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Abstract: In view of the dynamic change of customer requirements (CRs) during the process of product
use, in this paper we propose a Bayesian Nash equilibrium configuration model for product variant
design driven by CRs. By analyzing CRs, the complete variant requirements of the products can be
obtained. Combined with modularization and parameterization variant design methods, a parametric
variant instance is proposed. Since cost and delivery time are affected by the product variant design,
firms and customers are established as two decision-making bodies, and Bayesian Nash theory is
introduced to the product configuration. The theory takes the product cost and customer satisfaction
as the payoff function of the game, and based on the threshold value search of the customer satisfaction
it determines the strategy set of the two parties. The Nash equilibrium solution equation is established
and solved by a simulated annealing algorithm. The optimal product configuration scheme satisfying
the interests of both sides of the game is obtained. Finally, the automatic guided vehicle (AGV) is
taken as an example to illustrate the effectiveness and practicability of the method.

Keywords: customer requirements; variant design; Bayesian Nash equilibrium; payoff function;
simulated annealing algorithm

1. Introduction

With a rise in individualized services during product usages, research on customer requirements
has become a key issue in product development. Through the analysis of customer requirements,
a firm can not only more clearly understand the customer’s preferences for various product features,
but also better judge different customization solutions [1]. A firm’s ability to quickly respond to CRs is
key to winning the market. However, with the gradual understanding of products, CRs are dynamic,
and may vary drastically from time to time [2]. The firms need to solve the changing CRs quickly
and make interdependencies explicit by using information technology in order to support product
development [3]. Currently, product configuration technology is the main way to solve CRs at present.
Customer satisfaction maximization and firm product cost minimization are the main concerns in
product configuration decisions. These factors are often contradictory and cannot all be satisfied in the
same configuration scheme.

It is, therefore, difficult for firms to improve customer satisfaction and decrease costs simultaneously,
which means that a firm faces two problems—the first problem is how to meet the dynamic CRs; the other
is how to choose a reasonable solution to make decisions regarding the configuration scheme. In order
to solve this problem, in this paper we propose a Bayesian Nash equilibrium configuration model of
product variant design driven by CRs. The model is oriented to a modular product, realizing product
configuration based on individualized CRs during the stage of product concept design and establishing
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the balance of interests between customers and firms. Modular product design offers a large number
of advantages for addressing product architecture. Moreover, it enables mass customization, reduces
development cost, and allows efficient work in loosely coupled organizations [4].

The present paper is organized as follows. Section 2 reviews the related work in this field.
In Section 3, product variant design driven by CRs is studied. Section 4 introduces the configuration
model based on the Bayesian Nash equilibrium. A case study is given in Section 5 and the conclusions
are drawn in Section 6.

2. Research Background

There are two issues related to the configuration model of CRs: Solutions to CRs and
decision-making concerning the scheme.

2.1. Solutions to Customer Requirements (CRs)

The issue of how to meet the dynamic requirements of customers has attracted much interest in
recent years. The solution to this problem is to improve product variants on the basis of the original
product. At present, the main methods are variant design and product innovation design. Since
product innovation design has the characteristics of long development time and high cost, it is not
suitable for rapid response to customer requirements. It is sometimes difficult to directly evaluate the
correlation degree between the engineering characteristics (ECs) and CRs as ECs are too simple [5].
Product variant design is achieved by improving on the original product, with strong purpose and
short development time [6]. In recent years, domestic and foreign experts have studied more and more
modularization variant design. Lo et al. [7] proposed a novel methodology, i.e., QFD(Quality Function
Deployment)-based 3D morphological charts, to support the variant design of simple and technically
mature products. Yu et al. [8] developed a joint optimization model of complex product variant design
responding to customer requirement changes. Levandowski et al. [9] presented a variant design
approach for engineering-to-order configuration design. Vianello et al. [10] focused on investigating
the characteristics of engineering changes. Luh et al. [11] proposed an information model to analyze
and improve complex design processes and product architecture. Feng et al. [12] proposed a new
variant design method of mechanical parts based on extensible logic theory. The above studies focused
on the technological development of parameterized variant design, but lacked consideration of the
decision-making factor the variant configuration scheme.

2.2. Decision-Making of the Scheme

Product configuration is a method to achieve mass customization [13]. It connects components in
a pre-defined component library according to customer requirements to find solutions that meet the
requirements [14,15].

Baldwin et al. [16] believe that a modular system consists of some such units (or modules).
They can be designed separately and integrated to perform specific functions. However, how to
choose the optimal solution among a large number of configuration design scheme is usually the
focus of researchers. For modular products, the design can be completed according to the variant or
configuration of modules at all stages of the life cycle. To obtain a satisfactory multi-objective design,
decision-making in the early phases of the design process is important when considering the multiple
sources of uncertainty [17]. Bimal et al. [18] proposed a non-linear and explicit customer satisfaction
model based on neuro-fuzzy method. Ma et al. [19] used the subjective uncertainty of engineers and
customers’ preferences to implement the quantitative evaluation function solution principle through
the decision method of fuzzy morphology matrix. Wang [20] proposed a new model for differentiated
pricing and setting service time in order to solve the customer’s pursuit of the maximum profit of
multi-fleet ferry service. Gebauer et al. [21] proposed a differentiated service model in order to generate
more benefits in the manufacturing industry. However, they only considered a single-factor problem
in their decision-making model, while the problems of firm product cost and customer satisfaction are
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not independent in firm product decision-making. It is, thus, obviously not comprehensive to consider
a single problem to make a product configuration decision.

Bayesian Nash equilibrium is a way to make a decision between two parties. Hartline et
al. [22] discussed the classical economic theory of Bayesian from the perspective of algorithms and
approximations. In order to study quantum strategies in incomplete games, Alid-Vaccarezza et al. [23]
proposed a game theory form based on multi-sector probability matrix. Hougaard et al. [24] proposed
Nash equilibria to resolve the minimum cost spanning tree model. Solmeyer et al. [25] used a Bayesian
framework to study quantum games with incomplete information. Sadeghi et al. [26] constructed a
game theory-based mathematical model to deal with the problem of product portfolio management
based on the perspective of customer and firm. Mu et al. [27] proposed a Stackelberg game model
enabling customer and providers to maximize their own benefit under the industrial product-service
system for a computer numerical control machine tool.

According to the above review, the Bayesian Nash equilibrium can fully consider the interest
relationship of two factors, and has a good effect on the decision-making problem of the scheme.

3. Product Variant Design Driven by CRs

The model proposed in this article consists of two main processes: product variant design and
the Bayesian Nash equilibrium allocation model. Firstly, firms need to analyze the dynamic CRs
and transform them into corresponding variant requirements, and then the designers can make the
parameterized and modularized variant design based on this analysis. Finally, the new modules are
added to the module library to prepare for the Bayesian Nash equilibrium configuration model.

3.1. Customer Dynamic Requirements Acquisition and Transformation

As CRs become more and more important, during the process of product use, customers will
put forward the requirement of upgrading and updating. The dynamic change of CRs often leads to
changes in product structure, size, etc.

The dynamic change of CRs refers to the change of requirements that have been put forward by
customers in terms of product functions, performance, and structure, including the addition, deletion,
and modification of product functions and structures. Through the “requirement-structure” analysis
method (such as QFD [28,29]), designers can complete the transformation of customer requirements
to product characteristic parameters. Module and module characteristic values that require a variant
design can be determined by product characteristic parameters. The transformation of customer
requirements can be expressed as:

CRs→<R1,value1>∨<R2,value2>∨ . . . ∨<Rf,valuef> . . . ∨<Rn,valuen>,

where CRs is the customer requirements, Rf is the f th characteristic parameter of the product, and
valuef is the corresponding value of the f th characteristic parameter (expressed by a parameter or
option value), f = 1, 2, . . . , n.

3.2. Modularization and Parameterized Variant Design Method

The product variant design is based on the firm product family structure. The product is divided
into a series of module units based on the function and structure analysis. Each module contains
several module instances with the same function and with a similar structure. The product’s modular
product family structure is divided into three levels: the product layer, the module layer, and the
instance layer. Modular variants and parametric variants are two main factors of product variant
design. The specific form is shown in Figure 1.

Modular variants result in diversified product instance designs by adding, deleting, and replacing
product modules. The addition and deletion of the modules are used in the module layer, which is
mainly applied to the modification of the optional functional modules. The replacement of modules is
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used in the instance layer, and the variant design of the product is realized by selecting an instance of
the customer requirement in the module instance library to replace the original module instance (i.e.,
the replacement of the instance).

The parametric variant design acts on the instance layer. By analyzing the dimensional relationship
and the constraint relationship between the module components, the parameters of the module that
need to be modified can be determined and the dimensional constraint relationship network can
be established. The variant parameters are transmitted in the size constraint relationship network.
The resulting new module instance can replace the original module instance to match with CRs.

module that need to be modified can be determined and the dimensional constraint relationship 

network can be established. The variant parameters are transmitted in the size constraint relationship 

network. The resulting new module instance can replace the original module instance to match with 

CRs. 

S

  S

Module addition  

Module replacement Module modification 

S

S

Product Case Libray

Module deletionProduct layer

Module layer

Instance layer

S

M11 M12 M21 M22... ...

M11 M12 ... M21

M11 M12 M21...

M11 M12 ...

M11 M12 M21...

 

 

Figure 1. Modular and parameterized product variant design method. 

The modular variant design can change the topological structure of the product and increase the 

product diversity. The parameterized variant design can be combined with the computer-aided 

design (CAD) system, and the new module instance can be quickly generated through minor 

modifications of the variant parameters. In this paper, we combine the two variant design methods 

and propose a virtual parametric variant instance. A module of parametric variant design is added 

as a virtual instance to the module instance library. The product modules can be divided into basic 

modules (main modules for realizing product functions) and optional modules (functional modules 

that can be added or deleted according to CRs). It is assumed that the modules involved in the 

product variant include M1 basic modules and M2 optional modules. The instance library of the 

module can be expressed as: 

𝑀𝑖𝑗 = {𝑃𝑖𝑗1, 𝑃𝑖𝑗2, 𝑃𝑖𝑗3 , . . . , 𝑃𝑖𝑗𝑁𝑖𝑗}.  

In this formula, Mij represents the jth module of the ith type module, where i=1 represents a basic 

module, and i=2 represents an optional module. Pijk represents the kth instance of the module, where 

k = 1,2,..., Nij, and Nij is the number of instances of the module. The instance library of module Mij 

contains (Nij − 1) existing common instances and a virtual parametric variant instance𝑃𝑖𝑗𝑁𝑖𝑗 . The 

expression of the product instance library is shown in Figure 2. 

P12Nij

M11 M22

S

M12

P121 P122

M21

parameterized 

variant instance

common module 
 instances

P221 P222

common module 
 instances

P22Nij

parameterized 

variant instance  

Figure 2. Expression of the product instance library. 

4. Configuration Model Based on the Bayesian Nash Equilibrium 

Although the variant design of the product can satisfy the CRs, the cost increases at the same 

time and the delivery time is extended. The customer is more concerned with the degree of 

Figure 1. Modular and parameterized product variant design method.

The modular variant design can change the topological structure of the product and increase the
product diversity. The parameterized variant design can be combined with the computer-aided design
(CAD) system, and the new module instance can be quickly generated through minor modifications
of the variant parameters. In this paper, we combine the two variant design methods and propose
a virtual parametric variant instance. A module of parametric variant design is added as a virtual
instance to the module instance library. The product modules can be divided into basic modules (main
modules for realizing product functions) and optional modules (functional modules that can be added
or deleted according to CRs). It is assumed that the modules involved in the product variant include
M1 basic modules and M2 optional modules. The instance library of the module can be expressed as:

Mij =
{

Pij1, Pij2, Pij3, . . . , PijNij

}
.

In this formula, Mij represents the jth module of the ith type module, where i = 1 represents a
basic module, and i = 2 represents an optional module. Pijk represents the kth instance of the module,
where k = 1,2,..., Nij, and Nij is the number of instances of the module. The instance library of module
Mij contains (Nij − 1) existing common instances and a virtual parametric variant instance PijNij .
The expression of the product instance library is shown in Figure 2.
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4. Configuration Model Based on the Bayesian Nash Equilibrium

Although the variant design of the product can satisfy the CRs, the cost increases at the same time
and the delivery time is extended. The customer is more concerned with the degree of satisfaction for
requirements and whether the order can be completed on schedule. The firm pays more attention to
the cost, but the customer satisfaction and the cost are negatively correlated.

Due to the lack of customers’ awareness of the cost of firm products, customers and firms pursue
their own interests and are in a game state, just like the relationship between doctors and patients [30].
Zandt et al. established the Bayesian game of strategic complementarity, which can realize the strategic
complementarity between two players [31]. Therefore, in order to establish a model with a win–win
solution between the customer and the firm (as shown in Figure 3), this paper proposes a Bayesian
Nash equilibrium configuration model of the product variant design.

1
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Fig.3 Figure 3. Equilibrium strategies model of firms and customers.

4.1. The Model of the Bayesian Nash Equilibrium Theory

Non-cooperative game refers to a strategic interaction situation in which the players in the game
choose their respective strategies to maximize their own interests. Nash equilibrium is a profile of
strategies that in which each player’s strategy is a best response to the other players’ ones [32,33].

If we interpret the process of product configuration as a game, the customer and the firm are the
players of the game. The strategy sets are the product model library configured by existing instance
modules and the variant design module, and the payoffs are customer satisfaction and the firm product
cost. Therefore, the Bayesian Nash equilibrium configuration model is described as follows:

G={Pg,Xm,Um(SR,Cp)}. (1)

Here, Pg (g = 1,2) is gth player, Xm (m = 1,2,...) is set of strategies, and Um (SR,Cp) is the payoff
set corresponding to the strategy set Xm. SR is the degree of customer satisfaction, and Cp is the
product cost.

4.2. Determination of Product Strategy Set

The product characteristic parameter vector is R = (R1,R2, . . . ,Rn). The corresponding weight
vectors are W = (ω1,ω2, . . . ,ωn). The customer satisfaction matrix CS between module instances and
product characteristic parameters is constructed as follows:
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CS =



s1111 s1112 · · · s111n
...

...
. . .

...
s1M1 N1M11 s1M1 N1M12 · · · s1M1 N1M1n

...
...

. . .
...

sijk1 sijk2 · · · sijkn
...

...
. . .

...
s2M2 N2M21 s2M2 N2M22 · · · s2M2 N2M2n


,

where Sijkf is the customer satisfaction of product characteristic parameter Rf for the kth instance of
module Mij. Here, i = 1,2; j = 1,2, . . . ,Mi; k = 1,2, . . . Nij; f = 1,2, . . . n. If a module is not related to the
product characteristic parameter Rf, the customer satisfaction of the characteristic parameter Rf for all
instances of the module set to 0.

Based on the dynamic change of CRs, the modularity and parameterized variant design method
is adopted to analyze the determination of the product module depending on the customer satisfaction
matrix CS.

The increase of a function or a structure can be implemented by adding a module Mij in the
module layer, that is, <Mij, add >. The customer satisfaction of the characteristic parameter for module
instance is expressed as Sijkf = 1. The deletion of optional modules matched with the CRs in the module
layer can reduce the cost or delivery time of the product.

According to the relationship between customer satisfaction and the value of product characteristic
parameters, the product characteristic parameters can be divided into three categories: larger-the-better,
smaller-the-better, and target-the-better [34]. According to the type of the product characteristic
parameter Rd and the value of valued, the function of the customer satisfaction and the product
characteristic parameter value can be established as shown in Figure 4, where Q is the overflow value
of the customer satisfaction. The value can be determined by the designer according to the actual
situation. If the product characteristic parameter value is discrete, the product designer can determine
the correlation between the product characteristic parameter value and the customer satisfaction
according to the actual situation.
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Customer satisfaction of the characteristic parameter, which is expressed as SM = {sij1f ,sij2f ,sij3f ,
...,1}, can be obtained according to the value of its own characteristic parameters of each instance in the
instance library of the module Mij. The virtual variable instances can completely satisfy the CRs, so the
satisfaction is set to 1. The description of this process is shown as follows:

Mij =
{

Pij1, Pij2, Pij3, . . . , PijNij

}
⇒ SM =

{
sij1 f , sij2 f , sij3 f , . . . , 1

}
.

In the process of product configuration, the complexity of each module in design and process
is different, and therefore the delivery time is different. For customized products, delivery time has
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a critical influence on customer satisfaction. If the product is completed within the expected time of
the customer, the satisfaction of the product itself will not be affected. When the customer’s delivery
time is exceeded, customer satisfaction decreases in direct proportion with time. The function of the
customer satisfaction impact factor and delivery time is shown in Figure 5.

1

0
D

δ

'
D

impact 
factor 

the delivery 
time D  

Fig.5 
 

configuration 
system

…

firm

customer

appearance structurestructure

performanceperformance

priceprice

customer satisfaction

firms execution degree

equilibrium

customer
requirement

firm decision-making

part

rule

base

configuration 
design

product 1 product 2

 

Fig.3 

Figure 5. Customer satisfaction impact factor and delivery time function.

The construction of the delivery time function is given as follows:

D =
2

∑
i=1

Mi

∑
j=1

Nij

∑
k=1

dijkaijk (2)

δ =


1, D ≤ D;

D′ − D

D′ − D
, D < D ≤ D′;

0, D′ < D;

(3)

where aijk is a binary decision variable, aijk = 1 represents the kth instance of module Mij was selected,
otherwise, aijk = 0, k = 1,2, . . . , Nij. dijk is the delivery time of the kth instance of module Mij, D is the

expected product delivery time, and D′ is the last tolerated delivery time. Among them, the delivery
time of the virtual parameterized variant instance includes the design cycle and manufacturing cycle
of the new instance, and its value can be obtained based on the historical data of the firm.

Thus, the customer satisfaction of the product configuration model is:

S =
[
∑n

f=1 ω f

(
∑2

i=1 ∑Mi
j=1 ∑

Nij
k=1 sijk f aijk

)]
δ, (4)

where ωf is the weight of the characteristic parameter Rf,∑n
f=1 ω f = 1.

The maximum satisfaction value can be obtained from Equation (4); the customer satisfaction
threshold, S4, is set according to the empirical value. The product model satisfying the condition, Si ≥
S4, is searched in the product configuration model. The searched product model constitutes a product
strategy set Xm = {x1,x2, . . . ,xm}.

4.3. Construction of Payoff Function

In this paper, customer satisfaction and enterprise product cost are defined as payoff function U1

and U2 of customers and enterprises respectively. Among them, customer satisfaction and product
cost are required to be close to maximization and minimization.

U1 = SRi
U2 = Cpi.

(5)

SRi is the customer satisfaction with strategy xi, CPi is the product cost with strategy xi. In order
to improve the accuracy of the payoff value and facilitate the comparison of payoff values, when the
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satisfaction is 1, the customer’s payoff is set to 10, then the payoff function of the customer to strategy
xi is:

SRi = 10
(
∑n

f=1 ω f

(
∑2

i=1 ∑Mi
j=1 ∑

Nij
k=1 sijk f aijk

))
δ. (6)

If CAi is the additional cost of product xi and Cr is the cost of customer requirements, then the
payoff function of firm to strategy xi is:

Cpi =
10
Cr

(
∑2

i=1 ∑Mi
j=1 ∑

Nij
k=1 cijkaijk + CAi

)
ri, (7)

where cijk is the cost of the kth module Mij. The cost of virtual parameterized variant instances includes
the design cost and manufacturing cost, and its value can be obtained based on firm historical data. ri
is the acceptance coefficient of the firm to the cost.

This paper defines that when the price of strategy xi is equal to or lower than the rated value, the
firm accepts the strategy; otherwise the firm does not accept the strategy. Therefore, if Cpi ≤ C∆, ri = 1;
otherwise, ri = 0.

Integrating Equations (6) and (7), taking firms and customers as two decision-making bodies, the
game payoff function is then established as:

U(xi) = U2 −U1

= 10
Cr

(
2
∑

i=1

Mi
∑

j=1

Nij

∑
k=1

cijkaijk + CAi

)
ri

−10
(

∑n
f=1 ω f

(
∑2

i=1 ∑Mi
j=1 ∑

Nij
k=1 sijk f aijk

))
δ.

(8)

Configuration constraints:

s.t. ∑M1
j=1 ∑

N1j
k=1 a1jk = M1, ∑M2

j=1 ∑
N2j
k=1 a2jk ≤ M2;

Nij

∑
k=1

aijk = 1, i = 1, j = 1, 2, . . . , M1;

Nij

∑
k=1

aijk ≤ 1, i = 2, j = 1, 2, . . . , M2;

where the constraint conditions are that the basic modules of M1 must be selected, and Z modules
(Z ≤M2) are selected in the optional modules of M2. Then each module selects an instance accordingly.

For the above game model, a value of the payoff function is obtained only when ri = 1; otherwise,
the value is 0.

4.4. Game Tree and Payoff Matrix

In the product configuration game model, based on the satisfaction of CRs and the weight of the
module instance, the customer’s payoff in the strategy can be calculated. Therefore, the probability of
customers accepting this strategy is determined. Since the customer’s decision is diverse and dynamic,
the customer has the right to choose whether to accept or refuse the product strategy proposal provided
by the firm. The firm must also consider whether to implement this strategy based on its own cost.
Figure 6 is the game tree and payoff matrix in the product configuration process. If both the customer
and the firm in the game accept the strategy, both sides of the game are willing to facilitate this strategy.
However, in the course of the game, if one side of the game parties expresses opposition to this strategy,
the payoffs of both sides of the game are 0, namely, the cooperation between the two parties fails.
When solving the Nash equilibrium solution, it is considered that the two sides of the game accept the
strategy, that is, assuming that the two sides cooperate successfully.
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4.5. Calculation of Nash Equilibrium Based on an Improved Simulated Annealing (SA)

SA is a stochastic optimization algorithm for iterative solutions, which is used for combinatorial
optimization [35]. Considering the advantages of SA, such as high quality, strong initial value
robustness, and easy general implementation [36], this paper adopts an SA algorithm to realize
the Nash equilibrium solution of the model. The solution principle and the actual search solution are
shown in Table 1. In the search, the neighborhood search method is adopted to improve the stability of
understanding, increase the memory function, and record the historical optimal solution.

The SA algorithm is used to solve the Nash equilibrium solution. As shown in Figure 7, the
specific steps mainly include: initialization, setting the state generation, receiving, and temperature
updating functions, setting the cycle termination criteria, and outputting the algorithm search results.

Table 1. Comparison between the material annealing process and the optimization problem
solving process.

Physical Annealing Optimization Problem

State of matter Solution
The lowest energy state of matter Optimal solution

Annealing process Solution procedure
Temperature Controls parameter

Energy Objective function

Constant temperature process Metropolis
Sampling process

Based on the non-cooperative game, the modular configuration process of product variant design
under the dynamic customer requirements is also the process of maximizing the interests of both sides
of the game. According to the game model, if the strategy chosen by the decision sides is the best
strategy relative to other strategies, the system achieves the Nash equilibrium, namely, U(x*) ≤ U(x);
x∈Xm.

Therefore, we used the SA algorithm to solve the Nash equilibrium solution and design the
following parameters:

1) Objective function:
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MinU(xi) = U2 −U1

= 10
Cr

(
2
∑

i=1

Mi
∑

j=1

Nij

∑
k=1

cijkaijk + CAi

)
ri

−10
(

∑n
f=1 ω f

(
∑2

i=1 ∑Mi
j=1 ∑

Nij
k=1 sijk f aijk

))
δ.

2) Temperature update function: Tk = e−λk, 0 < λ < 1.
3) New state receiving function: Min

{
1, exp

[
−
(
U
(
xj
)
−U(xi)

)
/Tk

]}
≥ random[0, 1].

4) The number of iterations of the outer loop is L = l, and the number of iterations at a specific
temperature is LT = g.

Based on the SA solution process, we obtain the payoff values U1 and U2 of the customer and
firm, as well as the comprehensive payoff U(xi). Then the strategy xi of the minimum value of U(xi) is
a Nash equilibrium solution. If the customer’s satisfaction with the product is higher and the cost is
relaxed, the firm can increase the value of the threshold S4 in the selection process of the strategy set,
and further search to obtain a new Nash equilibrium solution.
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5. Case Study

Automatic guided vehicle (AGV) is a transport vehicle with safety protection and transfer
function applied to warehousing and manufacturing industries. This article takes the variant design
configuration scheme of AGV as an example to illustrate the feasibility of the proposed method
(Figure 8). Due to limited knowledge of AGV products, customers generally put forward new
requirements from the function and performance of products. It is assumed that the following
requirement changes are put forward in the process of use; the rated load of the AGV is larger, the
continuous running time is longer, the stopping precision is higher, and the automatic charging
function is added. The cost of CRs is about 45 thousand yuan, the expected delivery time D is 20 days,
and the last tolerated delivery time D′ is 30 days.
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5.1. Transformation of CRs

The variable module can be determined by the technician analysis and transformed into the
corresponding characteristic parameter values of the product: R1 <rated load, 500 kg>R2 <continuous
running time, 10 h>R3 <stop precision, ±5 mm>and R4 <automatic charging function, add>. At the
same time, it inherits the unchanged characteristic parameters of the product such as R5 <body shape,
L1800 ×W650 × H1020>.

5.2. Variant Design Modules

Through the analysis of variant design modules and instances as well as the analysis of the firm
product module, the modules’ related information and attributes involved in the dynamic change of
CRs are shown in Table 2. According to the estimation method for determining product cost and time
in the mass customization process [37,38] and based on the cost and time of the components and parts,
the firm can establish the product cost and time as an exact value.

Table 2. AGV modules’ related information and attributes.

Module Name Module
Instance

Cost (1000
Yuan)

Delivery Time
(Days)

Module
Attributes

M11 car body module

P111 8 4

basic module
P112 12 5
P113 14 6
P114 13 7

M12 battery module

P121 4.5 2.5

basic module
P122 3 2
P123 5 3.5
P124 6 4

M13 navigation module
P131 12 7

basic moduleP132 8 6.5
P133 15 8

M21 automatic charging module P211 10 5 optional module
P212 9 7

5.3. Determination of Strategy Sets

Taking the product characteristic parameter R1 <rated load, 500 kg> as an example, the
characteristic parameter R1 is the larger-the-better type of parameter, and the designer can construct
the customer satisfaction function as shown in Figure 3a. According to the characteristic parameter R1

locking to the car body module, the satisfaction of the module instance to the characteristic parameter
R1 is SM = {0.6, 0.9, 1.1, 1}. The value of customer satisfaction with the characteristic parameter R1 is
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set to 0 in the other unrelated modules. Similarly, the customer satisfaction matrix CS between module
instances and characteristic parameters of the product can be constructed as shown below.

The analytic hierarchy process (AHP) can be used to determine the weight of each characteristic
parameter as ω1 = 0.241, ω2 = 0.176, ω3 = 0.172, ω4 = 0.196, and ω5 = 0.215. From the data in Table 1,
it can be seen that the parameterized variant instances of the module meet the requirements well,
but at the same time the cost and delivery time of other modules increase. By considering the cost
and delivery time, a Nash equilibrium game model between customer and firm payoff is established.
The customer satisfaction threshold of the AGV is set by the firm designer to S4= 0.84 according to
past experience. After verification, there are nine configuration schemes that meet the requirements.
The corresponding strategy sets are X4 = {x1, x2, x3, x4, x5, x6, x7, x8, x9} as shown in Table 3.

CS =



0.6 0 0 0 1
0.9 0 0 0 0.8
1.1 0 0 0 0.7
1 0 0 0 1
0 0.8 0 0 0
0 0.6 0 0 0
0 0.9 0 0 0
0 1 0 0 0
0 0 0.8 0 0
0 0 0.7 0 0
0 0 1 0 0
0 0 0 1 0
0 0 0 1 0



.

Table 3. Product strategy sets.

Scheme Component Module Delivery Time (Days) Customer Satisfaction S

x1 P111, P124, P131, P211 20 0.8692
x2 P111, P121, P133, P211 19.5 0.8684
x3 P112, P123, P132, P211, 20 0.8637
x4 P112, P122, P133, P211, 20 0.8625
x5 P113, P122, P131, P211 20 0.8548
x6 P112, P122, P133, P212 20.5 0.8528
x7 P111, P124, P132, P211 19.5 0.8520
x8 P111, P123, P131, P211, 20 0.8516
x9 P113, P121, P132, P211 20 0.8431

5.4. Calculation of Nash Equilibrium Based on SA

According to the AGV strategy set, the simulated annealing algorithm (SA) is applied to solve
the Nash equilibrium solution of the product configuration, and a product that meets the interests of
both the customer and the firm is obtained. In this paper, the temperature update function index in the
algorithm is λ = 0.5, the number of iterations of the outer loop is L = 200, and the number of iterations
at a specific temperature is LT = 50. Thereafter, by setting the corresponding satisfaction threshold,
the simulated annealing algorithm is used to calculate the optimal strategy scheme, which is repeated
many times, and the solution is set as a constraint to find the next one. The results are listed in Table 4.

Five strategies of AGV variant design and their corresponding payoff values are listed in Table 4.
According to the payoff value, the comprehensive payoff of strategy x1 is the minimum (0.252).
Therefore, it is the Nash equilibrium solution, and the configuration scheme x7(P111, P124, P132, P211) is
the best one.
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Table 4. Nash equilibrium solution for the configuration of the AGV.

Strategy Component Module Payoff Value

x7 P111, P124, P132, P211 0.252
x3 P112, P123, P132, P211 0.419
x8 P111, P121, P131, P211 0.760
x1 P111, P124, P131, P211 1.375
x9 P113, P121, P132, P211 1.458

Analyzing the equilibrium payoff of each strategy (Table 5), it can be seen that the comprehensive
payoff of x9 is larger than those of the other strategies. From the composition of the module, the strategy
does not include other variation modules, and the inherent modules themselves are expensive,
resulting in high costs. Due to the limitation of module parameters, customer satisfaction has not been
significantly improved. Relatively speaking, there are few competitive advantages and it is unlikely
for firms to choose this strategy.

Table 5. Payoff matrix of the AGV.

Firm

Strategy Respective Strategies Implement Non-Implement

Customer

x7
accept (8.520,8.889) (0,0)
refuse (0,0) (0,0)

x3
accept (8.637,9.556) (0,0)
refuse (0,0) (0,0)

x8
accept (8.516,9.556) (0,0)
refuse (0,0) (0,0)

x1
accept (8.692,9.778) (0,0)
refuse (0,0) (0,0)

x9
accept (8.431,9.889) (0,0)
refuse (0,0) (0,0)

The satisfaction of strategy x1 is the highest, and the virtual variant instance module is adopted.
Compared with x7 the cost is high, but it is more suitable for pursuing high-quality customers.

All of the above schemes meet the configuration requirements. Customers can also make artificial
decisions on five products according to their own requirements. Firms can also make decisions on the
main products of the future market of the AGV according to customer satisfaction and implementation
capacity. Of course, customers can also adjust their weights to the Nash equilibrium model according
to their special requirements, and gain the product that both customers and firms are satisfied with.

6. Conclusions

In order to quickly respond to the dynamic changes of firms, firms must analyze the issue of
product design from two perspectives: technology and decision-making. On this basis, a Bayesian Nash
equilibrium decision-making model is established by introducing the product variable design method.

The main contributions of this paper are given below:

1. Based on the variant requirements of products, a virtual parameterized variable example
is presented to realize the product variant design which combines modularization
and parameterization.

2. A Bayesian Nash equilibrium game model with customer satisfaction and reduced cost as the
objectives is established based on the configuration decision problem of the product variant
module, and the equilibrium solution of the scheme decision is realized.
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