01010

S0 information

Article

Research on Evolutionary Game of Adopting Blockchain-Based
Automotive Traceability

Xiaoyu Tang !, Shouwei Li

check for
updates

Citation: Tang, X.; Li, S.; Li, ].; Zhang,
Y. Research on Evolutionary Game of
Adopting Blockchain-Based
Automotive Traceability. Information
2024, 15, 796. https://doi.org/
10.3390/inf015120796

Academic Editor: Ge Yu

Received: 15 October 2024
Revised: 28 November 2024
Accepted: 8 December 2024
Published: 11 December 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2,3,%

,Jingwei Li 2 and Yonghong Zhang !

School of Cyber Science and Engineering, Southeast University, Nanjing 211189, China

School of Economics and Management, Southeast University, Nanjing 211189, China

Research and Development Center for System and Information Engineering, Southeast University,
Nanjing 211189, China

Correspondence: lishouwei@seu.edu.cn

Abstract: To adopt the blockchain-based automobile traceability system (BCATS) and increase the
transparency of the Chinese auto market, this study constructs a tripartite evolutionary game model
of manufacturers, regulators, and consumers, discusses the evolutionary stabilization strategy (ESS)
under different cases, and analyzes the influencing factors on the tripartite ESS through numerical
simulation. The study finds that there exists an ESS of blockchain adoption and tripartite cooperation,
and it is influenced by different factors including blockchain construction cost, traceability service
price, and government subsidy. Lowering the blockchain construction cost, and increasing the
traceability service price and government subsidy can all have a positive impact on accomplishing
the ideal ESS, but the latter two can also have a negative impact when they are beyond the scope of
effectiveness. The study results provide practical recommendations for adopting blockchain in the
auto traceability, which can help to promote blockchain in the Chinese auto market.

Keywords: blockchain; automotive supply chain; traceability system; tripartite evolutionary game

model; adoption mechanism; government subsidy; price increase

1. Introduction

As the economy develops, the production and sales volumes of Chinese automobiles in
2023 reached 30.1 million and 30.0 million, up 11.6% and 12% year-on-year, respectively [1].
The auto industry has emerged as a cornerstone of the Chinese economy. Meanwhile, the
number of vehicle recalls in 2023 reached 6.7 million, an increase of 49.9% from 2022 [2], due
to increased market awareness regarding lethal vehicle failures. Both have led to greater
emphasis on technology that tracks the automotive supply chain. Given the complexity of
the chain [3,4], tracking it cannot solely rely on manpower and paper records, but must
use the automobile traceability system (ATS). Most ATSs use a centralized database [5] to
store the data, such as the ERP (Enterprise Resource Planning) system provided by SAP
(System Applications and Products). Nowadays, these systems are exposing information
security problems, such as information silos and single point risk [6,7], and the blockchain
is becoming a new technical scheme for the ATS.

Blockchain is suitable for the ATS, with decentralization, high transparency, and data
security [8,9]. Leveraging these advantages, both the government and various enterprises
have introduced corresponding policies and projects pertaining to this area. Regarding
government policies, the ‘Guiding Opinions on Accelerating the Application and Industrial
Development of Blockchain Technology’ aims to promote the application of blockchain
in the economy, including product traceability, and the ‘Guide for Standard System Con-
struction of Blockchain and Distributed Accounting Technology” aims to strengthen the
top-level design of blockchain standard work. Regarding enterprise projects, CAAM (China
Association of Automobile Manufacturers) released the ‘Vehicle Data Blockchain Platform’
in order to facilitate data sharing between enterprises, and the BMW (Bavarian Motor
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Works) Group utilizes blockchain in the ‘Part Chain’ project to ensure the traceability of
international supply chains.

Despite the technical [10-14] and policy feasibility, the market adoption of the blockchain-
based automobile traceability (BCATS) has been slow due to the involvement of numerous
stakeholders, such as manufacturers, regulators, and consumers, whose opinions must be
carefully considered. As a new technology, blockchain could affect the landscape of traceability
services and subsequently the decisions of stakeholders [15-18]. Therefore, the adoption of
BCATS among stakeholders is a dynamic and continuous process. The evolutionary game
method captures the strategic evolution of multi-party interactions, ultimately establishing
a stable equilibrium state [19-24], which is suitable for the situation and offers a robust
methodology for examining market willingness. Nevertheless, there is little research on the
BCATS adoption process within the auto market.

This paper mainly discusses how the stakeholders accept BCATS, in order to promote
the blockchain technology and improve the transparency of the auto market. The primary
objective of this study is to describe the interactive process of BCATS adoption by the
tripartite stakeholders. Specifically, this study uses the evolutionary game method to build a
decision-making model among them, analyze the evolution process and influencing factors
of BCATS adoption, and put forward practical suggestions. Given the importance of the
automotive industry, research on BCATS is evolving and distinct. This research contributes
to the knowledge system within the auto market by using a simulation perspective to
analyze the BCATS adoption mechanism at multiple levels; through simulation analysis,
this paper provides practical implications for governments and manufacturers on adopting
BCATS to promote efficient auto traceability.

This study is organized as follows. Section 2 provides a literature review. Section 3
analyzes conflicts about BCATS adoption among three players, and constructs the tripartite
game model. Section 4 analyzes the equilibrium and stability of the model. Section 5
analyzes the influence of different factors. Section 6 discusses the theoretical results and
practical contributions. Section 7 summarizes main conclusions.

2. Literature Review

This study examines the process of BCATS adoption within the auto market, and this
section provides a literature review on the blockchain-based traceability principle, BCATS
research, adoption mechanisms, and the evolutionary game method, and points out major
differences from this study.

A blockchain is a decentralized ledger integrating consensus mechanisms, timestamps,
and smart contracts and enabling comprehensive product lifecycle tracking within the
supply chain [8,9]. A substantial body of research [25-27] has demonstrated the superiority
of blockchain in comparison to centralized data management approaches, primarily due
to the following factors: (1) Transparency, facilitated by decentralization, eliminates the
reliance on third-party trust. (2) Data security, ensured by the chain structure and con-
sensus mechanism, mitigates single points of failure. (3) Automated applications, such as
verification, recording, and querying, enabled by smart contracts, enhance the traceability
effectiveness. Further, blockchain is classified into the public chain, consortium chain,
and private chain based on the access mechanism. Most traceability systems are designed
with consortium chains, which combine the openness of public chains with the privacy
of private chains, making them suitable for traceability scenarios involving multiple busi-
nesses and consumers. Currently, the blockchain technology finds applications in diverse
sectors ranging from light [28,29] to heavy industry [30,31], all showcasing its exceptional
capability as a data tracing solution across various industries.

The safety requirements for cars are higher than those for most light industrial prod-
ucts, given that automobiles serve as a primary means of transportation. Additionally,
being a widely sold civilian tool sets the car apart from most heavy industry products.
Consequently, the ATS holds unique research value. There are studies using the blockchain
to build systems and trace the automotive manufacturing process. Gupta and Verma [10]
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proposed a collision liability recognition framework based on blockchain to identify the
people in charge in a traffic accident. Ada et al. [11] developed a blockchain system that
can track logistics ownership, understand inventory status, and improve traceability. Patro
et al. [12] combined Ethereum and the Interplanetary File System to propose an optimized
big data scheme to obtain automotive information peer-to-peer. Li et al. [13] combined
a two-layer attribute-based auditable model to propose a supply chain system based on
Hyperledger Fabric. Dierksmeier and Seele [14] applied blockchain to car transactions for
Porsche AG, allowing users to interact directly with the vehicle supply chain. These studies
demonstrate the technical feasibility of BCATS from the perspectives of industry analysis,
framework design, and system simulation.

However, in addition to considering technical feasibility, the promotion of new technol-
ogy also involves the expectation and acceptance of various stakeholders. Several studies
analyze the acceptance process of innovative technologies in the market from the perspec-
tives of multiple stakeholders and the impact of technologies on industries. Zhou et al. [15]
proved that the diffusion path of digital technology is different due to the boundary and
heterogeneity of industries. Rao and Kashore [16] illustrated that the adoption of the new
energy technology is driven by policies and incentives. Kristensson et al. [17] showed how
consumer preferences affect technology adoption and how technology practices influence
consumer behavior. Palm [18] illustrated the impact of new energy technology on industry
markets, namely that it can drive key factors related to institutions, adopters, and supply.
These studies illustrate that new technologies interact with stakeholders and that their
adoption is a dynamic process. The automotive market includes various stakeholders, such
as manufacturers, consumers, and regulators. Consumers and regulators are concerned
about the price and efficiency of traceability services [32], and the adoption of new trace-
ability technologies requires coordination between the government and enterprises [33].
Therefore, the BCATS adoption in the market is also a multi-party dynamic process.

In a multi-party dynamic model, strategies continuously evolve. Other decision-
making approaches, which emphasize static equilibrium, struggle to capture the group’s
activity trajectory. The evolutionary game method requires the limited rationality of
the participants and describes the multi-party interactions and equilibrium states. It is
advantageous for analyzing the multi-party interaction over time. This method can study
the decision-making evolution among multiple players in the automobile market. Song
et al. [19] proposed a model among manufacturers, consumers, and the government to
find the influence of policies. Schmeiser [20] built a model between consumers and the
government to research product supervision. Wen and Cheng [21] found that enterprises
can improve product competitiveness according to consumers’ quality awareness by the
evolutionary game method. This method can also study the adoption of a technology in an
industry. Li and Liang [22] applied the method to examine the effectiveness of subsidies
for healthcare institutions adopting the blockchain. Zheng et al. [23] built a model among
producers, processors, and the government to analyze the blockchain adoption strategy
for the agricultural supply chain. Su et al. [24] constructed a model to analyze the impact
of blockchain on the evolutionary stability among financial institutions and enterprises.
These studies demonstrate that the evolutionary game method provides a reliable way to
study the market’s willingness to apply the BCATS.

As evidenced by the above studies, many scholars have demonstrated the feasibility of
the BCATS and its relation to the quality of automobiles in the market, but few researchers
have paid attention to the attitudes of manufacturers, regulators, and consumers in the
automotive market towards the BCATS. Although there are studies on the adoption and
decision-making evolution of new digital technology, providing references for the factors
and methods of stakeholders, the field of automotive traceability is seldom explored.

Addressing the aforementioned insufficiency, this paper aims at the process of the
BCATS adoption by the stakeholders in the auto market with the evolutionary game
method, expanding research on the BCATS and technology adoption. This paper makes
the following main contributions. Firstly, it identifies three stakeholders involved in the
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automotive traceability and analyzes their contradiction with BCATS. Secondly, it uses an
evolutionary game model to describe the decision-making processes of the tripartite, and
identifies the evolutionary stabilization strategy (ESS), in which all stakeholders accept
the BCATS. Thirdly, it uses stability theory and data simulations to analyze the factors
that affect the evolutionary process and stable state. Lastly, the theoretical results lead to
practical recommendations for the adoption of blockchain in the auto traceability.

3. Model Building

Building on the theoretical basis discussed above, this section first explains the ad-
vantage of the evolutionary game method for this research. Then, it describes the problem
of BCATS adoption among stakeholders. Finally, the experimental conditions and corre-
sponding parameters are established for the evolutionary game analysis.

3.1. Method Description

The evolutionary game method is suitable for analyzing multi-party time-evolving
game mechanisms compared with other decision theories. The core theoretical foundation
of the method is equilibrium points, stable points, and Lyapunov system stability theory.
The equilibrium point is a point where the system remains invariant with respect to time.
The stable point is an equilibrium point where the system will return to its original state
after being slightly disturbed. The Lyapunov system stability theory defines the Lyapunov
function V (t) as satisfying the following:

VE>0, V(t) >0, V(0) =0and V(t) <0, 1)

and indicates that if there is a Lyapunov function V() near an equilibrium point in the
system, then this point is judged to be a stable point [34]. The theory provides a direct
method for measuring the deviation degree of the system from the equilibrium point.

The goal of the method is to find the evolutionary stabilization strategy (ESS), which
emphasizes the stability within a population over the long-term dynamic evolution, making
the method suitable for describing multi-party dynamic games [35]. Based on the Nash
equilibrium concept, a strategy is an ESS if and only if the following applies:

n(p', p') > n(p,p'), Vpi,pj € [0,1] and p # p', @)
n(p',p') =n(p,p') = n(p',p) > n(p,p), Vp # P,

where 71 is the fitness of the entire participants, p = (p1, p2, .. .) is any mix strategy ratio
combination in a participant population, and p’ = (p}, p, . ..) is an equilibrium point. The
method includes the following steps.

Firstly, by determining assumptions and defining the behavior options and revenue
models of participants, a theoretical framework is established. Evolutionary game theory
assumes that participants make decisions with limited information and cognitive abilities,
bringing the model closer to the game process in the real world.

The second step involves calculating the payoff of all strategies. Based on each partici-
pant’s behavior and revenue, the total return for different strategy combinations is calculated.
This helps to understand the adaptability of different strategies in a population and how
they are affected by other strategies. The overall strategy combination s = (sq,sy,...,5), the
mix strategy ratio p = (p1, p2, ..., pn), and payoff combination 7w = (711, 712, . . ., 71,;) could
be put into the payoff matrix for easy observation and analysis, where i(i € {1,2,...,n})
indicates the participant of the group [22].

Thirdly, the method uses the replication dynamic equations to describe the propagation
and evolution of different strategies. The change in the strategy set s is determined by
the behavior ratio p; of different individuals, and the ratio p; is related to the individual
payoff 7r; and the overall average payoff 7, which is determined by the overall strategy s.
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By comparing returns, participants’ strategies influence each other and change over time.
The replication dynamic equation F; is described as follows,

Fi(pit) :Pi*(ni—ﬁ)/ ?3)
T =Y Pi* T,

which simulates the evolution strategy of the group. By calculating the partial derivatives
of the equation with respect to the different players dF;/ 8]17]-|1.’].E (12,1} it is possible to
observe how players influence the others [23].

The fourth step is stability analysis. Based on the Lyapunov system stability theory,
the stability is determined by analyzing the equilibrium points of replication dynamic
equations. The goal is to evaluate whether the system can return to a stable state after
being disturbed. The first is to determine the equilibrium points. When the group rates
are all zero, F;(p;) =0Vi € {1,2,...,n}, the group ratio p = (p1, p2, ..., Pn) represents the
equilibrium point. The next step is to build the Jacobi matrix J, which consists of the partial
derivative of the replication dynamic F; with p;, as follows:

oF;
— |2 4
! laprm @

which is used to analyze the stability near equilibrium points and find the stable point. Then,
by substituting the equilibrium points, the eigenvalues A;(i € {1,2,...,n} of the matrix
are obtained. The point where all the eigenvalues are negative (A; < 0,Vi € {1,2,...,n})
is the asymptotically stable equilibrium point according to the Lyapunov system stability
theory, satisfying the condition of the ESS in Equation (2) [34].

Fifthly, the results of theoretical analysis can be verified by numerical simulation, and
the evolution process under different conditions is observed to analyze the sensitivity to
parameters. This step visually demonstrates the dynamic evolution process, verifies the
accuracy of the theoretical analysis, and identifies key system factors. Finally, the theoretical
results are linked to game phenomena in the real world and translated into the solution of
practical problems, which gives theoretical results practical value.

The above steps constitute a complete process of the evolutionary game method,
which enables researchers to analyze and predict the stability and evolutionary outcomes
of multi-party dynamic games from various perspectives. It shows that the evolutionary
game method is a reliable method to study the acceptance process of BCATS.

3.2. Problem Description

To describe the problem of BCATS adoption in the automobile market, the players
involved in the game and their target regarding the ATS are identified first. This study
divides the stakeholders into three players, manufacturers, regulators, and consumers,
as follows: (1) Manufacturers include supply chain enterprises such as parts suppliers,
logistics service providers, and repair shops. They build the ATS to provide traceability
information to regulators and consumers, comply with quality regulations, and establish
brand image [36,37]. (2) Regulators include the Ministry of Industry and Information
Technology, Market Administration, and other government departments in China. They
formulate quality regulations and promote innovation subsidies [38] in order to improve
the information transparency of the auto market and discover quality issues quickly [33].
(3) Consumers are the source of market value, because serving them drives manufacturers
to build the ATS, and protecting their rights is an administrative goal of regulators [32].
Consumers use the ATS to trace the origin and quality indicators of the car. Identifying
counterfeit and shoddy products can reduce the risk of driving a faulty car [39]. In general,
the three players are involved and influencing each other in the interest relationship
involving the ATS, as shown in Figure 1, in which the numbers refer to the behaviors of
manufacturers, regulators, and consumers.
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Manufacturer
1 Follow policy = ‘———————— 3 Purchase&irace

Y 3 Provide value

-
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Figure 1. Tripartite interest relationship in automotive traceability system.

The traditional ATS faces issues with easily concealed information and low traceability
efficiency, while the BCATS can efficiently update and trace information, and it is typically based
on a consortium chain [10-14]. The consortium chain is built by the organizations that make
up the alliance, which combines the advantages of both private and public chains. Compared
with the private chain, its decisions require consensus among organizations, and it has a higher
degree of decentralization, while maintaining control over control internal nodes [29], and
compared with the public chain, it has a limited number of nodes, is more efficient, and retains
the ability for public access [30]. Therefore, the consortium chain is suitable for the BCATS,
which is jointly managed by multiple manufacturers and regulators, and opens information to
consumers. On the other hand, because the consortium chain requires the alliance members to
maintain the system, the construction costs also need to be paid by them [15].

The traceability work based on the BCATS is as follows. First, the production informa-
tion of each vehicle at every link of the supply chain is recorded in the BCATS and shared
with all users. Each vehicle has a unique identification code, which corresponds directly to
the information on the chain. Vehicles from the same supply chain are linked through the
information chain on the BCATS [10,11]. Then, when a sold vehicle is found to have quality
problems by the consumer and reported to manufacturers and regulators, the BCATS can
trace the supply chain of the vehicle based on the identification code, locate the problematic
link and other cars sold from the same chain, update the history of them on the BCATS,
and issue warnings to other consumers [12,13].

The production information and reported problems are transparent with the BCATS,
that affects the interests of all three stakeholders. While fully disclosing information helps
to enhance brand image, enterprises also face information security risks [37]. Market
transparency benefits regulators, but regulators remain wary of subsidy policies [33].
For consumers, the BCATS helps them track products and spot quality problems. The
change in interests leads to new contradictions, as shown in Figure 2, where the solid
lines indicate conflicts between players, and the dashed lines indicate their strategy to
adopt the BCATS. (1) The cost of developing new technologies and building a new system
could be huge. Manufacturers may pass on the cost to consumers by raising prices, such
as the ever-increasing price of smartphones in the market [40]. (2) Regulators encourage
new technologies to promote the market transparency. However, this conflicts with the
interests of manufacturers who prefer to hide information, as disclosing the truth would
expose them to commercial and security liability risks [41]. (3) The service price is an
extra expenditure and quality problems could remain hidden for a long time. Some people
have no intention of traceability, which contradicts the goal of regulators to ensure social
security [20]. It can be seen that BCATS adoption is in a state of contradictory obstacles.
The tripartite affect each other, which makes this a dynamic process, necessitating the study
of stable strategies and influencing factors in the game.

2 Quality transparency | b i
Quality : P eno Manufacturer l.Constnllc,tl onl cost
& Information risk & Service price

System
i contraction

Policy support
Purchase servive
R ] i 3. Short-term profit c ]
cgu ator & LDI’lg—tEt’ﬂl risk onsumer

- -

Figure 2. Tripartite conflicts around blockchain application.
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3.3. Assumptions and Parameters

Based on the problem description, this study makes parameters and assumptions as
follows for providing a theoretical framework for building the model. All the parameters
are listed in Table 1 and positive.

Table 1. Model parameters.

Parameters Parameter Description

Q The original price of automobiles

« The price increase for BCATS service

R The utility of brand image enhancement
A The subsidy for supporting BCATS

p The penalty for false quality information
u The utility of qualified automobiles

So The feedback with supporting BCATS

S1 The feedback with supervising market

Sy The impact with passive regulation

L The loss from disqualified automobiles

Co The basic cost of manufacturing automobiles
C The risk cost of disclosing truth

C The technical cost of building BCATS

Cs The administrative cost of active governance
Cy The efficiency cost gap of BCATS

x Probability of manufacturers choosing “blockchain”
y Probability of regulators choosing “active”

z Probability of consumers choosing “accept”

Assumption 1. The three players are the manufacturer, the requlator, and the consumer. It is
assumed that all the players are finite rational agents, and the game strategy of each player evolves
over time and eventually stabilizes at the optimal strategy. The goal of all participants is to maximize
their own benefits.

oo

Assumption 2. The strategy choice for the manufacturer is (“blockchain”, “non-blockchain”),
where the former refers to building the BCATS on the supply chain and the latter uses the traditional
centralized system. The strategy choice for the regulator is (“active”, “passive”); the former refers
to the proactive governance of the automotive market, including innovative subsidy policies and
regular inspections, and the latter means relying on industry self-requlation and stepping in only

when problems arise. The strategy choice for the consumer is (“accept”, “reject”), where the former
purchases automobiles and a relevant traceability service and the latter involves rejecting them.

Assumption 3. The original price of the automobile is Q, and its basic manufacturing cost is Cy.
From the copyright litigation of Apple and Samsung, which exposed their sensitive information
such as profit margins, led to them being exploited by other competitors, and affected their corporate
strategies [42], there is a risk of information security when enterprises publicly disclose data.
According to the literature [13], blockchain has higher transparency than centralized systems, and
it can increase the amount of information disclosed by enterprises [41] and enhance consumer
goodwill [37]. Let the additional information risk cost be Cq, and the enhanced brand image benefit
be R. According to the literature [43], information opacity can reduce information risk, but the
probability of safety accidents caused by insufficient quality information will increase. According
to the literature [15], since the BCATS is a technological innovation, additional development and
maintenance costs are required, which are set as Cy. In order to transfer these costs, enterprises can
increase the service price based on the product price [19,40], and the percentage increase is a. When
manufacturers choose “blockchain”, they pay the information risk cost Cq and the BCATS cost C,
and increase the production price by « percentage. When manufacturers choose “non-blockchain”,
they can avoid the risk cost by concealing information.
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Assumption 4. According to the literature [33], requlators proactively issue policies to manage
the market and increase management costs, which are set as Cz. According to subsidy policies
in other industries [38], regulators support technology innovation manufacturers through tax
reductions and other means, with a subsidy amount of A. In accordance with information disclosure
regulations such as the Product Quality Law, for manufacturers that hide information and cause
quality accidents, a fine of P is imposed and used to compensate victims. From the literature [43],
it can be known that quality accidents have an impact on multiple aspects including the victims
and social stability, which is quantified as So, S1, and Sy according to the results. When regulators
choose “active”, if manufacturers choose “blockchain”, requlators support them with subsides of A,
and receive positive feedback Sy if consumers accept it; if manufacturers choose “non-blockchain”,
because of the possibility of concealing, requlators punish them by P, recover the victim, and thus
obtain positive feedback S1. When regulators choose “passive” and consumers buy cars of uncertain
quality, requlators bear the negative impact Sy.

Assumption 5. The benefit that consumers obtain from purchasing quality-normal products
is U. According to the literature [43], there is a probability of purchasing quality problem vehicles
due to information asymmetry, causing losses set as L. From the literature [26], the BCATS is
more efficient than traditional traceability methods, reducing traceability costs set as C4. From
the literature [37], information transparency is beneficial to consumers, whose purchasing of
new services benefits the enterprise’s brand image set as R. When consumers choose “accept”, if
manufacturers choose “blockchain”, consumers can obtain transparent information and qualified
cars, and the manufacturer’s brand image can enhance; if manufacturers choose “non-blockchain”,
consumers suffer losses L, and then they trace the information inefficiently for claim.

The above assumptions list three players, each with two strategies. With the players
using different strategies, a total of eight strategy combinations can be obtained, corre-
sponding to eight payoff combinations. It can be seen that participants’ choices of different
strategies not only change their own returns, but also affect the others. After summarizing
and analyzing the above assumptions, the corresponding relationship among eight strategy
combinations and respective payoffs in the tripartite evolutionary game regarding the
BCATS is expressed in a payoff matrix form, as shown in Table 2, where from left to right is
the strategy mix, the benefits for manufacturers, the benefits for regulators, and the benefits
for consumers under the mix, and the probability symbols {x, y, z,1 —x, 1 —y, 1 —z},

”ou V7S

respectively, represent the corresponding strategies {“blockchain”, “active”, “accept”, “non-

”ou

blockchain”, “passive”, “reject”}.

Table 2. Payoff matrix.

Strategy Set Manufacturer Regulator Consumer
(x, v, 2) (142)Q+A+R—-Cy—C1—C So—A—-GC3 U—(1+a)Q
(x,y,1—2) A-—C —A—-Cs 0
(x, 1-y, z) (14+a2)Q+R—-Cp—C1 —C 0 U—-(1+a)Q
(x, 1—y,1-2) —Cy 0 0
1-xy 2) Q-Cy—P-L S$1+P—-Cs U—-Q—Cy
1-xy 1-2) 0 —C3 0
(1-x,1-y,z2) Q-G -5, U-Q—-C4—L
(1-x,1-y,1-2) 0 0 0

4. Evolutionary Game Model Analysis

Following the establishment of a hypothetical model for tripartite evolutionary game
interactions, this section analyzes the system stability. Firstly, the tripartite replication
dynamic equations are established and the equilibrium point is identified. Then, the ESS of
the model is analyzed by cases according to Lyapunov’s stability theory.
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4.1. Equilibrium Analysis

Based on the payoff matrix in Table 2, the replicated dynamic differential equations of
the players in Proposition 1 are calculated.

Proposition 1. The replicator dynamic equations of manufacturers, regulators, and consumers
are Fy(x), F(y), and F5(z), respectively, as follows,

Fi(x) =x(1—x)f1(x)
E(y)
z

(1-v)f(v) (5)
F(z) =z(1—-2z)f3(z)

where f1(x) = (P4+L)y+aQ+ R —Cy)z+Ay—Cy, fo(y) = (Sox+ (S1+S2 + P)(1 — x))z—
Ax —GC3, f3(z) = U —L(1 —x)(1 —y) — C4(1 — x) — Q(1 + ax). (The proof process is shown in
Appendix A).

For the manufacturer, according to the replicator dynamic equation F; (x) in Equation (5),

Fi(x) = 0 and the equilibrium state always exist when y = yo = %

arbitrary in [0,1]. When y # yo, both F;(x) = 0 and F{(x) < 0 must hold simultaneously
to satisfy the stability condition of the differential equation. The equilibrium points x = 0
and x = 1 are obtained from F; (x) = 0.1f 0 < y < yo, F{(x)| _, <0and F{(x)|,_, > Oare
satisfied, and thus x = 0 is the stable strategy; if 1 > y > yo, F{(x)|,_, > 0and F{(x)| _, <0
are satisfied, and x = 1 is stable. Because the probability of the manufacturer choosing
“blockchain” increases from x = 0 to x = 1 as y increases, Finding 1 can be obtained.

and x is

Finding 1. As the requlator enforces regulatory policies and innovation support more actively, the
probability of manufacturers choosing “blockchain” increases.

For the regulator, according to the replicator dynamic equation F,(y) in Equation (5),
F(y) = 0 and the equilibrium state always exist when z = zy = SorT (51A+xst %P)(l—x) ,and y
is arbitrary in [0,1]. When z # zy, both F,(y) = 0 and F}(y) < 0 must hold to satisfy the
stability condition. From F,(y) = 0, we obtain the equilibrium points y = 0 and y = 1.
If0<z<zy,F (¥)]y—o <0and F} (¥)l,—1 > 0 are satisfied, and thus y = 0 is the stable
strategy; if 1 > z > 2o, F} (¥)ly—o > 0and 14 (¥)],—1 < 0 are satisfied, and y = 1 s stable.
As z increases, the probability that the regulator chooses “active” increases from y = 0 to
y = 1, which leads to Finding 2.

Finding 2. Regulators choosing “active” are supported by the increasing consumption from
consumers in the automobile market.

For consumers, according to the equation F3(z) in Equation (5), F3(z) = 0 and the
L(1—y)+Q+Cs—U
L(1-y)+C4—aQ
When x # xp, F3(z) = 0 and Fj(z) < 0 must hold simultaneously to satisfy the stability
condition. z = 0 and z = 1 are obtained from F3(z) = 0. If 0 < x < xg, as Fj(z)|,_, < Oand
Fj(z)|,_, > 0 are satisfied, z = 0 is stable; if 1 > x > x, Fj(z)|,_, > 0 and Fj(z)|,_, <O,
and thus z = 1 is the stable strategy. The probability of the consumer choosing “accept”
increases from z = 0 to z = 1 as x increases, which leads to Finding 3.

equilibrium state always exist when x = xg = and z is arbitrary in [0, 1].

Finding 3. Consumers are more willing to choose “accept” with the traceability service based on
blockchain technology applied by the manufacturer.

Based on the game matrix in Table 2 and the way how the decisions of three par-
ties affect others from Finding 1 to 3, the equilibrium points for the three players in the
evolutionary game model in Proposition 2 is calculated.

Proposition 2. The candidate equilibrium points of the tripartite evolutionary game include Eq =
(0,0,0), E; = (1,0,0), E3 = (0,1,0), Ey = (0,0,1), Es = (1,1,0), Ec = (1,0,1), E; =



Information 2024, 15, 796 10 of 18

(0,1,1), Bs = (1,1,1), By = (0, S, G ) By = (1,57, 25%) (7 € [0,1] s

: Cy+L+0-U C C+0-U C—A
an arbitrary value), E;; = ( é4+L9aQ , 0, aQ+1§7C1)' Epp = ( é49“Q , 1, “Q+RJ2FP+L7C1>,

and Eq3 = ( Slilgzsjgiz%so, G *ACjZEE“Q, 1), where the points Eq to Eg can satisfy the stability
condition in any case, and the points Eg to Eq3 need parameters to satisfy specific requirements,
respectively.

(The proof process is shown in Appendix B.)

4.2. Stability Analysis

The equilibrium point is a strict Nash equilibrium if the asymmetric model reaches
the stable state [34]. Since such a point is purely a strategic Nash equilibrium, only the
equilibrium points E; to Eg have to be discussed in relation to the asymptotic stability
for this game model. The Jacobi matrix | of the model is calculated from Equation (5),

as follows.
doFy  dF  9dF
aax aay aaz
r ) r
] (x/ Y,z ) = sz Tyz TZB (6)
oF; of; oF;
T

According to Lyapunov’s stability theory, the equilibrium is an ESS if and only if all
the eigenvalues are negative; on the contrary, the system is unstable. Using [AI; — J|=0
based on Equation (6), the eigenvalues A;(i = 1,2, 3) of E; to Eg are calculated and shown
in Table 3, where I3 is a third-order unit matrix and A represents the eigenvalue.

Table 3. Eigenvalues of equilibrium points.

Point Eigenvalue A4 Eigenvalue A, Eigenvalue A3
E1(0,0,0) Gy G, U-Q-L-C,
E»(1,0,0) Cy —A—-GCs U—-(1+a)Q
E5(0,1,0) A—G Cs U-Q—C4
E4(0,0,1) OLQ+R—C1—C2 51+SZ+P—C3 —U+Q+L+C4
E5(1,1,0) -A+C A+GCs U—-(1+a)Q
E¢(1,0,1) —Q—-R+C+C So—A—-C; U+ (1+a)Q
E7(O,1,1) 06Q+R+A+P+L—C1—C2 —51—52—P+C3 —U+Q+C4
Eg(1,1,1) “4Q-R—-A—P-L+C +C Sy +A+Cy U+ (1+)Q

The plus and minus of some eigenvalues can be determined as all parameters are positive,
but the others cannot. This study adjusts the parameter conditions to obtain the ESS and
the three cases shown in Table 4, where “Y” indicates the ESS, and “N” does the opposite.
To make the analysis simple and general, we pre-set the condition Q + L + C4 > U, which
indicates that consumers suffer losses definitively when they purchase a disqualified vehicle
and fail to recover damage. The following is an analysis of three cases.

Table 4. Stability analysis of equilibrium points.

Case 1 Case 2 Case 3
Point
A Ao A3 ESS A Ao A3 ESS A Ao A3 ESS
E1(0,0,0) — — - Y — - - Y — — — Y
E»(1,0,0) + - + N + - + N + - + N
E;3(0,1,0) + + + N + + + N + + + N
E4(0,0,1) + + + N + + + N + + + N
Es5(1,1,0) F + + N F + + N F + + N
Ee(1,0,1) F + - N — — - Y F + F N
E;(0,1,1) + F F N + F F N — - - Y
Eg(1,1,1) — - — Y F + — N + F F N
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Case 1. When aQ+R+A+P+L>C+Cy, So>A+Csand U> (14+a)Q, Eghas
stability and (“blockchain”, “active”, “accept”) becomes an ESS, which is the ideal state of the
blockchain system. In this case, for the manufacturer, the benefit including increased price, brand
image effect, and subsidy is more than the cost of building the BCATS and the risk of disclosing
truthful information; for the regulator, the positive feedback from a more transparent market is
higher than the cost of subsidy and active governance; for the consumer, it is effective to purchase
cars and a traceability service based on the BCATS.

Case 2. When aQ+R > C1+Cy, A+C3 > So,and U > (14+wa)Q, Eg is stable and
three players tend to choose (“blockchain”, “passive”, “accept”) as the ESS. In this case, both the
manufacturer and the consumer benefit from the BCATS and become willing to maintain it, even
without the support from the regulator; on the other hand, it is not worthwhile for the requlator to
carry out active governance anymore.

Case3. When C1+Cy >aQ+R+A+P+L, S1+S+P >Cs,and U > Q+ Cy, Eyhas
stability and (“non-blockchain”, “active”, “accept”) tends to be the ESS for three players. This
case is how do they coordinate and benefit synergistically to ensure the information is transparent
without blockchain. Manufacturers use a centralized system and would be punished if quality
problems due to information asymmetry are revealed; requlators supervise manufacturers actively to
maintain market order; and consumers purchase cars with a little quality risk.

v a7

In the above cases, E; remains a stable point and (“non-blockchain”, “passive”, “re-
ject”) is the ESS, in which the three players have to give up cooperation to ensure the
minimized loss, as they cannot reasonably distribute the costs and benefits.

5. Numerical Analysis

To verify the validity of the equilibrium and stability analysis, and analyze the influ-
ence of different factors on the ESS, this section numerically simulates tripartite evolutionary
game processes in fifty units of time. According to references [19], the parameters are ini-
tially set to be (x,y,z) = (0.5,0.5,05), A = 0.5,C; = 0.3, C; = 05,C3 = 0.2, &« = 0.5,
S0=12,5=1,5=15Q=05P=05U=1L=1R=01and C = 0.5, and
transform separately the initial probability set (x,y, z), BCATS construction cost C;, price
increase &, and subsidy A in the following experiment.

5.1. Influence of the Initial Probability

Figure 3 shows the game process simulation in three cases where the initial probability
of the strategy set (“blockchain”, “active”, “accept”), respectively, is (0.8, 0.8, 0.2), (0.5, 0.5,
0.5), and (0.8, 0.2, 0.2). It illustrates that the initial probability affects the game process
and ESS. In Figure 3a, when only the initial probability of consumers choosing “accept”
is low, the active governance of regulators is reduced temporarily. However, a large
number of manufacturers launching the BCATS service attract consumers in the long term,
which promotes regulators to adhere to the original strategy. Finally, the three players
are stabilized in the ideal ESS (“blockchain”, “active”, “accept”). In Figure 3b, when the
probabilities of the tripartite strategies are equal and moderate, regulators firstly promote
active governance and support more manufacturers to build the BCATS, which attracts
consumers. The three players enter smoothly the stable state (“blockchain”, “active”,
“accept”). In Figure 3c, when only the manufacturer choosing “blockchain” has a high
probability, although it has great faith, too few consumers and subsidies are not enough to
get it through the initial stage.
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Figure 3. Influence of the initial probability.

5.2. Influence of BCATS Construction Cost

Figure 4 demonstrates game process simulations in which three players enter the ideal
ESS (“blockchain”, “active”, “accept”), facing different cost indexes of building the BCATS,
illustrating the impact of the cost. As it increases, the manufacturer decelerates into the
stable state in Figure 4a, the regulator accelerates in Figure 4b, and the consumer is sync
with the manufacturer in Figure 4c. It illustrates that the higher cost would reduce the
manufacturer’s revenue and make them hesitate to maintain the blockchain, the regulator
is willing to support the manufacturer burdened by this cost difficulty, and the consumer
tends to purchase with transparent information, when the initial strategy ratio is moderate.

Figure 4. Influence of BCATS construction cost.

5.3. Influence of Price Increase

Figure 5 shows the simulated process entering the ideal ESS, with the automobile’s
price increased by the manufacturer. With the increase in price, although the manufacturer
accelerates at the beginning, all three players slow down entering the stable state. As can
be seen by comparing Figure 5a—c, three players are affected in descending order of the
manufacturer, regulator, and consumer. High prices of the BCATS service, while encouraging
the manufacturer to stay the system in the short term, could further discourage the consumer
from shopping and make the regulator hesitant to take active governance. These long-term
effects then would feed back into the manufacturer and result in price adjustment.

Figure 5. Influence of price increase.

5.4. Influence of Subsidy

Figure 6 shows the game simulation that the regulator changes the subsidy for techno-
logical innovation. As the subsidy increases, the manufacturer accelerates into the stable
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state in Figure 6a. On the contrary, in Figure 6b, the regulator slows down and even changes
the strategy. The consumer is barely affected in Figure 6c. The increased subsidy could not
only offset the cost of BCATS construction but also increase the financial burden on the
regulator and lead to strategy adjustment. Since the subsidy does not affect directly the
price and utility of vehicle products, it has little impact on the consumer.

(b) Regulator
1 o=z
2 0.8f 4
E ;/
5 0.6}
g U 4=0.8 504 4=0.8 gua 4=0.8
~0.2 — == =4=05 0.2 — == =4=05 0.2 — == =4=05
O ............... A:()2 O ............... A:()2 0 ............... A:()2
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Time Time Time

Figure 6. Influence of subsidy.

6. Discussion

Based on the above BCATS adoption mechanism study, this section highlights the
novelty of this study, discusses the theoretical analysis results, and puts forward practical
guidance suggestions for the automobile market, and points out the limitations.

This study draws on research from multiple fields and introduces new insights. BCATS
technology studies demonstrate the technical feasibility, the digital technology adoption
mechanism studies identify the factors that influence the tripartite decision, and the evo-
lutionary game studies provide the method of studying the dynamic group behavior.
Building on these studies, this paper uses the evolutionary game method to study the pro-
cess of BCATS adoption in the auto market for the first time. Furthermore, considering the
impact of the BCATS on stakeholders, including the information risk and brand image of
manufacturers, the subsidy policy of the regulator, and the traceability benefit of consumers,
this study initially describes the decision-making evolution of the tripartite in adopting the
BCATS. As reviewed in Section 2, this study has not been previously undertaken in these
fields, highlighting the novelty of this study.

Based on the above simulation analysis, this study obtains the following theoretical
analysis results. Firstly, according to Section 4.1, the strategies of the three players affect each
other. The probability of the manufacturer choosing “blockchain” and building a blockchain
traceability system increases as the regulator actively enforces quality regulation. The
regulator choosing “active” with active policy enforcement is supported by the consumer
increasing consumption. The consumer is more willing to choose “accept” and purchase
the BCATS service. Secondly, according to Section 4.2, there are several ESSs depending
on different conditions. The state (“blockchain”, “active”, “accept”) is the ideal ESS that
all three players adopt the BCATS and profit from the BCATS. The state (“blockchain”,

”oou

“passive”, “accept”) is the ESS when the BCATS is maintained only by manufacturers
and consumers. The state (“non-blockchain”, “active”, “accept”) is a coordinated way
for the three players to trace cars without blockchain. The three enter the state (“non-
blockchain”, “passive”, “reject”) when negotiations break down. Thirdly, according to
Section 5, the tripartite ESS is affected by many factors, including the initial probability,
BCATS construction cost, price increase, and subsidy. For the initial probability, the ideal
ESS requires the general support from three players to cooperate, or the strong support
from any two players to change the third strategy. For the system construction cost, if it
is too high, it would be difficult for the manufacturer to maintain and provide services
to consumers, and regulators would provide subsidies if there is a certain base. For
the price increase, the excessive increase of the traceability service price does little to
support manufacturers, but much to discourage the regulator and consumer. For the
subsidy, it could support manufacturers to build the BCATS, but too much of it would

inhibit regulators.
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Practical suggestions are put forward based on the theoretical outcomes, in order
to facilitate the adoption of BCATS and enhance information transparency in the auto
market. Firstly, since both regulators and consumers are inclined to support manufacturers’
decision when they opt to construct the BCATS, overly high blockchain costs would make
it difficult for them to maintain the new digital system. Thus, manufacturers should stick
to their decision to build the BCATS and simultaneously consider approaches to reduce
technical costs, such as supply chain integration and collaboration with technological
institutions. Secondly, the value-adding of service fees is beneficial for manufacturers
but significantly restrains consumers from purchasing services. Therefore, manufacturers
should not regard it as the expected revenue of the project but rather focus on brand image
to attract more consumers. Thirdly, the subsidy of regulators can steer the strategies of
enterprises and consumers towards (“blockchain”, “accept”); therefore regulators should
adhere to the subsidy policies. Simultaneously, regulators should also establish a scientific
reward and punishment mechanism to sustain a long-term project. Fourthly, consumers
tend to purchase traceability services. Hence, manufacturers and regulators should enhance
consumers’ recognition to traceable services, enabling them to be aware, and then they
would naturally make decisions for quality assurance by themselves.

Nevertheless, this paper has limitations. For example, the interest network in this study
is relatively simplified, the parameters are subjectively set, and several other influencing
factors have not been considered. In practice, the automobile manufacturing supply chain
is not monolithic, and parts suppliers, manufacturers, sales platforms, and other links
also engage in internal competition and external game interactions. Market data vary
across different regions and vehicle types. Besides regulators and consumers, third-party
institutions such as banks and insurance companies also play a role.

7. Conclusions

Automotive manufacturing is a pillar industry, and blockchain is an emerging digital
technology whose impact mechanism is widely concerned by practitioners and researchers.
This paper aims to discuss the evolution of stakeholders in the auto market and deepen their
understanding of how to accept the BCATS. Through in-depth research, the theoretical and
practical contributions of this study are concluded as follows. Firstly, this study for the first
time uses the evolutionary game method to describe BCATS adoption in the automobile
market, analyzing the stakeholders, their interactions, and the influencing factors in the
decision-making process, and providing a theoretical basis for further research on BCATS
application. Secondly, this study constructs an evolutionary model and its stable states
among manufacturers, regulators, and consumers, provides a simulation perspective for
the market to accept the BCATS, and establishes a relevant theoretical framework. Thirdly,
this paper uses stability theory and numerical simulation to simulate the adoption process
in different states, and based on the theoretical results, offers practical suggestions for
manufacturers and regulators to facilitate the market’s adoption of the BCATS.

Based on the contributions and limitations of this study, future research directions are
suggested. One direction is to expand the network of stakeholders in the market, including
insurance and research institutions, as well as intra-supply chain enterprises. Another
direction is to introduce data from different regions and enterprises to enhance reliability
and differentiation. A third direction is to extend the development route of the technology
and study the diffusion mechanisms’ post-market adoption of blockchain.
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Appendix A

Proof of Proposition 1. The replication dynamic equations of three parties are calculated
successively based on the payoff matrix in Table 2. Since the basic operation flow of
the three equations is similar, only the manufacturer’s replication dynamic equation is
described in detail. The game fitness of each party is defined as the growth rate of the
investment funds that adopt a particular strategy after each game.

Firstly, we calculated the replication dynamic equation when manufacturers choose
“blockchain”. Suppose that the expected returns of the producer when choosing “blockchain”
and “non-blockchain” strategies are, respectively, 7111 and 712, which can be calculated
from four strategy and payoff combinations corresponding to the strategies, by summing
the product of return and probability, shown as follows,

1 =yz(1+a)Q+A+R-Co—C1 —C) +y(1-2)(A-C) +z(1-y)(1+a)Q+R—-Co— C1 — C2)

~(1-2)1-y)C, (AD

Mp& =yz(Q—Co— P — L) +z(1 —y)(Q — Co). (A2)

Then, the overall expected return of manufacturers can be obtained by the two ex-
pected returns and weighted mean formula 77 = x713; — (1 — x)712, and the replicator
dynamic equation for manufacturers choosing “blockchain” can be obtained by simplifying
Equation (3).

Pl(x) = % = X(?Tll —ﬁ) = X(TCH — (X7'[11 — (1 — X)7T12)) = X(l — JC)(TCH — 7T12) (A3)
=(1—-x)((P+L)yz+aQz+ Rz — Ci1zAy — Cy).

Secondly, we calculated the replication dynamic equation when regulators choose
“active”. Suppose that the expected returns of the regulator when choosing “active” and
“passive” strategies are, respectively, 711 and 7155, which can be calculated from four
strategy and payoff combinations corresponding to the strategies, shown as follows,

& = xz(So—A—C3) —x(1-2)(A+C3) +z(1—x)(S1+P—-C3) — (1 —2)(1 — x)C3, (A4)
Tl = —Z(l — x)Sz. (A5)

Then, the replicator dynamic equation for the regulator choosing “active” can be obtained,
d
B (y)& = d% =y(1 —y) (2 — 7m22) = y(1 = y)((S1+ S2 + P)(1 — x)z + Soxz — Ax — G3). (A6)
Thirdly, we calculated the replication dynamic equation when consumers choose
“accept”. Suppose that the expected returns of the consumer when choosing “accept” and

“reject” strategies are, respectively, 7r3; and 7132, which can be calculated from four strategy
and payoff combinations corresponding to the strategies, shown as follows,

ma1& = xy(U — (1+a)Q) +y(1-x)(U - Q- Cy) +x(1—y)(U - (1+a)Q) + (1 -y)(1 - x)(U-Q - C4 — L), (A7)

32 = 0. (A8)
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F3(Z)& =

E:

Then, the equation for consumers choosing “accept” can be obtained by simplifying
Equation (2),

2(1 =2)(7m31 — 7132) = 2(1 = 2)(U = L(1 = x)(1 —y) = Ca(1 = x) = Q(1 + ax)). (A9)

The results follow. In summary, Equations (A3), (A6), and (A9) are the replication
dynamic equations corresponding to manufacturers choosing “blockchain”, regulators
choosing “active”, and consumers choosing “accept”, which describes how the frequency
of the strategy set dynamically changes over time. []

Appendix B

Proof of Proposition 2. Because the equilibrium point refers to the system state where the
strategy change frequency of participants no longer changes timely and the replication
dynamic equation reflects the dynamic change frequency of the strategy, the equilibrium
point is the zero solution of the replication dynamic equation system for all participants.
That is, equilibrium points satisfy that F; (x) = 0, F,(y) = 0, and F3(z) = 0 simultaneously.
As can be seen from Equation (4), replication dynamic equations are represented as the
product of three factors, respectively. In order to find the zero point of the system, it should
be found points (x, y, z) that satisfy,

{(x,y,2) €[0,1][(x=00rx =T1or fi(x) =0)and (y=00ry =1or fo(y) =0)and (z=00rz =1or f3(z) =0))}. (A10)

Firstly, it is obvious to find eight points by permutation combining the points whose
value is 0 or 1 from condition (B. 1). The points E; = (0,0,0), E; = (1,0,0), Es = (0,1,0),
Ey = (0,0,1), Es = (1,1,0), E¢ = (1,0,1), E; = (0,1,1), and Eg = (1,1,1) meet the
equilibrium condition and they are all equilibrium points. Because when any two of
{x,y,z} is 0 or 1, the other must be 0 or 1, so there is no need to discuss this situation.

Then, we find six zero points Eg to E14 in the case, that one of the {x,y,z} is fixed to
0 or 1 and the other two take the zero solution of the product factors { f1(x), f2(y), f3(z) }.
These points require parameters limited in the range [0, 1].

Firstly, when we set x = 0,1 in the equations F;(x) = 0, F,(y) = 0, and F3(z) = 0,

there are F;(x) =0, and Eg = (O, C“LJLFQ*LI Cs ) and Ejg = (1 y*, A+C3) satisfying

7 S1+5,+P
F(y) = 0 and F3(z) = 0, where C4+LJLFQ7U, Sl+C532+P' y" and Ag—f are arbitrary values
Cy+L+0-U Cs . e e
n (0,1). From 0 < T 'S5 P < 1, we obtain parameters for equilibrium Eqg

satisfying C4 + Q < Uand C3 < S1 + S+ P. From 0 <
A+ C3 < 5 of equilibrium Eq.

A'S"OC3 < 1, the parameters satisfy

Secondly, when we sety = 0, 1 into equations, we have F,(y) =0, E; = ( %, 0,
C C u C—-A . .
m), and Ejp = ( gQ“Q ,1, “QJerPJrLfC]) satisfying F;(x) = 0 and F3(z) = 0,

where the parameters for equilibrium Eq; satisfy 0 < Céjffg‘bu, 20 +C1%7C1 < 1 and

for equilibrium Ej, satisfy 0 < Céjgbu, 0 +ch;fo€1 < 1. Further, the parameter

satisfaction is (1+a4)Q < Uand C;1 +C; < aQ+ R of Eyy, and (1+4a)Q < U and
Ci+C<aQ+R+P+ L+ Aof Eqpp.
Thirdly, when we set z = 0,1 in the equations F; (x) = 0, F,(y) = 0, and F3(z) = 0, we

_ S1+Sp+P—-C, C1+Cy—R—
have F5(z) =0, Ej3 = (Slj_sszJrAst, 1 A}rH_P“Q,l), and Eq4 = ( A3, A,O) satisfying

Fi(x) = 0and F>(y) = 0. Ey3 is the equilibrium if the parameters satlsfy A+ C3 < Spand
C1+Cy <A+ L+ P+ R+ aQ. Ey4 cannot be the equilibrium, since —= < 0 cannot enter
the range [0, 1].

The results follow. Thirteen equilibrium points E; to Eq3 are found of the system where
E; to Eg is the equilibrium in any case, and Eg to E13 need parameters to satisfy specific
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requirements. They are necessary to solve the Nash equilibrium of the system and find the
ESS of the game model. [
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