof is similar to Lemma 1, so we omit it here. [

Proof of Proposition 5. (i) awl = % then when 6 < 4b§b2 5, ag;} > 0; when
2 <0<, % <o
2 2
) 55 = ity > 0% = gt > 0% = gy > 05k = _%
4 2
<0G = s > O
(iii) % - (a;f_ )‘714+ (w{‘—y)% = —%lﬁur (wf — V)aaqﬁ <0

omst  ow E)qz
- = a5 Twi Gk >0,

(iv )E)nR B h[4b4 30292 9(12h4711b272+274)](;47111791()7112(4b3797b'y37b739)

2402 —2)" (1-6) (12 ~1?)
that 12b* — 116?92 4+ 29* > 0.
By solving the equation 4b* — 3b27? — 0(12b4 — 11292 + 274) = 0, we obtain 0; =
%,wﬁd\meansthatwheno <0 <0y, [4b* — 30292 — 0(12b* — 110792 + 29%)] >
0; when 6; < 6 < 1, [4b* — 3b?92 — 6(12b* — 11792 + 29*)] < 0. By solving the equation

u2(4b379 by30— b'y)
(1264 116292+ 294) 0464 +3b22 Thus, if 0 < 6 < 6y, then

. We can observe

E)r(R -
on

= 0, we obtain p; = a1 + 0x —
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when0<y<;41, ay <Oandwhen;4>y1, >01f91<9<1 thenwhen 0 < p < py,

anR > 0;and when p > iy, aR <0.

) b(120*—9p? 2+2 b[(ag+x8)(126* =962 2 +2+9*) —a, (8637 —3by> .

(v) % — r27t) bl +x0) e )=z (867130 )] By solving the
# 2(b2 =) (402 —2)

a2(8b3'y—3b"/3)

1204 —9b22+247

A
equation aaic = 0, we obtain pp = (a1 +x6) — which means that when

O<,u<pt2, <Owheny>y2, € >0.0

Proof of Proposition 6.

.\ dwd (a1 —p+x) (20— byay 5 5 A
(i) G = i ( e 9)) ,thenwhen (a1 — jt + ) (20> — v*) —bya > 0, ¢ > 0,
2 dwi!
when (a1 — p +x) (26> — 4?) — bya, <0, 54 < 0;
awz _ byx apf _ x(3*—7) oy _ byx
(i) = —wr—y <V wm = Ty >0 = ymrey <0
% — bK(szi’YZ) > % _— bz’YK < 0
0 (4b4 —5b242 +’y) 700 T 2(4b4—5b272+74) .
ord w4 d
(i) %55 = %2 g8 +wf % <,
. an]A b[ﬂzb'y (a1 +x6— ;1)(21)2772)][azb'yf(a]JrZKfGKfy)(szfyz)]
iv) 51 = thus, when (a1 + x6 —
) 8 202242 (1017 thus when (a1 + 56 = 1)
arb arr arb arb
< 2b22_772 < (a1 42k — 0k — ), 7+ < 0; when 2b22_772 < (a3 +x0 —u) or szz_ﬂfyz >
(a1 + 2Kk — 0k — 1), - anl > 0.
bx[6 12b4 922 +294 —u) (126442949622 3by3 863 L
V) ag% _ b K( 727 o) (1267429 7))t (3 7)],wh1ch increases

2(12—2) (42 —2)?
a (8b37 3by? )

oA
with 6. By solving the equation aSC = 0, we obtain 6, = m (g —u)|.

A
Thus, when 0 < 6 < min(6,,1), ag% > 0; when max(6,,0) < 6 < 1, a”sc < 0.0
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1. Introduction

Revenue management (RM) is one of the most important concepts to be used inside
a business or organization. It consists in maximizing the revenue from a fixed amount of
perishable inventory by using techniques like “market segmentation” as well as “demand
management” [1,2]. By using standard techniques, other authors have demonstrated that
it is possible to increase the revenue in any organization if the market is segmented [1,2].
The market segmentation appears as a Revenue Function (RF) depending on the price (p;)
and the demand (d;). In standard situations, the price and the demand are considered
to be continuous stochastic variables [3]. In the case of airlines, an increase in ticket
prices corresponds to a reduction in demand and vice versa. If we investigate in the
literature a system with two variables, behaving in a way such that when one variable
increases the other decreases and vice versa, we will find immediately that the harmonic
oscillator performs well in this aspect. We can see the example of the pendulum, which for
small oscillation angles follows the harmonic behavior [4]. For the pendulum, the largest
amplitude of oscillation corresponds to a minimal velocity and vice versa, a maximal
velocity corresponds to a minimal amplitude. Similar behavior can be found in several
different systems, as far as they follow this harmonic behavior. Understanding that the
harmonic oscillator behaves qualitatively as the RM system, we can then use it as a potential
model for modelling the behavior of the price and demand. In this paper, we will consider
the RM system as a semi-classical version of the Quantum Harmonic Oscillator (QHO) and
then price and demand become operators related to each other at the quantum level through
the uncertainty principle [5]. Remarkably, as it has been just mentioned, the Harmonic
oscillator naturally reproduces some important features typically observed in the RM
scenario in airlines; they are: (1) Higher price for one class means lower demand and
vice versa. (2) A higher class, naturally being more expensive, has a lower demand,
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except when there is a promotion, such that the demand becomes much higher than for
the case corresponding to the lower classes for the same price. (3) The different classes
represent two dimensions of the classical phase space of the harmonic oscillator, and the
highest possible revenue is proportional to the sum of the largest possible projected areas
of the rectangles circumscribed inside the ellipses projected over the different planes of
the ellipsoid representing the phase space covered by the harmonic oscillator. These
three features make the harmonic oscillator scenario ideal for explaining the observed
pattern of the RM problem in airlines. This also demonstrates how general the harmonic
oscillator system is, given the wide range of applications it has [6]. The dynamics of this
airline system is modelled by using a Hamiltonian function, with its corresponding free
parameters. The basic RM model can be formulated with the simplest harmonic oscillator
potential. However, when some external factors, such as the COVID-19, a hurricane or any
other natural disaster enters in this scenario, then we have to introduce additional terms
inside the potential function in the Hamiltonian of the oscillator, with their corresponding
free parameters. In these situations, the purely harmonic behavior is completely lost. In this
paper, besides illustrating how to implement the Quantum Harmonic Oscillator in the RM
problem in airlines, we also illustrate one generic scenario where we model the collective
decisions taken by a group of persons. The collective behavior scenario is modelled as a
phase transition process emerging from the spontaneous symmetry breaking of a symmetry
inside the system, in analogy to what happens in some scenarios in material science and
particle physics [7,8]. In this way, once the symmetry of the vacuum (equilibrium condition)
is broken, the system naturally selects an arbitrary condition which forces all the customers
(related to the demand variable) to make the same decision, no matter what happens.
The symmetry is in general broken due to some small fluctuation forcing the system to select
a fixed vacuum state; this can only happen after the same system reaches certain conditions
determined by its free parameters. We also analyze the consequences of the collective
decisions on the total expected revenue, which will naturally differ from the standard
situation. Note that the scenario illustrated in this paper is different to the one shown in [9],
where standard probabilistic methods were mentioned. The paper is organized as follows:
In Section 2, we formulate the standard RM problem in airlines and we explain in detail
the two-class problem. In Section 3, we explain how the Quantum Harmonic Oscillator
and particularly, its semi-classical approach, adapts naturally to the two-class problem.
In Section 4, we explain how the collective decisions emerge by using the concepts of phase
transitions due to the spontaneous symmetry breaking of a symmetry of the system. We
also calculate the largest possible revenue when the vacuum symmetry is broken, which
is naturally different from the standard case because the phase space volume covered by
the system collapses dramatically when collective decisions are taken. We then compare
the results emerging from collective decisions with those corresponding to the standard
Harmonic oscillator case. In Section 5, we show a practical example where the formalism
proposed here can be used, in order to analyze the revenue of the partnership between the
airlines Hong Kong Express and Cathay Pacific. Finally, In Section 6, we conclude.

2. The Standard Revenue Management Problem in Airlines

The standard RM problem identifies different classes i = 1,2,...,n with the corre-
sponding prices p; > p2 > --- > p, and demands defined in an analogue way. The de-
mand is in general a stochastic variable and the revenue management objective function is
defined as

n
maxIT® =Y pidi(pi), (1)
i=1

with the fixed capacity of the plane constrained as follows:

Y pidi(p)) <P xC, @)
i=1

171



Mathematics 2024, 12, 847

with C representing the capacity of the plane and P representing an average price. This
condition just suggests that the revenue cannot overpass the plane’s capacity. Market
studies have demonstrated that a good market segmentation can increase the total rev-
enue [1,2]. When the single resource (round trip) problem is analyzed, and considering
only two classes, the first class tickets are priority in the sense that the company in charge
is allowed to sell as many first class tickets as possible. However, in the practical sense, we
understand that the demand for the first class is not able to fill the whole plane. Then, the
mathematical problem connected with RM is to know how many second class tickets can
be sold before starting to lose money for overselling them.

The Two Class Problem

Here we consider the demand for each class as X; (class 1) and X5 (class 2), with the
corresponding prices p; and p,. Both demand variables are considered to be independent
and continuous, with a probability density fx, (.) and fx,(.). As it was just mentioned,
we will sell S tickets for the second class and the problem consists in knowing when the
selling process for the second class should be stopped such that we start to sell the tickets
for the first class. Each class has the booking limits S; and Sy. Here S; = C means that the
first class (ideally) could be sold until filling the whole plane, something which certainly
never happens. Given S, the expected profit is defined as

E[I1(S2)] = p2S2 + p1Emin(X1,C = S2). 3)

This expression can be expressed more explicitly in the form

E[II(S2)] = p2S2 + p1 (E[Xl] + /Coisz(c -5 — xl)fX1(x1)dx1>- (4)

Here, the first term is the revenue obtained from the second class. Additionally, E[X;] is
the expectation value and fy, (x1) is the probability density distribution corresponding
to the demand variable X;. It has been demonstrated before that the maximal revenue is
obtained when

Fy,(C—sp) = L= P2 5)
P1

with Fy, representing a cumulative density function of X1, defined in the standard form

as Fx, (C—S3) = fOC—s§ fx, (x1)dx;. From Equation (5) we can obtain the optimal point
where the revenue is maximal. That point is defined as

p2 = p1Fx, (C—S3), (6)

with Fx, being defined as Fx, (C — S3) = 1 — Fx, (C — S3). In [9], this result was interpreted
as a limit value, after which we should stop selling tickets to the second class. Then, we can
sell class 2 tickets as long as the ticket price is greater than or equal to the expected marginal
seat revenue (EMSR) for the class 1. In general, if S, < S3, then py > EMSR;(C — S5).

3. The Quantum Harmonic Oscillator for the Single Resource Two-Class Problem

A large demand in seats for some specific class corresponds to a low price. In the same
way, a low demand for a particular class, corresponds to a high price of the same class. If we
promote the price and the demand to be operators, then we can define the demand operator
as X; and the price operator as p;. A Quantum Mechanical system behaving in the same
way as the price-demand relation for the RM problem in airlines is the Quantum Harmonic
Oscillator (QHO) [6], although in this paper we will use its semi-classical version. If we
consider first the quantum version of this system, then the operators corresponding to the
price and the demand can be formulated such that they satisfy the standard commutation
relations defined as

[pi, Xj] =6y, [P P = [Xi, Xj] = 0. 7)
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Then, when we explore the RM problem from the perspective of Quantum Mechanics (QM),
we have to select which space we want to use for analyzing the system. This means that
we can work either in the demand space or in the price space. They are both related to each
other by the standard Fourier transformation defined as

1 >
W(p) = o [ ep(xdx ®)

For the customers, it is convenient to select the price space for analysis, because they are
naturally interested only in the prices of the tickets. However, for the airline companies,
since they are more concerned about the demand for the products which they offer, the de-
mand space is the most convenient one for analyzing the system. Following the standard
language of QM, we can interpret the price operator as the generator of the changes in
the demand and vice versa; the demand operator for a product can be interpreted as the
generator of the changes in prices. This is mathematically defined as

xi —a >=e ity > |pi 4z >= MM > )

Now we can proceed to analyze the most basic situation. For practical calculations, however,
we will consider the semi-classical approach to the harmonic oscillator problem.

The Two-Dimensional Case: Single Resource Two-Class Problem

If we analyze the two-dimensional version of the Quantum Harmonic Oscillator
from the perspective of the RM problem in airlines, then each class corresponds to one
dimension for the system. The Hamiltonian of the system is then defined as

N T
A= Zi (21 + zw?X?>- (10)
i=
The expected profit from the perspective of the Quantum Harmonic formulation can be
derived in analogy with the result obtained in Equation (3). Evidently, instead of stochastic
variables, the quantum formulation works with operators. However, for the analysis of the
RM problem, the semi-classical approach of the oscillator is superior because the problem
can be visualized graphically through the phase space. The Hamiltonian (10) has naturally
two eigenvalues Ej 5, corresponding to each class. Since the first class is more expensive
than the second class (for the same demand), then naturally it is expected that E; > Ej in
general. The Hamiltonian (10) reflects the typical behavior of the RM problem. Plotted in
the phase space, the Hamiltonian for the two-class problem is a four-dimensional ellipsoid.
As an illustration, we can observe Figure 1 [10]. Note that this figure illustrates a three-
dimensional surface for the purpose of illustration; however, we have to take into account
that here we are considering a four-dimensional ellipsoid.

Figure 1. Ellipsoid illustrating the phase space covered by the Quantum Harmonic Oscillator.
Without loss of generality, we can take a = p,,,, 1 as the largest possible price for the first class and
b = X4y 1 as the largest possible demand for the first class. ¢ = py, 2 might represent, for example,
the largest possible price for the second class, with the corresponding largest demand for the second
class given by a,4y. Although we are talking about a four-dimensional ellipsoid, this figure illustrates
a three-dimensional example.
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Since E; > Ej, then the projected area of the two-dimensional ellipsoid corresponding
to the first class is larger than the projected area corresponding to the second class. In gen-
eral, the more expensive a class is, the taller will be the height of the projected rectangle.
The harmonic oscillator model is so perfect for being adapted in the RM case that the
phase space in Figure 1 illustrates the most interesting behavior related to this model,
namely, in the hypothetical case when the first class is cheaper than second class, which
can certainly happen under some short-time promotion or so, the demand becomes much
larger than the one corresponding to the second class. This is something which certainly
happens the whole time in reality. For example, at a supermarket during a day when
expensive products are offered at a cheaper price, you will naturally see a huge amount of
people, more than the usual, buying the most expensive products and probably ignoring
the cheapest ones. This only happens because the customers will not see in the short term
another chance of obtaining such expensive products at prices lower than the cheapest
products. The same principle applies to the RM problem in airlines. As we have mentioned
before, the Hamiltonian (10) obeys the eigenvalue problem

Hip(x;,t) = Eqp(x;, £). (11)
The ellipsoid equation emerging from the semi-classical scenario is
_ 1 oo 1o
1f2EwX +2EP' (12)

with p? = p? + p% and X? = X? + X2. The most important quantity found by then was the
largest possible revenue, which from the semi-classical perspective becomes a geometrical
optimization problem for finding the largest possible rectangle which can be circumscribed
inside the projected ellipse for each class. The projected ellipses are defined by the standard

equation
L 2y 2
1= —wX — V1o 13
2E,Y M2 + 2E,, 12 (13)
The optimization result is
2E} | 2E3
EIl] = Ay + Ay = — + =4, (14)
wi W
which for the case of an isotropic harmonic oscillator, becomes
E[T) = 2 (E2 + EZ). (15)
wz 1 2
If we use the standard expression for the eigenvalues of the QHO, we have
1
El,Z =wlnp + E . (16)

Replacing this expression in Equation (15), we obtain

E[IT] :2w((n1+;>2+ (nz—k;)Z). (17)

The total “energy” of the system E = E; + E, or more explicitly
E=w(m +ny+1), (18)

is the constraint which complements (15). Equation (18) is just a way to express the values
taken by the Hamiltonians of each class, Fj and . Although we could analyze practical
examples by using the numbers 717 and 7y, we will still use the standard Hamiltonian and
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its phase space in order to analyze practical problems. The number #; just fixes the value of
the Hamiltonian. Then, we can write, for example,

A= wim +1/2) = J0?X + 2p?, (19)

for one class. Then, 17 just fixes the value taken by H = E. Please see the Section 5 for the
practical applications of the present formalism.

4. Collective Decisions in the RM Problem: Spontaneous Symmetry Breaking

We can extend the QHO model for including additional terms in the potential. These
additional terms are related to the decisions taken by the passengers, influenced by some
external factors. Under some special circumstances, these decisions turn out to be collective.
Collective decisions can be interpreted as spontaneous symmetry breaking of the system if
we consider the price and the demand as Quantum Fields. Similar situations emerge in
finance and other research areas where collective decisions emerge naturally [11,12]. Here
we will analyze the standard Hamiltonian of the form

52 4
N Pi 1 540 X
H = L+ —w XS+ AL, 20
Ei <2m+2w i+ 1 (20)

where we can perceive that the potential term has the form

1

252 X4
S X+ AT (21)

V(X) =
This is a well-understood potential term in the research area of Quantum Field Theory [7,8].
In this part of the paper, we will not take into account the different classes because when
the symmetry is broken, the distinction between classes is completely lost. Then, we will
omit the subindex i from Equation (20) for the subsequent analysis. The potential (21) is
a function where some combinations of the parameters w and A create the ideal scenario
for reproducing spontaneous symmetry breaking after a small fluctuation affects the
system [13-19]. Here we will interpret this symmetry breaking pattern in the language
of the RM problem. We will also understand how the phase space is deformed due to

the presence of the additional potential term Aﬁ—f. The form of the potential (21) can be
illustrated in Figure 2.

The figure shows that the spontaneous symmetry breaking occurs when w? < 0, such
that the system develops more than one vacuum condition. If the demand operator has
infinite components, then the system would develop infinite vacuum states, all of them
degenerate. In the thermodynamic limit, any small fluctuation will force the system to
select one of these vacuum states arbitrarily, defining then the collective decision pattern
taken by all the persons affected by some particular event. The vacuum states appearing in
Figure 2, can be obtained mathematically from Equation (21) if we calculate the condition
dV /dx = 0, obtaining then the vacuum conditions x(% = w?/A, valid when w? < 0. Here
we understand that x = Xy(x,t) and we take it as a Quantum Field. Note from the
figure that when the symmetry is spontaneously broken, the usual vacuum state with
xo = 0 becomes unstable and then the most stable condition turns out to be the one
corresponding to one of the possible states breaking the symmetry spontaneously. Note
that in the thermodynamic limit, a small fluctuation makes the system select from one of
the degenerate states. Such fluctuation in the practical sense, and for our purposes in this
paper, corresponds to the rumor propagation due to some catastrophic event. Catastrophic
events like bad weather, volcanic explosions blocking air traffic, or even a pandemic disease
affecting a region or the world, just create the ideal scenario for the standard vacuum state
to become unstable. This means that the information of the catastrophic events is stored
inside the free parameters of the potential defined in Equation (21). In the light of the
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COVID-19 crisis, perhaps the worst pandemic crisis in this century [20], this kind of analysis
became important. Due to the COVID-19 pandemic, for example, all the airlines had to
stop most of the services. The demand for tickets then became low and the corresponding
prices became too high, as it could be verified at the time by any airline website. Low-
fare airlines stopped services completely and big airlines were only providing partial
services. In this way, the offer is limited because the demand fell catastrophically due
to the quarantine measures, social distance measures and any other measures affecting
travel taken by different countries. By keeping inside the harmonic oscillator model, we
would say that the phase space has been reduced considerably due to a catastrophic event.
Spontaneous symmetry breaking is the most natural explanation to what was happening
during the COVID-19 period. Basically, the pandemic itself (together with all the measures)
created the symmetry-breaking scenario by changing the value of the free parameters in the
system, provoking then the demand field to be fixed at some small value defined by some
specific vacuum state (xg = w/A1/? if we only take the positive branch of the solution).
Note that the new Hamitonian (20) defines a phase space in agreement with Figure 3.

1 A 4 I {

Figure 2. Symmetry breaking pattern with the x-axis representing the demand and the y-axis
representing the price. The red line corresponds to the standard situation where both w? and A are
positive. In this case, we only have one well-defined vacuum state. On the other hand, the blue curve
corresponds to the case where w? < 0. This situation forces the system to develop two (or infinite)
different vacuums as illustrated in the figure. The most stable state when w? < 0 corresponds to the
one where the symmetry is spontaneously broken.

Note in addition that although the phase space looks larger for the new Hamiltonian (20),
in comparison with the standard Harmonic oscillator case (10), the total expected revenue
falls considerably. The total phase space volume is naturally larger when the symmetry
is spontaneously broken because the larger possible prices also become catastrophically
high because the airline companies cannot exploit fully the whole available phase space.
This is because each portion of it now lives in a different Hilbert space, disjoint from each
other in the thermodynamic limit [13,21]. Then, although the plot suggests larger available
phase space, the small fluctuation provoked by the border measures due to the pandemic
or any other disaster makes the system focus only on one single line of the phase space.
Calculating the total expected revenue is not a problem in this case where there is no
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distinction between first or second class. By taking x% = w?/A (with w? < 0), and if we
replace this result in Equation (20), after taking

4
=P Ll X 22)

as the result of Hi(x,t), we obtain the corresponding value for the price defined on the
symmetry breaking vacuum state as

po = \/2m (23)

4

K
HEER
)/
£

-4

2 4

Figure 3. Changes on the phase space due to the presence of the quartic-order term in the
Hamiltonian (20). The x-axis represents the demand and the y-axis represents the price. Note
that the available phase space looks bigger when the quartic term appears. However, due to sponta-
neous symmetry breaking, the phase space is not fully available and it collapses to a line.

Here E is assumed to be fixed for each class. However, under spontaneous symme-
try breaking, there is no distinction between classes and for that reason we will not be
concerned about this classification. The result (23) represents the price of the ticket when
the system has selected a particular vacuum state. Then, the expected revenue under
spontaneous symmetry breaking (SSB) would be

my1/2 w
E[IT]ssp = poxo = w(X) \/2E+ e (24)
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Then, for a fixed E, the expected revenue depends on the parameters 1, w and A. By taking
the semi-classical results already defined in Equation (18), we obtain

1/2 3

E[Msse = w*/2(T) ! (2n+1)+ 5, (25)

where we have taken the positive branch of the product between the price and the demand

and we are considering only one class because the distinction already disappears at this

level. If we compare this result with the expected revenue obtained from the harmonic

oscillator model in Equation (17), by considering only one class, and considering n = 0,

we obtain the condition such that the largest expected revenue in the standard harmonic

oscillator system defined in Equation (10) is larger than the expected revenue in the present
case. Such condition is defined by

A2 3

P 2 +w (26)
This condition is naturally satisfied for small frequencies, which typically happens in these
situations. We can solve Equation (26) for A, obtaining then

N w?
>2mw | 1 1 27
A>2m R VR (27)

which for small frequencies becomes approximately A > 4mw . In this way, we have
demonstrated that the expected revenue during crisis periods where the symmetry is
spontaneously broken due to small external fluctuations, after the system reaches certain
conditions, is much lower than the expected revenue under standard circumstances in
most of the situations. We have also identified the parameters responsible of this behavior.
The most important parameter is evidently the frequency of the system w, which not only
controls the vacuum behavior and whether we have symmetry breaking or not, but in
addition, its absolute value marks the limits where the expected revenue falls with respect
to the standard case. Note that we can take w as the usual frequency, ignoring the fact that
w? < 0 because we have already made the corresponding change of sign in Equation (22).

5. Numerical Example

In this section, we will work over some numerical examples for testing our model. We
must remark that the QHO is a simplification of a general tendency. For the simplest case,
the most general form for the Hamiltonian explaining the RM problem in airlines is

H = agp + box + a1 p* + 1 22 4 app® + bp#® + azp* + bas* + ... (28)

The degree of the polynomial expansion for the price and demand changes for different
cases. For simplicity, in this article we have used the standard harmonic oscillator as a
starting point for explaining the dynamical relation between price and demand in the
airlines. In what follows, we will illustrate how the formulation proposed in this paper
can be applied to a real-life situation. We will use as example the airline Hong Kong
Express. The authors checked the website for Hong Kong Express on Thursday 15 February,
and found that the lowest price for the tickets for going from Hong Kong to Tokyo was
HKD 580. The same price repeated for several days and there were fluctuations over
this price, with a peak in price of HKD 2888 on Sunday 25 February. In a non-hot sea-
son, a pattern of having more expensive tickets on Fridays was constant, with a price of
HKD 608. The hot season by the end of March showed a tendency to have very high prices.
The following table shows the values for the prices for different dates corresponding to
the period between 16 February and 31 March. Based on the simplest model with the
semi-classical approach of the Quantum Harmonic Oscillator, we made the predictions
for the demand values. Although knowing the exact demand is impossible (it must be
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always conjectured), the model shows consistency in the sense that by controlling the price,
the airlines can control the demand. In other words, in hot seasons, understanding that
more people are willing to travel, the airlines increase the prices of the tickets in order to
reduce the demand. We can then say that the airlines operate over the price space, and are
able to control this variable. On the contrary, the customers operate over the demand space,
because they have the power of deciding whether or not they buy a ticket.

Since Hong Kong Express is a cheap airline, considered to be a class-less airline in the
sense that there is only one class, for this system we have a two-dimensional harmonic
oscillator behavior. If we want to extend this system to include one more class, we have to
take Hong Kong Express as a second class section and its partner airline, namely, Cathay
Pacific, would correspond to the first class. In other words, we will take the economy
class of Cathay Pacific as the first class for Hong Kong Express. This analysis is valid since
both airlines correspond to the same company. We could notice that the price for the same
mentioned period for Cathay Pacific represents a constant price for the economy class
of HKD 5482. The reason for this price not to change is that the demand for this ticket
is always low no matter the season; in other words, there is never enough demand for
the airline (Cathay Pacific) to force it to decrease by increasing the price. Additionally,
the proposed price is the minimal possible price for this airline. Evidently, most of the
customers will select Hong Kong Express for this itinerary and this explains why the prices
fluctuate season by season for this case. The explicit Hamiltonian for this system is

H = agpgx + bokex + a1Phxe + b1%e- (29)

This Hamiltonian is just a special case for the most general situation described in (28). It
can be expressed in a compact way as

H = Hcx + Hyke. (30)

We can define the parameters for each Hamiltonian HAcx and Hyge separately. Ideally,
in a single day, when the estimated demand increases so much, the airline then increases
the price of the ticket until the demand decreases to a value equal to the plane capacity
C (number of available seats). Let us define Ccx and Cpgp as the plane capacities for the
corresponding airlines. Then, for example, the price HKD 2888 in the Table 1 corresponds
to xgke = Cpke- Then, we have the following information for the case of February 25th
for Hong Kong Express:

HAyxe = (236)% + a1(2,888)?,
HApxe = (4 x 236)2 + a1(588)>. (31)

In this previous expression, we have set by = 1 in Equation (29) and we have left a; to
be fixed by the initial conditions established in Equation (31). After solving the system,
we find that 2; = 47.8 with the corresponding units. Note that in Equation (31) we
have fixed the demand at the largest price pyxr = 2888 HKD with the plane capacity.
After investigating on the websites, we found that Hong Kong Express’ largest plane is an
Airbus A321neo with a capacity of Cyxr = 236 passengers [22]. Then, we assume that the
airline is using its largest plane for this route. Finally, if the price offered to the market is
puke = HKD 588, namely, the lowest price found during ordinary seasons, then we can
assume that the demand related to this price in a day like 25 February would be four times
the plane capacity, namely xyxg = 4 x 236 passengers for the lowest price. This is the
information contained in Equation (31). Here we have two assumptions and they are:
(1) The demand is four times the capacity of the plane when the price is the lowest during
a hot day. (2) The demand is just equal to the plane capacity when the airline fixes the price
to a largest possible value. In this way, we can say that on February 25th, the Hamiltonian
for Hong Kong Express is

Hyxe = 47.8p% ke + ke (32)
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For CX (Cathay Pacific), we have to fix the Hamiltonian in a similar way. However, we
did not detect any fluctuation in the prices for the lowest fare of CX, which was fixed to
pcx = 5482, which is also the lowest possible fare. This fare is also special because it offers
a free return ticket if the round trip option is selected. Yet HKE (Hong Kong Express) is
still cheaper if a round trip is selected. The only advantage of CX is the free food service
plus the commodity of the seats. However, the itinerary Hong Kong-Tokyo is only a4 h
trip more or less and many people decide not to take any meals during this flight when
they use HKE. This makes us think that the demand for the CX tickets is so low that the
plane is probably filled with a quarter or lower of its capacity. Then, we will assume
Xcx = %CCX. The most expensive ticket for CX during the same itinerary costs around
HKD 9500. For this particular case, this price would correspond to a zero value for the
demand, namely xcx ~ 0 when pcx = HKD 9500. Then, the conditions for the Hamiltonian
of CX are

HAex = a9(9500)2,
HAex = ag(5482)% 4 by(202/4)2. (33)

Here we are taking Ccx = 202 passengers, considering that the smallest plane of CXis the
AirbusA321neo [23]. Here again, considering by = 1, we obtain ay = 4.23 X 10~>. Then,
the Hamiltonian for 25 February for CX is

Heyx = 425 x 107°p2y + x2. (34)
Then, the Hamiltonian (29) is defined as
H =425 x 107°p2y + x2y +47.8p% kg + Xixe- (35)

We can perceive the difference in price and demand scales, for this itinerary, between CX
and HKE. The differences are reflected through the parameters by and by, which differ
from each other by six orders of magnitude. With the Hamiltonian (35), CX and HKE
in partnership can decide if it is necessary to increase or decrease the prices for certain
itinerary. Note that the Hamiltonian (35) is valid for one day. However, by changing the
parameters by and by, we can adapt the same Hamiltonian to different days. In other words,
the parameters by and b; change day by day in agreement with the maximum and minimum
prices fixed by the airlines. Finally, we must remark that the quadratic dependence of the
prices and demands for Hcx and Hygg are shown for illustration purposes. However,
for more general cases, the dependence might change. Yet still, the quadratic dependence
represents a good initial ansatz. Our approach is just limited for the lack of demand date,
something which is not provided by the airlines. Finally, we can evaluate the revenue
for CX and HKE if we know the values of Hcx and Hygg. These values can be found by
evaluating any of the pairs of price-demand values mentioned previously. The result is
HAex = 3.84 x 10% and Hyxe = 3.99 x 108. The basic optimization helping us to find the
largest possible area of a square circumscribed inside an ellipse gives us the largest possible
revenues for CX and HKE for the analyzed itinerary as

E[IT]cx = 9.25 x 10° HKD,
E[IT]yxe = 2.75 x 107 HKD, (36)

where we have divided the optimal result by four in order to take into account that the
price and the demand are both positive numbers. The result (36) means that for the same
itinerary and the same date, the cheapest fares offered by HKE give higher profits than the
expensive fares offered by CX. This is a demonstration of the importance of segmentation
and the emphasis on massification at the moment of offering a product. If there is a
pandemic, only the expensive airlines would operate (and this was actually the case during
COVID-19), and this represents significant losses, considering that HKE gives two order of
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magnitude more revenue than CX in the present example. During the COVID-19 pandemic,
the demand was so low that in such a case, only the price pcx = HKD 5482 would be
available, no matter the demand. This is the case because the demand will be always much
smaller than the plane’s capacity. This catastrophic scenario is what generated a huge crisis
in the airline industry and it is equivalent to a phase transition of the system, looking for a
new ground state. This was the scenario illustrated in the Section 4.

Table 1. Special values for the prices for Hong Kong Express. The itinerary corresponds to the trip
Hong Kong-Tokyo. The period under analysis was 15 February 2024-5 April 2024. All the prices
during this period are equal to HKD 588, except for most of the dates appearing in the table.

Key Dates P Price HKE (HKD) Day of the Week
16 February 608 Friday
23 February 708 Friday
24 February 1508 Saturday
25 February 2888 Sunday
1 March 608 Friday
3 March 658 Sunday
4 March 658 Monday
5 March 658 Tuesday
8 March 608 Friday
9 March 652 Saturday
10 March 588 Sunday
14 March 658 Thursday
15 March 708 Friday
20 March 728 Wednesday
21 March 1068 Thursday
22 March 938 Friday
23 March 918 Saturday
24 March 918 Sunday
25 March 788 Monday
26 March 1268 Tuesday
27 March 1488 Wednesday
28 March 2018 Thursday
29 March 1588 Friday
30 March 1318 Saturday
31 March st 818 Sunday
5 April 608 Friday

Comparison with Other Methods

The standard methods used for analyzing the RM problem in airlines are based on
the formalism illustrated in the Section 2. In such a case, the relation (2) already indicates
that a large price for a ticket is related to a low demand and vice versa. The expected
revenue is indicated by Equation (4) and the maximum revenue condition is indicated by
Equation (5). However, the problem with the traditional method proposed in Section 2 is
that the maximum revenue condition does not indicate an explicit relation between price
and demand as can be observed from Equation (5); instead, this dependence appears via a
probability density function fx, (x1), which must be pre-established from previous data
analysis. This necessity of knowing the exact density distribution of the data is a significant
disadvantage with respect to the harmonic oscillator method, which avoids this and other
complications by providing analytic dependencies between price and demand via the
phase space through the Hamiltonian formulation. Then, our method gives an initial good
estimation of the price-demand relation for airlines without invoking statistical methods.
Subsequently, the statistical methods are just used for adjusting the free parameters of the
theory, here taken as those appearing in Equation (28). In other words, our method suggests
in advance a functional dependence between price and demand, leaving the statistical
methods just for refining the values of the free parameters involved in the analysis. Then,
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even without involving any statistical method, the proposed formalism gives us a good
qualitative behavior of the price-demand relation when different classes are involved.
Additionally, the related optimization problem, illustrated in Equation (14) and used for
calculating the maximum revenue, is just a standard optimization problem from ordinary
calculus, which is much simpler than the way the standard methods are able to calculate
the ideal revenue via statistical probability density function. In summary, our method is
mainly analytical and it just uses statistics as an auxiliary tool, while the other methods
present a full statistical dependence.

6. Conclusions

In this paper we have developed an RM model based on an extension of the harmonic
oscillator case. We have included a quartic-order term which is related to the interaction
between consumers taking decisions based on external events. If w? > 0, then we have the
usual standard harmonic oscillator case. This means that the quartic-order term does not
affect the harmonic behavior so much in such a case. However, when w? < 0, the conditions
of the system change completely. In such a case, what is considered to be the most stable
condition becomes unstable. Such instability can be due to a catastrophic event, such as the
current COVID-19 pandemic situation, for example. Then, a small fluctuation (rumors of
people, news or information) of the system, forces it to select some vacuum state, which
corresponds to a fixed price and demand. In this way, the whole phase space collapses to
a single line. The product of the price and the demand, evaluated both on the symmetry
breaking vacuum state, gives us the expected revenue for this case. We have demonstrated
in Equation (26) that the expected revenue for the case where the symmetry is broken is
lower than for the case where we have the standard behavior based on the semi-classical
approach of the Quantum Harmonic Oscillator (semi-classical model). This is valid when
the frequency w is small under the standard units taken in the system. Here, evidently, we
assume the same frequency in both cases (the standard case and the symmetry breaking
case) for the purposes of comparison. Finally, we have illustrated an example where the
Hamiltonian approach can be used for analyzing the price and demand for the partnership
between CX (Cathay Pacific) and HKE (Hong Kong Express). We have proved that the
segmentation of the airline’s fare by including a cheaper option, generating massification,
is the key ingredient for increasing the revenue of an airline company. Our approach also
shows how to deal with the cases where there are partnerships between organizations.
The proposed method has also a significant advantage with respect to the traditional way
of calculating the RM in airlines, because it does not depend explicitly on prior statistical
analysis. Instead, the statistics are reduced to the analysis of some free parameters which
can be adjusted with the observations correspondingly.
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