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In the "main manufacturer-multiple suppliers" supply-demand mode, the main manufacturer and suppliers of
the high-end equipment manufacturing industry are often characterized by bounded rationality and incomplete
information, thus bringing challenges to the multiparty game of dynamic equipment quality control. This study
models the part quality incentive with an evolutionary game between the main manufacturer and suppliers
and discusses the stability of each equilibrium point. Furthermore, the impacts of the main manufacturer cost
subsidies and supplier effort levels on strategy evolution are analyzed. Simulation results indicate that suppliers
tend to improve the part quality as cost subsidies increase and required effort levels decrease. Additionally, the
main manufacturer tends to incentivize suppliers with increased cost subsidies and decreased required effort
levels. The findings define the effective range of cost subsidies and effort levels while providing theoretical
references for studying the game decisions of the main manufacturer and suppliers.
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1. Introduction

Crucial for strategic emerging industries, high-end equip-
ment is customized products or systems with high tech-
nology levels and large capital investments, including
aerospace equipment, high-speed trains, and semiconduc-
tor production lines. Such equipment is oriented to cus-
tomer demand and manufactured collaboratively through
cross-field and cross-regional organization, where the main
manufacturer assembles all parts from suppliers and de-
livers the final product to the customer. Taking Boeing’s
B747 aircraft as an example, Boeing assembles the parts
manufactured by 1,500 large enterprises and 15,000 small
and medium enterprises and delivers the final product to
the customer.

In the “main manufacturer-multiple suppliers” mode,
the main manufacturer outsources non-core tasks to suit-
able suppliers to utilize their superior resources. Therefore,

the overall quality of high-end equipment depends on not
only the assembly capacity of the main manufacturer but
also the part quality of the suppliers. Quality issues of key
parts could cause significant losses to the main manufac-
turer. For instance, two Boeing 737MAX aircraft crashed
successively in October 2018 and March 2019 due to the
defective design of the maneuvering characteristics aug-
mentation system and sensor failure.

The main manufacturer expects high-quality parts from
suppliers for improved overall product quality and greater
benefits [1]. Meanwhile, supplier profit margins narrow
due to lower purchasing prices from the main manufac-
turer and higher raw material costs. To illustrate, the steel
price rising from 1,900 yuan/ton to about 3,800 yuan/ton
since 2015 poses a great risk for suppliers to improve the
part quality. However, it is necessary for suppliers to invest
funds to improve part quality, and the returns are heavily
biased towards the manufacturer [2]. which is contradic-
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tory to the maximization of supplier benefits. Thus, the
game between the main manufacturer and suppliers on
part quality is becoming increasingly prominent. The main

s

manufacturer’s incentive mechanism affects suppliers’ "at-
titude" toward collaborative cooperation [3], i.e., the effort
level, and suppliers could become unwilling to improve
part quality under insufficient quality incentives. Therefore,
a reasonable quality incentive mechanism such as cost shar-
ing is necessary for the main manufacturer to encourage
suppliers to improve part quality [4].

Most of the existing studies on supply chain quality
control and supervision are conducted from the perspec-
tive of quality improvement in the production process and
enterprise collaboration [5-7], while few studies focused
on part quality improvement and incentives of the main
manufacturer and suppliers. The game model of quality
management in the "main manufacturer-multiple suppli-
ers" mode assumes that stakeholders are completely ratio-
nal, thus incapable to describe the dynamic attributes of the
participants and analyze the strategy evolution of the main
manufacturer and suppliers [8]. In reality, however, the
main manufacturer and suppliers have bounded rationality
and incomplete information, rendering it difficult to pre-
dict the behavior of other stakeholders. Therefore, the part
quality supervision strategy evolution of the main manu-
facturer and suppliers is analyzed through the evolutionary
game theory (EGT). The evolutionary game combines the
traditional game and the dynamic evolution process and
constructs a decision-making process that continuously
learns and revises among the stakeholders to increase ben-
efits [9]. Finally, an evolutionarily stable strategy (ESS) is
achieved [10, 11].

Based on EGT, this paper studies the part quality
improvement-incentive behavior of the main manufacturer
and suppliers in the "main manufacturer-multiple suppli-
ers" mode and mainly addresses the following questions.
What are the stable conditions of part quality improvement
incentives? How does the supplier choose the strategy
under different costsharing incentives of the main manu-
facturer? How does supplier effort level affect the evolution
trend of supplier strategy to improve part quality?

The novelty of this paper is to explore the strategic inter-
action of the main manufacturer and suppliers and further
analyze the impacts of the main manufacturer cost subsi-
dies and supplier effort levels on their strategy evolution.
Firstly, an evolutionary game model for the quality incen-
tives of the main manufacturer and suppliers is constructed.
Then, the stability of the equilibrium points of the game
model is discussed. Finally, the impacts of cost-sharing
coefficients and effort levels on the strategy evolutionary

path and equilibrium state are analyzed.

The remainder of this paper is structured as follows.
Section 2 reviews the relevant literature. Section 3 describes
the problem and assumptions. In Section 4, an evolutionary
game model for the part quality incentives of the main
manufacturer and suppliers is established. Based on the
replicator dynamic equation, ESS is analyzed in Section
5. Section 6 analyzes the impacts of important factors on
the evolutionary paths of tripartite strategies, such as cost
subsidies of the main manufacturer. Section 7 proposes the
conclusions and suggestions.

2. Literature review

Extensive research has been conducted on supply chain
quality control and regulation. Wang et al. [12] considered
the uncertainty of cooperation between the main manufac-
turer and suppliers and studied the elasticity optimization
problem based on the bilateral gray quality function. Feng
et al. [13] studied the quality disclosure policy of the man-
ufacturer in the case of consumer returns. Yet, quality
incentives were not involved in the above research. Xie et
al. [14] analyzed the impact of regulatory mechanisms on
the production of pirated products but did not consider the
interactions between manufacturers and suppliers. Kwon
[15] used a lightweight model to improve the efficiency of
dimensional quality management from the perspective of
shipbuilding quality and analyzed the interaction among
manufacturers, retailers, suppliers, and the government
but not the strategy evolution process among stakeholders.

The game theory has been widely applied to supply
chain quality management. Yoo and Cheong [16] estab-
lished a Stackelberg game model between customers and
suppliers and analyzed incentive strategies to improve
product quality. Nevertheless, the quality incentive de-
cisions with information asymmetry are not considered
in these studies based on the Stackelberg game with com-
plete information. Yi et al. [3] proposed a cooperative game
model between the main manufacturer and suppliers with
incomplete information. Based on the differential game
theory, Pang and Tan [17] analyzed the quality equilibrium
decisions in supply chains composed of one supplier and
two competing manufacturers. Li et al. [18] discussed the
random disturbance of quality control strategy in supply
chains through the stochastic differential game. Zhao et al.
[19] established a tripartite static game model of product
quality supervision with incomplete information among
manufacturers, distributors, and supervisory departments
and analyzed the strategy selection of stakeholders. How-
ever, the dynamic decision-making processes of different
stakeholders were not covered. Kong et al. [20] formu-
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lated product regulatory strategies from the perspective
of enterprise clusters and analyzed the enterprise cluster
evolution process but failed to consider the game behavior
of other stakeholders, such as upstream and downstream
enterprises.

Scholars have studied quality control in the "main
manufacturer-multiple suppliers” mode, which is different
from the traditional transaction. The main manufacturer
plays a dominating role and can regulate supplier activities
[21]. Cheng et al. [8] constructed an incentive Stackelberg
game model between the main manufacturer and the sup-
pliers. Nonetheless, these studies have not explored the
strategy evolution trend of suppliers and the main manu-
facturer.

Most studies analyzed supply chain quality manage-
ment from the static viewpoint and ignored the dynamic
and complex nature of quality management. Quality man-
agement in the "main manufacturer-multiple suppliers”
mode often takes the form of long-term collaborative rela-
tionships between the main manufacturer and suppliers.
Due to the bounded rationality and incomplete informa-
tion of the main manufacturer and suppliers, it is difficult
to predict stakeholder behavior in complex and uncertain
environments. Therefore, it is necessary to analyze the
dynamic strategy selection of each stakeholder based on
EGT.

Compared with the traditional game theory, the evolu-
tionary game considers the bounded rationality of stake-
holders and describes the decision-making process with
continuous learning and revision by constructing a dy-
namic relationship suitable to study the long-term dynamic
game among stakeholders with bounded rationality [22-
24]. Parties of the evolutionary game constantly adjust and
improve their benefits, finally reaching an equilibrium state,
namely, the evolutionary stability strategy (ESS), where no
individual party unilaterally adjusts its strategy as long as
the others do not change theirs [25].

The evolutionary game has been widely applied to dis-
cuss the interaction of multiple stakeholders in supply
chain management [26-28], such as environmental protec-
tion [29-31] and platform regulation [32, 33]. Chen and Hu
[34] established an evolutionary game model to analyze the
behavioral strategies of manufacturers and governments
under various combinations of carbon taxes and subsidies.
Wang et al. [32] constructed an evolutionary game model
between the government and enterprises and analyzed
the evolution of green technological innovations. Wu et
al. [35] considered the "deceive acquaintance" behavior of
e-commerce platforms and constructed an evolutionary
game model from the perspective of cooperative supervi-

sion between the government and consumers. Based on
the evolutionary game, Liu et al. [36] proposed a gover-
nance mechanism to prevent service platforms from the
discriminatory pricing of big data. Hosseinnezhad et al.
[2] analyzed the evolution process of suppliers’ resource
sharing under disruption scenarios. The above research
provided a theoretical basis and reference for studying the
decision-making evolution process of quality incentives in
the "main manufacturer-multiple suppliers" mode.

Based on the above analysis, this paper studies the evo-
lution process of quality incentives for key parts among the
main manufacturer and suppliers with incomplete infor-
mation and bounded rationality.

3. Problem description and assumptions

According to the agreement with the main manufacturer,
suppliers comprehensively consider the investment cost
for improving part quality and the return for supplying
the parts and choose the strategy to maximize their ben-
efits. The main manufacturer and suppliers with limited
environmental cognition lack a strong ability to acquire
and process information. Therefore, their strategies are not
optimal in the beginning, while their final strategies are
after trying different strategies in multiple games.

This paper views the main manufacturer and two types
of suppliers as players in the evolutionary game and con-
structs an evolutionary game model for quality incentives
of the main manufacturer and two types of suppliers. The
schematic diagram of the model is shown in Fig. 1 Sup-
pliers A and B are two different types, with differences in
production cost, enterprise scale, production capacity, etc.
Supplier A represents small and mediumsized enterprises,
while supplier B represents large enterprises. Taking CO-
MAC’s C919 large aircraft as an example, 70 enterprises
have become its suppliers or potential suppliers, including
large enterprises such as the Aviation Industry Corpora-
tion of China (AVIC) and Baosteel as well as small and
medium-sized enterprises such as Zhejiang Xizi Aviation
and Boyun New Materials that focus on equipment manu-
facturing. Meanwhile, the main manufacturer has different
cost-sharing proportions for suppliers A and B.

The following assumptions are made in this study:

1. Suppliers A and B have different production costs
and investment costs for improved part quality and
two strategy options: {improving part quality (I), not
improving part quality (NI)}. The probability of sup-
plier A adopting strategy I is X,0 < X < 1, with
X = 1signifying supplier A adopting strategy I and
X = 0 signifying supplier A not adopting strategy
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Fig. 1. Schematic diagram of quality incentives for the

main manufacturer and suppliers.

I. The probability of supplier B adopting strategy I
isY,0 <Y <1, with Y = 1 signifying supplier B
adopting strategy I and Y = 0 signifying supplier B
not adopting strategy I.

2. The main manufacturer also has two strategy options:
{encouraging the suppliers (E), not encouraging the
suppliers (NE)}. The probability of the main manufac-
turer adopting strategy Eis Z,0 < Z <1, withZ =1
signifying the main manufacturer adopting strategy
E and Z = 0 signifying the main manufacturer not
adopting strategy E.

3. The suppliers provide parts to the main manufac-
turer at the price of P; (P; > 0,i = A, B) and bear pro-
duction costs C;;. When supplying parts with im-
proved quality, the suppliers bear investment costs
Ciy for purchasing advanced equipment and technol-
ogy, with Ciyy = Cip + 6;¢/2 [37], where ;¢2 /2 is the
extra cost of supplier i providing parts of improved
quality. ¢; is effort level of supplier i,e; > 0, and J;
is its cost coefficient. When supplying parts of im-
proved quality, the suppliers receive additional benefit
R; (R; > 0,i = A, B), such as reputation.

4. Besides assembling the parts, the main manufacturer
also motivates and coordinates the suppliers. Specif-
ically, the main manufacturer purchases parts from
the suppliers at the price of P; and covers assembly
cost Cy, and regulatory cost Cr. After the assembly,
the product is sold to the customer at the price of P.
The main manufacturer offers subsidy aC;y to suppli-
ers adopting strategy I, with a being the cost subsidy
coefficient.

5. High-quality parts improve the quality of the final
product and bring additional benefits to the main man-
ufacturer, such as reputation. With suppliers A and
B both adopting strategy I, the additional benefit of
the main manufacturer is Gg. With only supplier A
adopting strategy I, the additional benefit of the main
manufacturer is G;. With only supplier B adopting

strategy I, the additional benefit of the main manufac-
turer is G2.Gg > Gy > Gp. The main parameters and
their meanings are listed Table 1.

4. Evolutionary game model of the main manufac-
turer and suppliers

The eight strategy combinations are presented in Fig. 2.
According to the assumptions of the model, a game payoff
matrix is constructed, as shown in Table 2, where the for-
mulas represent the payoffs of supplier A, supplier B, and

the main manufacturer, respectively.

1. Expected benefits of supplier A

NE ™2
N4

Supplier A
NI

Supplier B

NI

Fig. 2. Strategy combinations of the tripartite evolutionary
game.

The expected benefits of supplier A for improving part

quality can be expressed as Eq. (1).

Upn =YZ (Py —Cyyg + Ra+aCapg) +
Y(1—Z)(Pa—Can+Ra) +
(1=Y)Z (P4 = Can+Ra+aCap)+ (1)
(1=Y)A—-2)(Pa—Can+Ra)
=Py —Cag +Ra+ZaCypy

The expected benefits of supplier A for adopting strat-

egy NI can be calculated with Eq. (2).

Uy =YZ (Py — Car) +Y(1 = Z) (P4 — Car) +
(1=Y)Z(Pa—Car)+ (1 =Y)(1=Z)(Pa—Car)
=Py —Cyur

@

Average expected benefits of supplier A are obtained

in Eq. (3).

U; = XUy + (11— X)Uypp
= X (P4 —Can+Ra+ZaCap) + (1 —X) (P4 — Car)

=Py —Cap + X (Car — Capg + Rp + ZaCpp)
(3)
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Table 1. Main parameters and their meanings.

Stakeholders Symbols Meanings
Pi(i=A,B) Part price of supplier i
Suppliers C ( =A,B) Investment costs of adopting strategy I

= A,B) Investment costs of adopting strategy NI

(z = A,B) Additional benefits of adopting strategy I
P Product price

Main manufacturer Cm Assembly cost
Cr Regulatory cost
Additional benefits

Gj(j =0,1,2)

Table 2. The payoff matrix of evolutionary game model.

Suppliers The main manufacturer
Encourage suppliers(Z) Not encourage suppliers(1-Z)
SupplierBadopts Py —Cag+Ra+aCpy Py —Cag+ Ry
Supplier strategy I(Y) Pp — Cpg + Rp +aCpy Pg —Cpg +Rp
A adopts P+Gy—Py—Pg—Cy—Cr—aCpy—aCgy P+ Gyg—Py—Pg—Cy —Cr
strategy I (X) Supplier B adopts Py —Cag+Ra+aCyy Py —Cuag+ Ry
strategy NI(1 — ) Pg — Cpy, Pg — Cpy,
P+G1—PA—PB—Cm—CR—11CAH P+G1—PA—PB—Cm—CR
Supplier B adopts Py —Cyr Py —Cyr
Supplier strategy 1(Y) Pp — Cgy + Rp +aCpy Pp —Cpy +Rp
Aadopts P+Gy—Py—Pg—Cyp —Cgr —aCgy P+ Gy —Py —Pg—Cyp —Cr
strategy NI (1 — X)  Supplier B adopts Py —Cyap Py —Car
strategy NI (1 - Y) Pg — Cpp, Pg — Cpp.

P—P4—Py—Cm — Cg P—Py—Pg—Cm—Cg

Therefore, the replicator dynamic equation of supplier
A can be written as Eq. (4).

F(X) = X (U — Up) = X(1 = X) (Uyy — Upz) @
= X(1-X)(CaL — Can +Ra + ZaCapy)

where F(X) represents the change rate of supplier A

to improve part quality. With F(X) > 0, supplier A

tends to adopt strategy I. With F(X) < 0, supplier A

is unwilling to adopt strategy L.

. Expected benefits of supplier B

The expected benefits of supplier B for improving part

quality can be expressed as Eq. (5).

Uy = XZ (Pg — Cpy + Rp +aCpy) + X(1 - Z)(Pp
—Cpy+ Rp)+ (1 —X)Z (Pg — Cpy + Rp +aCgp)
+(1=X)(1-2)(Pp—Cpr + Rp)

= Pg —Cgy + Rg + ZaCgy
©®)

The expected benefits of supplier B for adopting strat-

egy NI can be calculated with Eq. (6).

UZZ = XZ (PB — CBL) =+ X(l — Z) (PB — CBL) —+
(1-X)Z(Pp—Cpr)+(1—X)(1—Z) (Pg—CpL)

= Pg —Cpgt
(6)

Average expected benefits of supplier B are calculated
in Eq. (7).

Uy = YUy + (1 -Y)Ux
=Y (Pg—Cpy +Rp+ZaCgy) + (1-Y) (Pg — Cpr)

= Pg — Cpr + Y (Cpr — Cgy + Rp + ZaCpp)
(7)

Therefore, the replicator dynamic equation of supplier

B can be written as Eq. (8).

F(Y)=Y (Uxn —Uz) =Y(1-Y) (Uyn — Un)

(8)
=Y(1-Y)(Cpr — Cgy + Rp + ZaCpp)

Where F(Y) denotes the change rate of supplier B to
improve part quality. When F(Y) > 0, supplier B
tends to adopt strategy I. When F(Y) < 0, supplier B
is unwilling to adopt strategy I.

. Expected benefits of the main manufacturer

The expected benefits of the main manufacturer incen-
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tivizing suppliers are calculated in Eq. (9).

5. Stability analysis

Usy = XY (P + Gy — Pg — Py — Cpy — Cr — aCapy — aCpiy) According to Eq. (13), equilibrium points in the game

+X(1—Y)(P+Gy— P —Pg—Cp — Cr — aCap) +
(1= X)Y (P+ Gy — P4 — Py — Coy — Cr — aCppy) +
1-X)1-=Y)(P—Py—Pg—Cp —Cgr)

=P Py —Py—Cp—Cr+XY(Gy— Gy —Gy) +

X (G1—aCap) +Y (G2 — aCpp) o

The expected benefits of the main manufacturer choos-
ing NE strategy are obtained in Eq. (10).

Usy = XY (P+ Gy — Py — Pg — Cy — Cr) +
X(1—Y)(P+Gy— Pa— Py — Cy— Cg) +
(1= XY (P+Go =Py =Py = Cu=Cr)+
(1=X)A=Y)(P—Pa—Pg—Cn—Cg)
—P—Py—Py—Cp—Cr— XY
(Go + G1 + Ga) + XGi + YG»

Average expected benefits of the main manufacturer
are calculated in Eq. (11).

U3=ZU31+(17Z)U32
=P—Py—Pg—Cy—Cr—XY(Gyp+ G1 + Gy)

+ XG1+YGy +2XYZGy — XZaCuy — YZaCgy
(11)

The replicator dynamic equation of the main manufac-
turer is obtained in Eq. (12).

F(Z) =Z (U31 - U3) = Z(]' - Z) (U31 - U32) (12)
=Z(1—Z) (2XYGy — XaCay — YaCgpy)

where F(Z) represents the change rate of the main
manufacturer motivating the suppliers.F(Z) > 0 indi-
cates that the main manufacturer tends to incentivize
part suppliers. F(Z) < 0 indicates that the main man-
ufacturer is unwilling to incentivize the suppliers.

With Gy = Cp + (51'31-2 /2, a three-dimensional dy-
namic system composed of supplier A, supplier B,
and the main manufacturer can be constructed, as ex-
pressed in Eq. (13).

F(Y) =Y(1~Y) (~0pe}/2+ Rp + ZaCppy)
F(Z) = Z(1-Z) (2XYGy — XaCpp — YaCpp)
(13)

{ F(X)=X(1—X) (—064€%/2+Ra+ ZaCap)

among supplier A, supplier B, and the main manufac-
turer are (0,0,0), (0,1,0), (0,0,1), (0,1,1), (1,0,0), (1,1,0), (1,0,1),
(1,1,1), and (X*,Y*, Z*). Since the asymptotic stability of
pure-strategy equilibria is only discussed in an asymmetric
game [35], the asymptotic stability of (X*,Y*, Z*) is not
discussed here. An equilibrium point is stable when all
eigenvalues of the Jacobian matrix of each equilibrium are
below 0. When all eigenvalues are above 0, the equilib-
rium point is unstable. The equilibrium point is a saddle
point if all eigenvalues are positive or negative. The Jaco-
bian matrix of the game system is expressed in Eq. (14).

AF(X) dF(X) dE(X)
| B A
ax d d
dF(Z) dFR(Z) dFZZ)
dxX dy dz
(1-2X)a 0 X(1—X)aCup
= 0 (1-2Y)b  Y(1-Y)aCpy
Z(1—-2Z)(2YGy —aCay) Z(1—Z)c  (1—22)d
(14)

where 4 = —d6¢% /2 + Ra + ZaCap, b = —0¢3/2 + Rp +
ZIICBH,C = 2XGO — IZCBH,d = ZXYGO — XIZCAH — YIZCBH.

The Jacobian matrix of equilibrium point (0,0,0) can be
expressed as Eq. (15).

—5p€%/2+ Ry 0 0
J= 0 —0pe3/2+Rg 0 (15)
0 0 0

The eigenvalues of the matrix are —d,4 ei /2 +
Ry, —0ge%/2+ R, 0.

Similarly, the eigenvalues and stability analyses of other
equilibrium points are shown in Table 3.

As E1(0,0,0),E3(0,0,1),E4(0,1,1), and E;(1,0,1) are
not stable, E5(0,1,0),E5(1,0,0), E¢(1,1,0), and Eg(1,1,1)
are analyzed.

1. With R4 < 5A€%;/21 Rg > (536%/2, the extra benefit
of supplier A adopting strategy I is below its effort
cost, and the extra benefit of supplier B adopting strat-
egy lis above its effort cost. E»(0,1,0) is an ESS, and
the strategies are {supplier A adopting strategy NI,
supplier B adopting strategy I, the main manufacturer
adopting strategy NE}. With higher required effort
levels for supplier A and lower required effort levels
for supplier B, it is easier for the system to stabilize to
this state.

2. With R4 > 5A€124 /2,Rp < 53623 /2, the extra benefit of
supplier A adopting strategy I is above its effort cost,
and the extra benefit of supplier B adopting strategy
Iis below its effort cost. E5(1,0,0) is an ESS, and the

|
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(b) Strategy evolution of supplier B.
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(d) Tripartite strategy evolution.

Fig. 3. The effect of cost subsidy coefficient on the tripartite strategy evolution.

strategies are {supplier A adopting strategy I, supplier
B adopting strategy NI, the main manufacturer adopt-
ing strategy NE}. With lower required effort levels
for supplier A and higher required effort levels for
supplier B, the system finally converges to this state.

3. With Ry > 64¢€2 /2, Rg > 0pe} /2, and 2Gy < aCap +
aCpp, the extra benefit of suppliers A and B adopting
strategy I is above their effort cost, and the double ex-
tra benefits of the main manufacturer are below its cost
subsidies to supplier A and B. E¢(1,1,0) is an ESS, and
the system tends to stabilize to the state: {supplier A
adopting strategy I, supplier B adopting strategy I, the
main manufacturer adopting strategy NE}. With lower
required effort levels for suppliers A and B and higher
cost subsidy coefficients of the main manufacturer, the
system stabilizes to the state.

4. With Ry +aCyy > (5Aef4/2,RB +aCgy > (536%/2,

and 2Gy > aCpy + aCpy, Eg(1,1,1) is an ESS, and
the system tends to stabilize to the state: {supplier A
adopting strategy I, supplier B adopting strategy I, the
main manufacturer adopting strategy E}. To converge
to this state, the required effort levels for suppliers A
and B should be lower, and the cost subsidy of the
main manufacturer should be appropriate. Eg(1,1,1)
is the expected state in this study and is focused on in
the simulation, as described in the next section.

6. Simulation analysis

According to actual data of shipbuilding enterprises
in the literature [37], the following parameters are
set: P = 3000000 dollars, C;;, = 130000 dollars,
Car, = 230000 dollars, 64 = 100, e4 = 30,Cay = 275000
Additionally, Eg(1,1,1) is the expected state
in this study and is focused on in the simulation.

dollars.

Therefore, other parameters of the payoff matrix
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Table 3. Stability analysis of equilibrium points.

Equilibrium points A1, Ay, A Stability
A = —0464/24+ R,
E1(0,0,0) Ay = —8362/2+ Ry Saddle point
A; =0
A= —0464/2+ R, A < 0,7, <0, stable point
E»(0,1,0) Ay = 8562 /2 — Ry Others, saddle point
Ay = —aCey <0
M= —=0464/2+ Ry +aCy
E3(0,0,1) Ay = —0365/2 4+ Ry + aCyyy Saddle point
A =0
M = —=0,63/2+ Ry +aCpy Ay > 0, A, > O,unstable point
E4(0,1,1) Ay = 8562 /2 — Ry — aCyy Others, saddle point
Ay =aCgy >0
A =06464/2—R, A < 0,7, <0, stable point
E5(1,0,0) Ay = =363 /24+ Ry Others, saddle point
Ay =—aCyuy <0
A =06465/2—R, A < 0,A, <0,A; <0, stable point
E¢(1,1,0) Ay = 6362/2 — Ry A > 0,4, > 0,A; > 0, unstable point
As = 2Gy — aCuy — aCgy Others, saddle point
Ay =0464/2— Ry —aCuy A1 > 0,1, > 0, unstable point
E;(1,0,1) Ay = —0365/2 4+ Ry + aCyy Others, saddle point
As=aCuy >0
A =0,65/2— Ry —aCyuy Ay < 0,4, <0,A; <0, stable point
Eg(1,1,1) Ay = 85€2/2 — Ry — aCyy A > 0,4, > 0,A; > 0, unstable point

As = aCuy +aCyy — 2G,

Others, saddle point

are assigned according to the above parameters
and stability condition (64¢%/2—Ra —aCay <0,
Ay = 6pe% /2 — R —aCpy < 0,aCap +aCpy —2Gy < 0)
of equilibrium point Eg(1,1,1) in Table 3. Other parame-
ters of payoff matrix are assigned: P4 = 320000 dollars,
Pg = 240000 dollars, Cgyy = 190000 dollars, Cg;, = 160000
dollars, g = 120,eg = 23, R4 = 10000 dollars, Rg = 5000
dollars, Gy = 300000 dollars, G; = 180000 dollars,
G, = 120000 dollars, Cg = 50000 dollars, a = 0.5.

Stakeholders of the game have bounded rationality, and
the initial probability is set as (0.5,0.5,0.5). The main man-
ufacturer and suppliers constantly compare benefits and
dynamically change their strategies. Cost subsidy coeffi-
cients and effort levels are the main factors affecting the
tripartite strategy evolution process. Therefore, the im-
pacts of cost subsidy coefficients and effort levels on the
evolution process are analyzed.

6.1. The impact of cost subsidy coefficient on the tripar-
tite strategy evolution and expected benefits

The impact of the cost subsidy coefficient on the strat-
egy evolution of supplier A is shown in Fig. 3 (a) When
the cost subsidy coefficient is 0% and 10%, i.e., below
12.7% ((0a€%4/2— Ra) /Cap ), the strategy equilibrium
state of supplier Ais " 0", i.e., supplier A is unwilling to im-
prove part quality. As the cost subsidy coefficient increases,
the stabilization toward equilibrium state "1" accelerates,

i.e., the higher the cost subsidy coefficient, the quicker
supplier A stabilizes to equilibrium state "1". When the
cost subsidy coefficient exceeds 30%, the strategy evolution
speed of supplier A is essentially unchanged.

The impact of the cost subsidy coefficient on the strat-
egy evolution of supplier B is shown in Fig. 3 (b) Com-
pared with Fig. 3 (a), the cost-sharing coefficient demar-
cation point of supplier B adopting different strategies is
a=13.9% ((0pe3 /2 — Rg) /Cpp), and the stabilization to-
ward equilibrium state "1" decelerates under the same cost
subsidy coefficient due to the different production costs
and effort levels of suppliers A and B, as listed in Table 3.

The impact of the cost subsidy coefficient on the strategy
evolution of the main manufacturer is shown in Fig. 3 (c).
The convergence to equilibrium state "1" accelerates as the
cost subsidy coefficient decreases. With small cost subsidy
coefficients, the main manufacturer tends to adopt strategy
E.

The impact of the cost subsidy coefficient on the tripar-
tite strategy evolution process is shown in Fig. 3 (d). With
a = 0% and a = 10%, suppliers and the main manufacturer
finally converge to ESS (0,0,1), i.e., suppliers A and B are
unwilling to improve part quality, while the main manufac-
turer tends to encourage them. When 4 is above 13.9%, the
stability condition of ESS (1,1,1) is met. Therefore, the sys-
tem eventually converges to ESS (1,1,1). According to the
above analysis, cost subsidies promote suppliers A and B
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to improve part quality but inhibit the main manufacturer
from adopting strategy E.

The impact of the cost subsidy coefficient on tripartite
expected benefits is shown in Fig. 4. When a > 12.7%
and a > 13.9%, the expected benefits of suppliers A and
B increase with the increasing cost subsidies. When a <
12.7% and a < 13.9%, the expected benefits of suppliers A
and B show slight changes with the cost subsidy. With the
same subsidy coefficient, the expected benefit of supplier
A is much higher than that of supplier B.

When a > 30%, increasing the cost subsidies gradually
decreases the expected benefit of the main manufacturer.
When a = 0% and 10%, the benefit of the main manufac-
turer remains essentially unchanged and falls below that
with a = 30%. This is because when a = 0 and 10%, suppli-
ers A and B adopt strategy NI, and the main manufacturer
cannot receive additional benefits.

6.2. The impact of supplier A’s effort levels on tripartite
strategy evolution and expected benefits

The impact of required effort levels for supplier A on its
strategy evolution is plotted in Fig. 5 (a). With smaller e,
supplier A tends to evolve toward equilibrium state "1",
which takes longer with increasing e 4. With e4 above 60
, supplier A tends to evolve toward equilibrium state "0",
i.e., supplier A is unwilling to improve part quality, and
the time to evolve to state "0" shortens with increasing e 4.

The impact of supplier A’s effort levels on the evolution
process of supplier B is presented in Fig. 5 (b). With smaller
e4, supplier B tends to evolve toward equilibrium state "1",
i.e., adopting strategy I, while the evolution speed is not
significantly affected by e4. With ey above 60 , supplier
B reaches equilibrium state "0", i.e., unwilling to adopt
strategy I. Increasing e 4 accelerates suppliers’ stabilization
to the equilibrium state "0".

The effect of e4 on the evolution process of the main
manufacturer is illustrated in Fig. 5 (c). As e, increases,
the main manufacturer tends to evolve from equilibrium
state " 1 " to equilibrium state " 0 ", i.e., the increase in
e, inhibits the main manufacturer from encouraging the
suppliers. The higher the required effort levels for supplier
A, the greater the unwillingness of the main manufacturer
to motivate supplier A.

The impact of e4 on the tripartite strategy evolution is
shown in Fig. 5 (d). When eyq = 60 and 70, the system
eventually converges to ESS (0,0,0). As e4 decreases, the
system converges to ESS (1,1,1), and the final strategy is
(L L E).

The impact of supplier A’s effort levels on tripartite ex-
pected benefits is illustrated in Fig. 6. Supplier A’s effort
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Fig. 4. The effect of cost subsidy coefficient on tripartite
expected benefits.

levels have a greater effect on the benefits of supplier A and
the main manufacturer. As the effort levels increase from
0 to 50, the expected benefits of supplier A and the main
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Fig. 5. The effect of supplier A’s effort levels on tripartite strategy evolution.

manufacturer gradually decrease with increasing magni-
tudes, while effort levels have no effect on the expected
benefit of supplier B. When ¢4 = 60 and 70, the tripartite
expected benefits decrease sharply and remain essentially
unchanged, respectively. This is because the ESS is (0,0,0),
i.e., (NI, NI, NE). Suppliers cannot obtain cost subsidies
from the main manufacturer, and the main manufacturer
cannot acquire additional benefits from improved part qual-

ity.

6.3. The impact of supplier B’s effort levels on the strat-
egy evolution and expected benefits

The impact of required effort levels for supplier B on the
strategy evolution of supplier A is shown in Fig. 7 (a). With
smaller ep, supplier A evolves toward equilibrium state
"1", and the evolution is not significantly impacted by ep.
As ep increases from 60 to 70 , the strategy converges to
equilibrium state " 0 ", and the convergence rate accelerates.

The effect of eg on the evolution process of supplier B

is shown in Fig. 7 (b). As ep increases, supplier B tends
to evolve towards equilibrium state " 0 " from equilibrium
state " 1", indicating its willingness to adopt strategy NI.
With smaller and decreasing ep, the evolution to equilib-
rium state " 1" shortens, and supplier B tends to improve
part quality.

The effect of eg on the evolutionary path of the main
manufacturer is shown in Fig. 7 (c). As ep increases, the
main manufacturer evolves toward equilibrium state "0 "
from equilibrium state "1". With lower required effort levels
for supplier B, the main manufacturer is more enthusiastic
about adopting strategy E.

The impact of the required effort levels for supplier B
on the tripartite strategy evolution is presented in Fig. 7
(d). When eg = 60 and 70, the system trends toward ESS
(0,0,0), and the final strategy is (NI, NI, NE). As eg de-
creases, the system eventually converges to ESS (1,1,1) from
ESS (0,0,0), and the final strategy is (I, I, E).
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Fig. 6. The effect of supplier A’s effort levels on tripartite
expected benefits.

Likewise, the impact of supplier B’s effort levels on the
tripartite expected benefits is illustrated and analyzed in

Fig. 8.

7. Conclusion

This paper establishes a tripartite evolutionary game
among supplier A, supplier B, and the main manufacturer
in the "main manufacturer-multiple suppliers" mode and
discusses the stability of the equilibrium points of the evo-
lutionary game model. Finally, the impacts of cost subsidy
coefficients and effort levels on the tripartite evolution pro-
cess are analyzed.
The main conclusions are as follows:

1. As the cost subsidy coefficient increases, suppliers
tend to improve part quality, and the strategy evo-
lution speed of the suppliers to equilibrium state "1"
shows essentially no change. The smaller the cost sub-
sidy coefficient, the more enthusiastic the main man-
ufacturer is to motivate suppliers to adopt strategy I.
Meanwhile, the cost subsidy coefficient has a positive
impact on the expected benefits of the suppliers. With
the increase in cost subsidy, the expected benefit of the
main manufacturer decreases.

2. As the required effort levels for the suppliers decrease,
the system evolves from the equilibrium state of {sup-
plier A adopting strategy NI, supplier B adopting strat-
egy NI, the main manufacturer adopting strategy NE}
to {supplier A adopting strategy I, supplier B adopting
strategy I, the main manufacturer adopting strategy
E}. With low required effort levels, the suppliers tend
to improve part quality, and the main manufacturer
tends to adopt strategy E. As the required effort levels
increase, the suppliers become unwilling to improve
part quality, and the main manufacturer becomes un-
willing to motivate them. This is because the main
manufacturer must cover higher cost subsidies when
motivating suppliers to improve part quality. The re-
quired effort levels for the suppliers should be reduced
as much as possible to entice them into adopting strat-
egy L. Effort levels negatively impact the expected ben-
efits of the suppliers and the main manufacturer.

Some suggestions can be proposed through the above
analysis. Considering that the main manufacturer plays
a leading role in part quality improvement and that its
cost subsidy coefficients positively impact part quality im-
provement, the main manufacturer should encourage the
suppliers to improve part quality through appropriate cost
subsidies. To ensure the benefits of the main manufac-
turer, however, the cost subsidies should not be too high.
From the perspective of the suppliers, the required effort
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Fig. 7. The effect of supplier B’ effort levels on tripartite strategy evolution.

levels negatively impact part quality improvement, which
should, therefore, be reduced through measures such as
introducing advanced production technology.

The study can be extended in future research.

(1) This paper establishes a quality incentive model for
the main manufacturer and the suppliers based on
EGT. However, the role of customersis also important
in high-end equipment manufacturing, and an evolu-
tionary game model involving the customers can be
established in the future.

(2) This study analyzes suppliers’ strategy from the per-
spective of part quality, while part price and delivery
time can be considered in the future.

(3) This reach only discusses the impacts of cost subsidy
coefficients and effort levels on the evolution process,
whereas the impacts of other factors should also be an-
alyzed in future studies, such as supplier production

costs and main manufacturer assembly costs.
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