X4

Engineering, 2025, 17(9), 425-450

X/

"‘: g‘é?ggmﬁ https://www.scirp.o.rg/journaI/eng
94% Publishing ISSN Online: 1947-394X

o,

ISSN Print: 1947-3931

Research on Complex Product Engineering
Change Configuration Updates Based on
Dynamic Intuitionistic Fuzzy Numbers

Weiming Yang?, Yinyun Yu?

'Department of Management, Party School of the Guangdong Provincial Committee of CPC, Guangzhou, China
2School of Economics and Management, Chongging Jiaotong University, Chongqing, China

Email: yangweiming626@163.com

How to cite this paper: Yang, W.M. and Yu,
Y.Y. (2025) Research on Complex Product
Engineering Change Configuration Updates
Based on Dynamic Intuitionistic Fuzzy Num-
bers. Engineering, 17, 425-450.
https://doi.org/10.4236/eng.2025.179026

Received: February 6, 2025
Accepted: September 16, 2025
Published: September 19, 2025

Copyright © 2025 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

(OROR o s

Abstract

After a component change occurs, the enterprise needs to promptly update
the configuration along the determined change path and quickly provide feed-
back on the configuration update plan for the complex product. Based on the
design experience of designers, this paper analyzes the component configura-
tion update and provides research ideas on complex product configuration
updates driven by change. Firstly, a new modular division method is applied
to modularize the complex product. Then, designers’ experience is analyzed
based on intuitionistic fuzzy numbers, and the weights of alternative indica-
tors for each component are dynamically calculated. The most suitable con-
figuration update plan for production factor-related indicators is determined
based on the integrated grey relational method. Finally, the feasibility and ef-
fectiveness of the research method proposed are verified by taking the com-
ponent configuration update of a large capacity full DC high-speed permanent
magnet synchronous variable frequency centrifugal unit as an example.

Keywords

Intuitionistic Fuzzy Number, Complex Product, Grey Relational Analysis,
Decision Analysis

1. Introduction

Updates to complex product configurations play a pivotal role in improving per-
formance and reliability. The replacement or upgrade of key components can en-
hance the overall performance and stability of the product. High-quality compo-

nents not only extend the product’s service life but also reduce maintenance and
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replacement costs associated with failures. The latest safety technologies and ad-
hering to industry standards can further elevate the product’s overall safety. How-
ever, for complex products, the presence of numerous components and their in-
tricate relationships significantly increases the difficulty of updating product con-
figurations. Consequently, this paper examines the issue of updating complex
product configurations.

Research on product configuration updates has been extensively conducted by
scholars [1]-[7]. These studies primarily focus on reconfiguration designs based
on the generic aspects of product components or modules. However, the involve-
ment of multiple departments and the numerous production factors associated
with individual components make existing reconfiguration methods inefficient in
addressing configuration changes for complex products. Therefore, it is essential
to investigate more suitable methods for dynamic updates in complex product
engineering changes. Although many scholars have conducted in-depth research
on various aspects of complex product configurations, there remains a lack of fo-
cus on quality characteristics and design personnel evaluations. Quality charac-
teristics are critical factors that both professional production personnel and cus-
tomers value highly. Additionally, owing to the vast number and intricate nature
of components in complex products, modularizing these components is crucial
when selecting specialized design professionals for dynamic weighting and scor-
ing. The method in this paper enables the selection of domain experts from dif-
ferent modules to perform evaluations and assign scores. The modular division
not only streamlines the assessment process but also ensures that each component
is evaluated by the most qualified professionals.

In the area of modularity, numerous scholars have conducted extensive re-
search. Li et al. [8] proposed a new modularization method for complex products
to reduce the impact of design change propagation. Modularization and the Scope
of Design Change Propagation (SDCP) were integrated, and a weighted directed
network model based on the functional and physical relationships between com-
ponents was constructed in the paper. Modularization and SDCP metrics were
defined through a pre-determined network model and associated matrices. Then,
a bi-objective optimization model for complex product modularization was estab-
lished, which was solved by the Non-Dominated Sorting Genetic Algorithm II
(NSGA-II). Dordevic et al. [9] developed a model for the MSR-type MODULPRIM
automatic configuration system, which integrates various processes including
product variant generation, optimal configuration selection, detailed product de-
sign, and process flow design. Beck [10] focused on the optimization of modular
systems, proposing a mixed-integer model aimed at minimizing total costs. To
address the issue of variable dependencies, a solution approach was proposed that
transforms the problem into a deterministic mixed-integer optimization problem
using binary variables. Osman [11] examined the performance of matrix-based
configuration software and its applications in configuration and change manage-

ment within cooling station designs.
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The above research focuses on methods of modularization and the evaluation
of division results for complex products. It is crucial for reducing the difficulty of
engineering changes and enabling rapid responses to changes. However, modu-
larization schemes must be tailored to specific cases. In the modularity of complex
products, due to the complexity of their components, the internal structure needs
to be thoroughly considered. Therefore, this paper quantifies the internal struc-
tural relationships among components to develop reasonable modularization
strategies for complex products. Specifically, this study aims to establish associa-
tion rules between design components by considering the internal structure. This
approach further refines the methodology for achieving effective modularization
of complex products.

From previous research, it is evident that numerous scholars have studied de-
sign personnel. However, in the manufacturing process of complex products, the
characteristics of these products involve multiple forms of knowledge ambiguity,
difficulty in obtaining data, and the dynamic nature of design personnel’s knowledge.
The experience and data provided by some design personnel play a crucial role in
the production process. Therefore, this paper attempts to study the decision-mak-
ing process of design personnel based on dynamic fuzzy numbers.

Existing research has explored the roles of production process subjects or de-
sign personnel. But current product configuration designs primarily focus on de-
terministic products and their functional realization. For complex products with
fuzzy and intricate component knowledge, a different configuration solution is
required. As an important standard in manufacturing, quality characteristics are
crucial for decision-making in complex product configurations. To address these
issues, this paper proposes a complex product configuration update method based
on comprehensive design personnel evaluation. Firstly, a new modularization
method is applied to divide complex products into modules. The representative
language of design personnel for each module during different periods is con-
verted into dynamic weight indicators by intuitionistic fuzzy numbers. Finally, the
integrated grey relational analysis method is used to update the configuration
changes. The research framework for complex product configuration updates
driven by engineering changes is illustrated in Figure 1.

The rest of this paper is as follows: Section 2 primarily introduces the modular
division method proposed in this paper. Section 3 introduces a dynamic analysis
method for quality characteristics based on intuitionistic fuzzy numbers and de-
signer ratings. Section 4 describes the methodology for using the grey relational
model to determine the configuration scheme. Section 5 is a case study of the con-
figuration update of complex product engineering change. Section 6 summarizes

the research work of this paper.

2. A New Modularization Method

The modularization of complex products in this paper can be understood as the

division of a complex product into a series of closely related modules based on
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Analysis of a new modular partitioning method
Modular calculation rules based on functional, Results of modular
behavioral, structural, and process associations division

Dynamic analysis of quality characteristics based on
intuitionistic fuzzy numbers
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designers for each + fUZZy number characteristics using

module intuitionistic fuzzy numbers

Determination of configuration update scheme for
complex product engineering changes

\4
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designers and quality + quality + comprehensive
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high-capacity full DC high-speed permanent magnet
synchronous variable frequency centrifugal units

Verification of engineering change configuration update using
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Modular division, dynamic analysis of quality characteristics, grey ‘
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Analysis of upaaled configuration
results for engineering changes

Figure 1. Research framework for configuration update in complex product engineering
changes.

certain rules. This division provides a basis for management activities such as pro-
duction, evaluation, and decision-making. Due to the intricate nature of complex
products, modularization is a critical step in the process of configuration updates.
In this paper, a modularization method based on the characteristics of compo-
nents in complex products is proposed. Internal structural relationships are con-
sidered and used to quantify the association rules between design components.
This approach aims to establish a reasonable modularization strategy for complex
products, providing a foundation for professional design personnel to evaluate
quality characteristics. This modularization approach can significantly improve
the efficiency and accuracy of configuration updates driven by engineering changes
in complex products. This structured method provides a solid foundation for pro-

fessional designers to evaluate and score quality characteristics.

2.1. Division Method of Modules

Module division needs to follow certain rules, which are described as follows:
Rule 1: This refers to the representation of components. The expression of com-

ponents is CIR = {F, B,S, P} where Fis the function, including the main func-
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tion and optional function, and B is the behavior, referring to the objective de-
scription of function realization. It includes mechanical and thermal properties
and thermal effects. S'is the structure. It includes the structural features, connec-
tion mode, and overall shape. Pis the process. It includes the processing method,

process requirements, surface treatment method, and dimensional accuracy.

2.2. Relevance of Parts and Components

oF
@,
CIM _R; =[ F;,B;,S;,P; | 0 1)
@,
on
F.B.S P x| |=Fo +Bam+S 0 +P @)
[ij' i i ij:|x o |- i@ T By, + 9550 + @,
S
1)

Rule 2: The component association degree refers to the constraint relationships
that exist between any two parts within a product family in terms of assembly,
geometric space, and material processes. Assuming the weights of the behavioral,
functional, structural, and process associations of a part within the entire module
O, 0y, 05, 0,, ©Of +@,+0, +o, =1, the specific analysis is presented in Table 1.
The association degree between part i and part j isdenotedas CIM_R; (0<
CIR < 1), where the higher the values of CIM_R

between parts.

i » the stronger the association

Table 1. Component functional association rules.

Index Weighting Weighting Relationship
1 Essential for completion
0.8 Jointly complete sub-functions
Primary 0.6 Auxiliary in completing sub-functions
. . 0.8
Functional - function 0.4 Complete overall related functions
correlation
degree 0.2 Very weak functional relevance
0 No functional relevance
1 Identical
Support
upp. ' 0.5 0.2 Similar
function
0 Unrelated

1) The functional associations are essential for the modularization of complex
products. The interconnectivity and optimization of components are crucial. If a
particular component is missing from the overall system, certain functions may

disappear entirely, leading to the failure of the final product to meet customer
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needs and resulting in production waste. Therefore, analyzing and dividing the
functional associations of components is a critical factor. Functional associations
are primarily manifested in the following ways:

Number of modules: the number of modules in a complex product determines
the ease of assembling the final product.

Coupling degree: the coupling degree between modules plays a decisive role in
determining the manufacturing workload in subsequent design and production
tasks.

Standardization of Interfaces: standardization of interfaces between modules is
fundamental for internal installation norms.

Thus, the functional associations fully reflect the performance differences among
modules. To address these aspects, this paper establishes the functional associa-

tion rules for parts as shown in Table 1,
R :(Ffwij )a)fl+(F7V2ij )a)fz (3)

where F; represents the combined functional association value between com-
ponents i and j, F7v1i,~ represents the value of the main functional aspect as-
sociation, @, represents the weight of the main functional aspect association,
Fﬁvzij represents the value of the auxiliary functional aspect association, and
;, represents the weight of the auxiliary functional aspect association.

2) In complex products, the association degree between components is primar-
ily reflected in the overall shape and connection methods. The overall shape and
size determine the installation requirements and positioning, which have a signif-
icant impact on the product’s layout. The connection methods mainly affect the
stability and ease of disassembly of internal components. This paper establishes
the structural association rules for parts as shown in Table 2. The combined struc-

tural association degree can be expressed as follows:

Table 2. Component structural association rules.

Index Weighting Weighting Relationship

Permanent connection,

1
non-separable
0.8 Fixed connection, difficult to
Connection separate
Structural type 0.6 0.9 Fixed connection, easy to separate
. (primary)
correlation 0.4 Movable connection, non-separable
degree
0.2 Movable connection, separable
0 No connection
1 Opverall shape is identical
Overall shape 0.5 0.1 Overall shape is basically similar
0 Overall shape is different
DOI: 10.4236/eng.2025.179026 430 Engineering
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S = (S_v1ij )ws1 +(F_v2ij )wsz 4)

where S;; is the combined structural association value between components i
and j, S_V1ij is the value of the connection type association, @;, is the weight
of the connection type association, Fﬁvzij is the value of the overall shape asso-
ciation, and g, is the weight of the overall shape association.

3) The behavioral information of components in complex products is regarded
as a bridge between function and structure, providing an objective description of
how functionalities are realized. Behavior includes three hidden independent at-
tributes: mechanical properties (strength, inertia, elasticity, etc.), electrical char-
acteristics (conductivity, resistance, charging, etc.), and thermal effects (heat con-
duction, temperature change, absorption, etc.)

Due to the requirements of complex products, components with the same at-
tribute can form combinations of behavioral attributes. This paper establishes the
behavioral association rules for parts as shown in Table 3. The combined behav-

ioral association degree can be expressed as follows:

Table 3. Component behavioral association rules.

Index Weighting ~ Weighting  Relationship

1 Identical
Mechanical strength 0.5 0.4 Similar

0 Different

Behavioral 1 Identical

correlation

degree Heat treatment process 0.5 0.3 Similar

0 Different

1 Identical
Electrical conductivity 0.5 0.3 Similar

0 Different

By :(B_v1ij )a)bl+(B_V2ij )a’bz +(B_v3ij )wbs (5)

where Bj; is the combined behavioral association value between components i
and j, B_V1ij is the value of the mechanical strength association, @y, is the
weight of the mechanical strength association, B,VZ.J is the value of the heat
treatment method association, @, is the weight of the heat treatment method
association, B,V?»ij is the value of the electrical conductivity characteristic asso-
ciation, and @,, is the weight of the electrical conductivity characteristic associ-
ation.

4) Process association refers to the processing technologies involved in trans-
forming raw blanks into finished products. The process plays a crucial role in the

manufacturing and production process. It is more convenient to simultaneously
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process the parts within the same module if several components share similar or
identical processing techniques. The rationality of the process is essential for con-
trolling costs and performance. Therefore, process associations in modularization
are also necessary. Based on internal process associations, this paper establishes
process association rules for parts as shown in Table 4. The combined process

association degree can be expressed as follows:

Table 4. Component process association rules.

Index Weighting Weighting  Relationship
1 Identical
Processing method 0.5 0.5 Similar
0 Different
1 Identical
Process Process requirements 0.5 0.2 Similar
correlation 0 Different
degree 1 Identical
Surface treatment 0.5 0.2 Similar
0 Different
1 Identical
Dimensional accuracy 0.5 0.1 Similar
0 Different
R = (P7v1ij )a’pl + ( Py 2 )wpz + ( Pﬁvaij )a)p3 + ( Pﬁv4ij )a)pA (6)

where P. is the combined process association value between components i

i
and j, P,Vli,- is the value of the processing method association, @, is the

pl
weight of the processing method association, P_vzi,- is the value of the process

requirement association, @, is the weight of the process requirement associa-

p2
tion, P_V3ij is the value of the surface treatment association, @,; is the weight
of the surface treatment association, P, 4y I8 the value of the dimensional pre-
cision association, and @, is the weight of the dimensional precision associ-
ation.

Then, the comprehensive association degree of the module can be expressed as
follows: if a module contains n effectively connected parts, the association degree
of the n parts can be summed, resulting in the comprehensive association degree

of the module:
1 «n 1 on
R :H'Zi,jCIM—Rij :E.Zi'j Fija)f + Bija)b +Sija)S + F’ija)p (7)

Therefore, the modularization results for complex products can be determined

based on the part association degree CIM_R; . The calculation of correlation
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weights is obtained by the Delphi method. The associations between parts are es-
tablished through these constraint conditions. When the given relationship
CIM_R; 2R issatisfied, parts i and ] can be grouped into the same module.

3. Dynamic Analysis of Quality Characteristics Based on
Intuitionistic Fuzzy Numbers—Design Personnel Scoring

Intuitionistic fuzzy numbers not only encompass membership degrees but also
non-membership degrees, enabling a more comprehensive description of the un-
certainties that exist when design personnel assign scores. Most evaluation indi-
cators in complex product configuration research are qualitative and difficult to
quantify precisely. This paper adopts interval-valued intuitionistic fuzzy numbers
to represent evaluation information. Design and manufacturing personnel can
more flexibly express their judgments regarding quality characteristics while scor-
ing by intuitionistic fuzzy numbers. Furthermore, in group decision-making pro-
cesses involving multiple design personnel, intuitionistic fuzzy numbers can ef-

fectively integrate scoring opinions from different individuals.

3.1. Intuitionistic Fuzzy Set

Definition 1. Let X be a non-empty classical set, with elements
X ={Xy ly=12,3,-, Z} . A triplet {[X,yA(X),}/A(X)]| Xe X} on the set X is
called an intuitionistic fuzzy set A, where p,(x):X —[0,1], and it satisties
0< 1, (X)+y,(x)<1. p,(x) and y,(x) are the membership degree and
non-membership degree of element X in the domain X , respectively. The cor-
responding intuitionistic fuzzy number is denoted as a = ( Ha(X), 7 (X)) .

Definition 2. Let a=(x,,v,), b= ( Uy vﬁ) be two intuitionistic fuzzy num-
bers, 0 < A < 1, with their operational rules are defined as follows:

1) a+b=y, T Uy~ My Hy

2) Aa=(1-(-u,) i)

Definition 3. Let a=(x,,v,), b= ( Uy vﬁ) be two intuitionistic fuzzy num-
bers. Then, D,, :1/2(

between the intuitionistic fuzzy numbers a and p.

M, —,uﬂ|+|va —vﬁ|)—ya “Ug is defined as the deviation

Definition 4. Let a=(u,,v,), b= ( Ky vﬂ) be two intuitionistic fuzzy num-
bers. Then, S(a)=u,—-Vv, and H(a)=u,+V, aredefined as the value func-
tion and precision function of the intuitionistic fuzzy number a . Similarly,
S(b)=p,-v, and H(b)=pu,+v, are defined as the value function and pre-
cision function of the intuitionistic fuzzy number b, respectively.

1) If S(a)>S(b), then a>b.

2) When S(a)=S(b),if H(a)>H(b), then a>b;if H (a)=H(b) then
a=b.

3.2. Intuitionistic Fuzzy Ordered Weighted Averaging Operator

Definition 5. Let A={a =7 |k=123--,t} be a set of intuitionistic
fuzzy numbers, IFOWA: X" — X s if
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o
IFOWA, (3,2, .a) = X yorb, =( LTt gy ) 1T, . e

the function IFOWA is defined as the ordered weighted average operator for in-
tuitionistic fuzzy numbers.

Where o =(w,®,,--,@,) is the weight vector associated with the intuition-
istic fuzzy operator [IFOWA and 0< @, <1 is the element at the 4-th position in
the sorted set of intuitionistic fuzzy numbers A={a, =(z,v,),k=123,-t}.
Specifically, if b, = ( ,uk(b),vk(b)) , the function IFOWA is defined as the ordered

weighted average operator for intuitionistic fuzzy numbers.

3.3. Ordered Weighted Average Operator Derived from
Intuitionistic Fuzzy Numbers

Intuitionistic fuzzy numbers are combined with the derived ordered weighted av-
erage operator (IOWA) in an integrated manner, based on the intuitionistic fuzzy
number-derived ordered weighted average operator (IF-IOWA) proposed in doc-

ument [12].

IFIOWA, [ (2,,4,).(.8,) (2,4, ]
= ZL:lkak = (1_HL:1(1_:Uk(b) )% ’1_HL:1VIZkb)j'

In the formula, ®=(@,®,,---,®,) is the weight vector corresponding to the
IF-TOWA operator, 0<a, <1, ZL:l o, =1, («.4,) isthe[F-OWA data pair,
and b, = ( yk(b),vk(b)) is the second component of the IFOWA data pair corre-
sponding to the K -th largest element in a, (k =12, ,t) . In the data pair, ¢,
is the inducing variable, and &, is the intuitionistic fuzzy number variable.

Intuitionistic fuzzy data are not directly related to the weight coefficients. They
are only related to the elements in the information aggregation process. Typically,
these represent attributes of the information, which in this paper, refer to quality

characteristic evaluation periods or decision-makers.

3.4. Designer Experience Dynamic Analysis Based on Intuitionistic
Fuzzy Numbers

In the early stages of product development, the project leader organized some
market surveys. Through on-site inquiries and observations during design and
manufacturing, filling out consultation questionnaires, and in-depth discussions
with designers, the key quality characteristics of the components during the pro-
duction process are identified and denoted as DI = {DI Li=12,- m} . From the
modularized production departments defined earlier, a consistent group of per-
sonnel is selected to evaluate the key quality characteristics of the components,
denoted as DU = {DUJ-, =12, n} . To differentiate the impact of designers
from different modules, the company’s management personnel conduct pairwise
comparisons to determine the weight vector w=(@,,®,, -, ®,). To adequately
reflect the diversity and dynamism of customer needs, the surveys are conducted

in representative production phases, denoted as time periods
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PT ={PT,,h=12,---1}.

The influence vector is p =(p,, p,,---,p,) for each production stage. In the
early stages of complex product design, design personnel are invited to use intui-
tionistic fuzzy numbers to provide preference information on the importance of
key quality characteristics for various components. Each specialist designer eval-
uates the specific quality characteristics of existing components for particular
production phases, leading to the subjective importance evaluation matrix
R, = (fh', )Ixm (j=12,---,n) of the quality characteristic indicators considered by
the designers. The selected designer DU, uses the intuitionistic fuzzy number
rl = ( yrfi,vgi) to represent the quality characteristic indicators, and DI, is the
subjective importance evaluation value for production phase PT, . The weight
vector w=(w,w,, --,®,) of the selected designers and the subjective im-
portance evaluation matrix R | = ( dfh{ ) . ( j=12,--, n) of the quality character-

Ix

istic indicators are aggregated to obtain the comprehensive evaluation matrix
(dfy )= IFIOWA, [ (DU, ),(DU,, 7).+, (DU, ) |

" -~ ) - TT )

designers’ subjective importance evaluations of the indicators using the IF-IOWA

DR = (dfh{ ) of the

operator. In the equation, w represents the element at the 4th position in the

weight vector bl of the selected designers. Let DDI. =(DDI,,DDl,,---,DDI,,)

be the subjective importance of the quality characteristic indicator DI, in
DDI, = IFIOWA, [ (PT,,cf; ), (PT,,cfy )+, (PT,,cfy ) |

| Ph |
= Zlh:lph fi = (1_Hh:1(1_(phi(f)) '1_Hn:1¢rﬁ?f))

where p represents the influence degree of different production phases. f,

production phase PT, .

i
represents the element at the h -th positionin dfi}(h=12,---,1).

According to the definition of the value function, the subjective dynamic values
of the quality characteristic indicators are calculated. Finally, the normalized dy-
namic vector NDDI =(NDDI;,NDDI,,---,NDDI ) of the subjective importance
of the quality characteristic indicators is obtained. The overall evaluation value is
cr(h)=(h;,¢h ). The production phase influence vector
p=(p1,py+,p) with the comprehensive evaluation matrix DR=d, (h),

of the subjective importance of the quality characteristic indicators is aggregated

using the IF-IOWA operator, resulting in the dynamic vector
I Ph I
DDI =(DDI,,DDl,,---,DDI,,), sV, =1—Hh:1(1—<phi(f)) (1—Hh:1(phﬁ?f)),

NDDI, =(sv, +0.5)/Z:L(SVi +0.5) of subjective importance [13] [14].

4. Determination of Configuration Update Plan by Grey
Relational Model

Due to the characteristics of small data and limited information, grey relational
analysis is used to determine the final configuration scheme for the changing com-

ponents in the final step of selecting the updated configuration options. Grey re-
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lational analysis is one of the mainstream methods for analyzing relationships in
discrete datasets and for multi-attribute decision-making. The method of grey re-
lational analysis is widely applied to solve uncertain problems under conditions
of discrete data or limited information. The fundamental task of grey relational
analysis is to analyze and determine the degree of influence among factors or the
contribution measure of factors to the main behavior based on the micro- or
macro-geometric proximity of behaviors. As a geometric analysis method, its ad-
vantages and characteristics include the following: 1) It can perform ordered anal-
ysis of factors within a grey system. 2) It can meet the requirements for small-
sample analysis. 3) It is capable of performing correlation analysis of multiple fac-
tors relative to different reference points, offering superior overall analytical ca-
pabilities compared to methods such as regression and correlation analysis.

The primary advantage of this method is the low requirement for statistical
data, making it highly suitable for analyzing various types of incomplete statistical
data. It involves numerous design and manufacturing stages and a multitude of
evaluation indicators in the context of complex product configuration updates. It
is impractical to fully account for all influencing factors in the change proposals.
Therefore, this paper employs grey relational analysis to evaluate the correlation
degrees of alternative configuration schemes. Grey relational analysis is a method
for quantitatively describing and comparing the development trends of a system.
The basic idea is to determine the closeness of association by the similarity of the
geometric shapes of the reference sequence and several comparison sequences,
reflecting the degree of association between the curves.

The steps in the grey relational analysis method are introduced as follows:

Step 1: Determine the analysis sequences. The selection of the reference se-
quence is related to the evaluation purpose and the type of evaluation indicator
data. Typically, the optimal values of each statistical indicator are chosen as the
reference sequence. In this paper, evaluation metrics positively correlated with the
suitability of configuration schemes are selected. Therefore, the best (highest)
value is extracted from each evaluation metric to form a reference sequence.
Meanwhile, the evaluation metric data of each alternative scheme are used as com-
parative sequences. The dynamic weighting vector derived from the subjective
importance of quality characteristics in the earlier sections of this paper is utilized
to weigh the data of the alternative schemes. The processed data are then used as
the original sequences.

Set the reference sequence as follows:

X =(36(1) 5 (2). % (1) ®
Set the comparison sequences as follows:
X, =(%(1).%(2),,%(n)) (i=1,2,3---,m) 9)

Step 2: Normalize the original data.

The initialized reference sequence is as follows:

Xg=Xo (K)/% (1) = (% (1), % (2),++. % () (10)
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The initialized comparison sequences are as follows:
X! =X;(K)/x (1) =(%(1),%(2),+,x(n)) (i=1,23:,m) (11)

Step 3: Calculate the sequence differences.

The formula for calculating the sequence differences is as follows:

Agi (K)=[% (k)= (k)| (i=1,23,--,m;k=1,2,3,---,n) (12)

The maximum and minimum values in the absolute difference matrix obtained
from Formula (12) are denoted, for better clarity and coherence, as follows:
Maximum value: M =max max A (k)=A
I

max

Minimum value: m=min mkin Ai(k)=A
1

min
Step 4: Calculate the grey relational coefficients.
The formula for calculating the grey relational coefficients is as follows:
m+ pM
7o (k)= m (13)

In the formula, pe(0,1), 1=12,34,5, k=12345, p is called the dis-
crimination coefficient, typically takenas p=0.5.

Step 5: Calculate the grey relational degrees. Due to the dispersed nature of the
correlation coefficient data, it is insufficient for deriving an accurate overall eval-
uation result by analyzing individual indicator correlation coefficients alone. To
comprehensively analyze the entire dataset, we combine the dynamically weighted
vectors of subjective importance degrees of quality characteristics derived in pre-
vious sections. Then, the overall grey relational degree between the comparison
sequences and the reference sequence (optimal sequence) is calculated. The inte-
grated relational order is obtained by the integrated relational degrees ranking.

The formula for the grey relational degrees is as follows:

1 n
Yoi =_z70i(k) (14)
Ny

Vo is the relational degree of the comparison sequence X; relative to the refer-
ence sequence X,, revealing their degree of association. The larger y,, is, the

greater their degree of association, and vice versa [15] [16].

5. Case Study on Configuration Update of Complex Product
Engineering Change

G Enterprise’s high-speed permanent magnet synchronous variable-frequency
centrifugal large-power water chiller unit has achieved international leading levels
in technology, serving as a prime example of a complex product. This complex
product is used as a case study for calculations in this paper. The core components
of the high-speed permanent magnet synchronous variable-frequency centrifugal
large-power water chiller unit include the main shaft, suction chamber, intake
pipe, impeller, diffuser, volute casing, fixed ring, locking ring, thrust disk, separa-

tor, balance disk, return flow device, seal, bend, baffle for bends, permanent mag-
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net rotor, stator, core, casing, pressure regulating valve, temperature sensor, cooler,

pressure sensor, evaporator, reflux evaporator, lubricating oil, refrigerant, oil

cooler, electronic expansion valve, drier filter, condenser, and others. Based on

the modular division method proposed in the second part of this paper, which is

grounded in internal product associations, an in-depth investigation at G Enter-

prise regarding this product was conducted. Professional process engineers were

invited to provide assessment opinions on the behavior, structure, and process

interrelationships of core components. Subsequently, the degrees of association

were calculated according to the calculation methods provided in the second sec-

tion of this paper. The results are presented in Table 5 and Table 6.

Table 5. Calculation of functional and behavioral association of components.

- « - ~ — « o
g, g, TE TP LY TP LR BT EYET BX BT 5P B
: 5 23 E= i3 5= 2E33 8= 383833 8% 25
o O < < = < < < =
inlet chamber impeller 0.8 0.8 0.5 0.2 0.74 0.5 0.4 0.5 0.3 1 0.3 0.65
inlet chamber diffuser 1 0.8 0.5 0.2 0.9 0.5 0.4 0 0.3 1 0.3 0.5
inlet chamber volute 0.8 0.8 0 0.2 0.64 0.5 0.4 0.5 0.3 1 0.3 0.65
inlet chamber  intake pipe 0.8 0.8 1 0.2 0.64 0 0.4 0 0.3 0 0.3 0
intake pipe thrust disk 1 0.8 1 0.2 1 1 0.4 0.5 0.3 0.5 0.3 0.7
impeller diffuser 0.8 60.8 0.5 0.2 0.74 0.5 0.4 0.5 0.3 0.5 0.3 0.5
impeller main shaft 1 0.8 0.5 0.2 0.9 0 0.4 0.5 0.3 0.5 0.3 0.3
impeller retaining ring 1 0.8 1 0.2 1 1 0.4 1 0.3 1 0.3 1
impeller intake pipe 1 0.8 1 0.2 1 1 0.4 0.5 0.3 0.5 0.3 0.7
impeller locking ring 1 0.8 0.5 0.2 0.9 0.5 0.4 0.5 0.3 0.5 0.3 0.5
impeller separator 0.8 0.8 0.5 0.2 0.74 0.5 0.4 0.5 0.3 0.5 0.3 0.5
impeller balance disk 1 0.8 0.5 0.2 0.9 0 0.4 0.5 0.3 0.5 0.3 0.3
impeller refluxer 1 0.8 0.5 0.2 0.9 0.5 0.4 0.5 0.3 0.5 0.3 0.5
impeller seal 1 0.8 0.5 0.2 0.9 0.5 0.4 0.5 0.3 0.5 0.3 0.5
main shaft locking ring 0.6 0.8 0 0.2 0.48 0 0.4 0 0.3 0 0.3 0
main shaft bend baftle 0.6 0.8 0 02 048 0 0.4 0 0.3 0 0.3 0
main shaft bend 0.6 0.8 0 0.2 0.48 0.5 0.4 0.5 0.3 0 0.3 0.35
bend bend baffle 0.6 0.8 0 0.2 0.48 0 0.4 0 0.3 0 0.3 0
bend baffle recirculator 1 0.8 0.5 0.2 0.9 0 0.4 0 0.3 0 0.3 0
reflux device seal 0.6 0.8 0.5 0.2 0.58 0 0.4 0 0.3 0 0.3 0
seal seal 1 0.8 1 0.2 1 0.5 0.4 0 0.3 0.5 0.3 0.35
housing permanent 08 1 02 1 05 04 O 03 05 03 035
magnet rotor
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permanent
stator 1 0.8 1 0.2 1 0.5 0.4 0.5 0.3 0.5 0.3 0.5
magnet rotor
stator iron core 0.6 0.8 0.5 0.2 0.58 0 0.4 0 0.3 0 0.3 0.2
iron core refrigerant 0.6 0.8 0 0.2 0.48 0 0.4 0 0.3 0 0.3 0.2
refrigerant condenser 1 0.8 1 0.2 1 0 0.4 0 0.3 0.5 0.3 0.15
condenser cooler 1 0.8 1 0.2 1 0 0.4 0 0.3 0 0.3 0
electronic
cooler . 0.8 0.5 0.2 0.9 0.5 0.4 0.5 0.3 0.5 0.3 0.5
expansion valve
refrigerant evaporator 1 0.8 0.5 0.2 0.9 0 0.4 0 0.3 0 0.3 0
reflux
evaporator 0.8 1 0.2 1 0.5 0.4 0.5 0.3 0.5 0.3 0.5
evaporator
reflux .
lubricant 0.8 0.8 0 0.2 0.64 0 0.4 0 0.3 0 0.3 0
evaporator
. reflux
lubricant 0.8 1 0.2 1 0 0.4 0 0.3 0.5 0.3 0.15
evaporator
reflux
dryer filter 1 0.8 0.5 0.2 0.9 0 0.4 0 0.3 0 0.3 0
evaporator
dryer filter pressure 08 1 02 1 O 04 0 03 0 03 0
regulator
pressure
pressure sensor 0.8 0.8 0.5 0.2 0.74 0 0.4 0 0.3 0 0.3 0
regulator
temperature
pressure sensor sensor 0.8 0.8 0.5 0.2 0.74 0.5 0.4 0.5 0.3 0.5 0.3 0.5

Table 6. Calculation of the structure-process association degree of components (Continued from the previous table).

— N
g — N (e} A
§ - _§ S 8 2 o~ 2 2 o o < g o
= o 8 % 5§ % § € £ £ £ £ & £ £ % 3
E | 3 % ¢ ¥ » § ®H §F§ W § W E w» & 2
o @ 2 = 2 = 2 9 ] 9 K} 9 K} 9 ] ¥
= £ 2 2 = 2 =z 2 =2 3 =2 g8 = £ 3
2 g < ¥ < 3 = 4 ] s ] 5 8
=% (<% s s = < » < @ < @ < » — 15
g g T 2 E 2 § 2 8§ 2 €& 2 €& o & 2
Q Q 5 ko] 5 ko] 2 @ Q @ Q @ Q @ Q Q )
o © £ 2 € 2 § 8 £ 88 g 8 g 8 g @ =
5 &£ 3 82 B ¢ &~ S & e ~ & A £ S
g ¢ & 2 & ~ A ~ A~
inlet chamber impeller 02 09 05 01 023 05 05 05 02 05 02 0 01 045 0.54
inlet chamber diffuser 04 09 0 0.1 036 05 0.5 1 02 05 02 1 0.1 0.65 0.633
inlet chamber volute 1 0.9 1 0.1 1 05 05 05 02 05 02 05 01 05 0.736
inlet chamber  intake pipe 02 09 o0 01 018 05 05 05 02 05 02 1 0.1 0.55 0.565
intake pipe thrust disk 1 0.9 0 01 09 05 05 05 02 05 02 05 01 05 0.86
impeller diffuser 0.8 0.9 0 0.1 072 0 05 05 02 05 02 05 01 0.25 0.637
impeller main shaft 1 0.9 0 0.1 0.9 0 05 05 02 05 02 05 01 025 0715
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impeller retainingring 0.4 0.9 1 0.1 046 1 0.5 1 0.2 1 0.2 1 0.1 1 0.838

impeller intake pipe 1 0.9 0 01 09 05 05 05 02 05 02 05 01 05 0.86
impeller locking ring 04 0.9 0 0.1 03 05 05 05 02 05 02 05 01 05 0618
impeller separator 0.8 0.9 0 0.1 072 0 05 05 02 05 02 05 01 025 0.637
impeller balance disk 1 09 o0 01 09 o0 05 05 02 05 02 05 01 025 0.715
impeller refluxer 04 09 0 01 036 05 05 05 02 05 02 05 01 05 0.618
impeller seal 04 0.9 0 01 036 05 05 05 02 05 02 05 01 05 0.618
main shaft locking ring 0.8 0.9 0 0.1 072 0 05 05 0.2 0 02 05 01 0.15 0423
main shaft bend baffle 1 0.9 0 0.1 09 0 05 05 0.2 0 02 05 01 0.15 0477
main shaft bend 1 09 05 01 09 05 05 05 0.2 0 02 05 01 04 0587
bend bend baffle 1 09 05 01 095 05 05 05 0.2 0 02 05 01 04 0.517
bend baffle recirculator 0.4 0.9 0 0.1 036 0 0.5 0 0.2 0 0.2 0 0.1 0 0.468
reflux device seal 04 09 05 01 041 O 05 05 02 05 02 05 01 025 0.38
seal seal 1 0.9 0 0.1 09 0 05 05 02 05 02 05 01 0.25 0.765
housing permanent )59 0 01 09 05 05 05 02 05 02 05 01 05 079
magnet rotor
permanent stator 1 09 0 01 09 05 05 05 02 05 02 05 01 05 082
magnet rotor
stator iron core 1 0.9 0 0.1 09 0 0.5 0 0.2 0 0.2 0 0.1 0 0.542
iron core refrigerant 0 0.9 0 0.1 0 0 0.5 0 0.2 0 0.2 0 0.1 0 0.232
refrigerant condenser 1 0.9 0 0.1 0.9 0 0.5 1 0.2 1 0.2 1 0.1 05 0.75
condenser cooler 04 09 05 0.1 041 1 0.5 1 0.2 1 0.2 1 0.1 1 0.623
cooler clectronic 0 09 0 01 036 05 05 05 02 05 02 05 01 05 0618

expansion valve

refrigerant evaporator 02 09 0 0.1 018 0 0.5 0 0.2 0 0.2 0 0.1 0 0414

reflux
evaporator 1 09 0 01 09 05 05 05 02 05 02 05 01 05 0.82
evaporator
reflux .
X lubricant 02 09 0 0.1 018 05 0.5 0 02 0 0.2 0 0.1 0.25 0.335
evaporator
reflux
lubricant 06 09 0 0.1 054 0 0.5 0 02 0 0.2 0 0.1 0 0.592
evaporator
reflux
X dryer filter 02 09 0 01 018 05 05 05 02 05 02 05 01 05 0.464
evaporator
dryer filter PIESSUTE 94 09 0 01 03 ©0 05 0 02 0 02 0 0l 0 0508
regulator
pressure
lator pressure sensor 0.2 0.9 0 01 018 05 05 05 02 05 02 05 01 05 04
regu
temperature
pressure sensor 02 09 0 01 018 05 05 05 02 05 02 05 01 05 05

sensor
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Based on the module division rules in this paper, a module is defined as having
a combined association degree greater than 0.4. It can be seen that there are five
modules: the pneumatic components module, the motor module, the evaporation
module, and the condensation module. According to the results of market re-
search and production surveys, the quality characteristics emphasized during the
design process are reliability (DT}), safety (DT>), durability (DT;), adaptability
(DT4), and appearance requirements (DTs). The collection and scheduling of in-
formation and data are arranged as follows: 1) Product Design (PT}): The unilat-
eral information is provided by the product design personnel. 2) Product Process
Design Stage (PT,): Designers derive updated designs and the weights of various
factors based on feedback from the process department. 3) Product Production
and Manufacturing (PT;): Design personnel update the design based on knowledge
gained during the production and manufacturing stage. 4) Sales and Maintenance
Stage (PT,): Design personnel update the design based on knowledge from the
sales and after-sales stages involving the product components.

The team conducts pairwise comparisons for the survey time periods to deter-
mine the influence vectors for different time periods. Updates are made based on
the knowledge of product components involved during the sales and after-sales
stages. The team conducts pairwise comparisons of the research time periods to
derive vectors representing the impact levels of different time intervals.
p= (0.261,0.223,0.231,0.285). Five designers from the departments are selected
to participate in the assessment of requirement importance (Table 7). Subse-
quently, the weight vector o= (0.192,0.187,0.211,0.223,0.187) of the five de-

signers id determined by the pairwise comparison method.

Table 7. The information of the selected designers.

DI, DI, DIs Du DIs

PT:  (0.51,0.31) (0.54,0.41) (0.71,0.31) (0.51,0.32) (0.44, 0.21)

PT: (0.62,0.32) (0.51,0.33) (0.71,0.23) (0.52,0.44) (0.43, 0.52)

e PT;  (0.71,0.23) (0.63,0.34) (0.82,0.11) (0.53,0.33) (0.52,0.43)
PT. (0.62,0.24) (0.64,0.42) (0.83,0.12) (0.53,0.44) (0.61,0.44)
PT:  (0.42,021) (0.61,042) (0.6,0.31)  (0.53,0.13) (0.41,0.51)
PT.  (0.53,0.33) (0.62,0.33) (0.71,0.22) (0.52,0.34) (0.21,0.61)

Y PT;  (0.64,0.31) (0.63,0.41) (0.62,0.11) (0.51,0.32) (0.52,0.41)
PT. (0.64,0.33) (0.61,0.31) (0.72,0.21) (0.63,0.22) (0.62,0.42)
PT:  (0.62,0.12) (0.63,0.21) (0.42,0.33) (0.61,0.22) (0.53,0.21)
PT.  (0.61,0.31) (0.61,0.31) (0.53,0.23) (0.52,0.33) (0.51,0.33)

DU;

PT:  (0.62,022) (0.51,0.42) (0.62,0.14) (0.62,0.23)  (0.51, 0.43)

PT:  (0.72,022) (0.71,0.22) (0.61,0.24) (0.61,0.31)  (0.43, 0.43)
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PT:  (0.53,0.43) (0.62,0.33) (0.62,0.33) (0.44,0.32) (0.34,0.53)
PT, (0.62,0.23) (0.62,0.24) (0.63,0.23) (0.52,0.34)  (0.43, 0.54)
e PT;  (0.63,0.13) (0.62,0.34) (0.63,0.12) (0.63,0.34) (0.53,0.32)
PT: (0.62,0.23) (0.63,0.34) (0.72,0.22) (0.63,0.24)  (0.52, 0.43)
PT:  (0.42,0.33) (0.43,0.33) (0.53,0.33) (0.62,0.22) (0.41,0.52)
PT, (0.51,0.44) (0.54,0.43) (0.63,0.23) (0.52,0.32) (0.52,0.32)
DUs
PT:  (0.62,0.34) (0.64,0.23) (0.73,0.13) (0.62,0.33) (0.52,0.22)
PT: (0.62,0.23) (0.64,0.23) (0.72,0.23) (0.63,0.34) (0.62,0.22)

The comprehensive evaluation matrix DR = (dl’ (hi ))5><5 of the designers’ sub-
jective importance of the quality characteristic indicators are obtained with the
weight vector @ =(w,,®,, -+, w, ). The selected designers with the subjective im-
portance evaluation matrix R = (I’h’; )M ( j=12,--, 5) of the quality characteris-

tic indicators are as shown in Table 8.

Table 8. Comprehensive evaluation matrix.

DI, DI, DI, D DIs
PT:  (0.504,0.282) (0.569,0.337) (0.575,0.322) (0.540,0.245) (0.425,0.395)
PT. (0.580,0.322) (0.582,0.324) (0.639,0.228) (0.520,0.353) (0.423,0.464)
PT;  (0.643,0.244) (0.604,0.349) (0.681,0.122) (0.584,0.309) (0.520,0.362)
PT: (0.645,0.249) (0.647,0.304) (0.720,0.205) (0.605,0.308) (0.556,0.391)

The dynamic evaluation values (0.58576025, 0.26728861), (0.59443649, 0.3233682),
(0.64581067, 0.21844461), (0.55581413, 0.29768529), and (0.47652309, 0.39724679)
of the subjective importance of the quality characteristic indicators are computed
by the aggregated influence vectors p =(0.285,0.214,0.227,0.274) for different
time periods with the comprehensive evaluation matrix CR =(cf; ) o5 Of the
subjective importance of the quality characteristic indicators.

According to the definition of the value function, the subjective dynamic value
sv; of the demand indicators is calculated, and the normalized dynamic vector
NDDI = (0.21235225, 0.200053463, 0.240604878, 0.196696326, 0.150293082) of
the designers’ comprehensive subjective importance of the indicators is further
computed. Through multiple company interviews, it was learned that there are
three other similar solutions for this type of high-speed permanent magnet syn-
chronous variable frequency centrifugal large-capacity chiller in this company.
Through interviews, the importance evaluation matrix for all proposed solutions

was obtained from the designers (Table 9).
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Table 9. Objective importance evaluation matrix of designers for different production

stages.
DI, DI DI, D DIs
DA:  (0.54,0.21) (0.64,0.31) (0.53,0.21) (0.52,0.31) (0.42,0.22)
DA,  (0.42,0.22) (0.61,0.34) (0.41,0.23) (0.53,0.42) (0.34,0.51)
o DAs  (0.51,0.33) (0.54,0.32) (0.52,0.11) (0.55,0.31) (0.43,0.33)
DA: (0.53,0.24) (0.62,0.22) (0.63,0.12) (0.44,0.13) (0.41,0.21)
DA:  (0.32,0.41) (0.41,0.32) (0.62,0.21) (0.44,0.12) (0.41,0.32)
DA,  (0.54,0.63) (0.52,0.23) (0.51,0.22) (0.51,0.23) (0.11,0.53)
o DAs  (0.62,0.23) (0.62,0.42) (0.64,0.12) (0.44,0.21) (0.43,0.31)
DA:  (0.63,0.34) (0.52,0.33) (0.63,0.23) (0.54,0.11) (0.41,0.24)
DA:  (0.52,0.21) (0.54,0.22) (0.52,0.31) (0.53,0.21) (0.43,0.24)
DA,  (0.51,0.31) (0.63,0.32) (0.51,0.24) (0.44,0.12) (0.42,0.23)
o DA:s  (0.61,0.24) (0.41,0.32) (0.61,0.24) (0.43,0.24) (0.34, 0.44)
DA: (0.72,0.22) (0.64,0.23) (0.54,0.32) (0.52,0.11) (0.41,0.21)
DA:  (0.43,0.52) (0.41,0.33) (0.52,0.31) (0.52,0.21) (0.24,0.51)
DA,  (0.54,0.43) (0.61,0.22) (0.61,0.32) (0.53,0.31) (0.41,0.51)
o DAs  (0.61,0.23) (0.54,0.23) (0.53,0.13) (0.51,0.31) (0.54, 0.24)
DA:  (0.52,0.33) (0.61,0.32) (0.53,0.21) (0.53,0.13) (0.54,0.41)

The weight vector @ =w,,®,,---,®; ofthe selected designers with the objective
importance evaluation matrix E'" = (ékji(h)) (j=12,--,mh=12.--1) ofthe

4x5

quality characteristic indicators for time period PT, are aggregated. Then, the

comprehensive evaluation matrix DE™ = (dél((ih))

4x5

of the designers considering

the objective importance of the quality characteristic indicators for time period
PT, can be obtained (As shown in Table 10).

Table 10. Comprehensive evaluation matrices for different production stages.

DI,

DI»

DI

Dus

DA: (0.591,0.208) (0.587,0.237) (0.544, 0.194) (0.539, 0.237)

DIs

(0.579, 0.212)

DA, (0.561,0.246) (0.577,0.224) (0.519, 0.207) (0.579,0.244) (0.582,0.29)
o DA; (0.552,0.284) (0.587,0.243) (0.596,0.181) (0.556,0.219) (0.56,0.221)

DA: (0.578,0.202) (0.585,0.174) (0.604, 0.233) (0.561,0.193) (0.551,0.221)

DA: (0.536,0.198) (0.571,0.224) (0.573,0.21) (0.549,0.129) (0.555,0.241)

DA, (0.591,0.26) (0.584,0.338) (0.561, 0.255) (0.593,0.241) (0.468,0.231)
PT,

DAs; (0.558,0.218) (0.565, 0.28)

(0.59,0.204) (0.536, 0.165)

DAs (0.584,0.222) (0.599, 0.272) (0.601, 0.257) (0.572, 0.201)

(0.539, 0.29)

(0.547, 0.199)
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DA (0.539,0.248) (0.587,0.214) (0.609, 0.262) (0.548, 0.166) (0.576, 0.221)

DA, (0.526,0.287) (0.612,0.258) (0.597, 0.246) (0.532,0.205) (0.563,0.227)

i DAs (0.591,0.235) (0.488,0.251) (0.636,0.21) (0.527,0.229) (0.539,0.218)
DA: (0.566,0.185) (0.609, 0.216) (0.597, 0.223) (0.581,0.209) (0.559, 0.236)
DA: (0.506,0.245) (0.643,0.263) (0.573,0.269) (0.562,0.235) (0.531,0.241)
DA, (0.544,0.277) (0.648,0.223) (0.586,0.234) (0.561,0.272) (0.55, 0.266)
PT4

DA; (0.576,0.224) (0.509, 0.246) (0.583,0.204) (0.563,0.256) (0.577,0.216)

DA:s (0.45,0.245) (0.673,0.239) (0.59,0.255) (0.55,0.203) (0.589,0.225)

The dynamic evaluation matrix DDE = (ddél(dh )) of the objective importance
4x5
of the component quality characteristics is obtained by the aggregated influence
vector for different time periods with the comprehensive evaluation matrix
M —_(ga
DE'" (e )M

teristics. (As shown in Table 11).

of the subjective importance of the component quality charac-

Table 11. Dynamic evaluation matrix.

DI, DL DI, D1 DIs
DA, (0.551,0.228) (0.608,0.239) (0.582,0.238) (0.557,0.199) (0.567,0.232)
DA,  (0.562,0.271) (0.615,0.260) (0.574,0.237) (0.575,0.246) (0.551,0.258)
DAs  (0.577,0.245) (0.544,0.256) (0.609,0.203) (0.555,0.222) (0.563,0.237)
DA:  (0.548,0.218) (0.627,0.227) (0.606,0.246) (0.573,0.204) (0.572,0.224)

The optimal solutions for the objective importance coefficients ovi of the
quality characteristics of each component are calculated as follows: (0.450, 0.581,
0.424, 0.461, 0.260). Finally, the normalized dynamic vector is computed NDDE
= (0.207, 0.267, 0.195, 0.212, 0.119) for the objective importance of the quality
characteristics of the components. The balance coefficient between subjective
opinions and the objective environment is determined as x= 0.532 and y = 0.468.
Through these calculations, the dynamic vector DIDE = (0.209, 0.236, 0.216,
0.205, 0.134) for the composite importance of the quality characteristics of the
components is obtained.

Based on historical data from Company G, the configuration alternatives that
meet the requirements for changes are listed in Figure 2. The configuration alter-
natives are weighted for reliability, durability, safety, adaptability, and appearance.
The grey relational degree is then calculated with respect to the ideal solution, and
the comprehensive grey relational degree for each alternative module is presented
in Table 12.
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Main Shaft 1

Impeller 1

Impeller 2 . Main Shaft 2
Impeller ¥ Main shaft ¢
— Impeller 3 Main Shaft 3
Impeller 4 Main Shaft 4 |
Locking ring 1 Pressure sensor |
v \ 4
Locking ring 2 Pressure Pressure sensor 2
Locking ring .
S Locking ring 3 | Pressure sensor 3 ‘
Pressure regulator 1
\ 4
Pressure Pressure regulator 2 ‘
regulator
Pressure regulator 3
Pressure regulator 4

Figure 2. Figure of potential modules for components.

Table 12. Comprehensive scoring results of alternative impeller parts by design personnel.

Reliability =~ Durability = Safety =~ Adaptability =~ Form Requirements

P, 80 85 78 78 81
P, 82 81 78 79 82
Ps 74 76 80 69 72
Py 72 74 78 67 72

To illustrate this process, the impeller of a candidate core component is used as
an example. There are four alternative parts under consideration. Design person-
nel were invited to evaluate these alternatives, and the comprehensive scores ob-
tained from their evaluations are as follows.

The scoring results are weighted by the dynamically calculated vectors of the
comprehensive importance degrees of the components’ quality characteristics, as
determined in previous sections. Grey relational analysis and the TOPSIS method
are applied to calculate the grey relational degrees and TOPSIS closeness for each

component. The results are shown in Table 13.

Table 13. Comparative analysis of results.

) Ranking of
. Ranking of .
Alternative . Alternative Parts by
TOPSIS Alternative .
Parts Grey Relational
Parts
Degrees
Alternative
0.2212 0.8191
parts 1
Impeller d,>d,>d,>~d, =V = V3" Vs
Alternative
0.2300 0.7374
parts 2
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Continued
Alternative
0.3262 0.7262
parts 3
Alternative
0.4260 0.6727
parts 4
Alternative
0.2780 0.6569
parts 1
Alternative
0.2601 0.7465
parts 2
locking ring dy>~d,>d, >d, VCRal PRl {Ral
Alternative
0.0895 0.9672
parts 3
Alternative
0.3731 0.6468
parts 4
Alternative
0.2879 0.8054
parts 1
Alternative
ts 2 0.2469 0.764
Sealin parts
8 . d;>d,>d, ~d, Vs> Va1 > 7
component  Alternative
0.1564 0.9002
parts 3
Alternative
0.2545 0.7726
parts 4
Alternative
0.3237 0.6422
parts 1
Alternative
0.4348 0.5765
parts 2
Main shaft d, -d;>-d, - d, Ya=Ys =11 > 72
Alternative
0.0774 0.8172
parts 3
Alternative
0.0337 0.8968
parts 4
Alternative
0.1898 0.6857
parts 1
Alternative
0.4538 0.6495
Pressure parts 2
dy >~d, ~d, >~d, Va=Vam > 72
sensor Alternative
0.1567 0.9667
parts 3
Alternative
0.1568 0.8864
parts 4
Alternative
0.3562 0.77
parts 1
Alternative
Pressure parts 2 0.4277 0.7672
regulating d;>-d,>-d, ~d, V3= Ve=1i ™72
Alternative
valve 0.0787 0.8592
parts 3
Alternative
0.3215 0.8086
parts 4
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From the results, it can be observed that, for the impeller, the ranking of candi-
date components by grey relational degrees is as follows: y, =y, =y, >7,, and
the TOPSIS calculation resultis d, > d, > d, > d,. We can see that the results ob-
tained from both methods are consistent, indicating that Scheme 1 is the optimal
solution for the impeller. For the tight ring, the ranking of candidate components
by grey relational degrees is as follows: yp; > ¥p, > ¥ > ¥p, > and the TOPSIS cal-
culation resultis d, > d, > d, > d,. The optimal alternative part for the tight ring
is alternative part 3. For the sealing module, the ranking of candidate components
by grey relational degrees is as follows: y, >y, >y, >~ ¥,, and the TOPSIS calcu-
lation result is d; >d, >d, >d,. The optimal alternative part for the sealing
module is alternative part 3. For the main shaft module, the ranking of candidate
components by grey relational degrees is as follows: y, >y, >y, >,, and the
TOPSIS calculation result is d, > d; >d, > d,. The optimal alternative part for
the main shaft module is alternative part 4. For the pressure sensor, the ranking
of candidate components by grey relational degrees is as follows:

Vs > ¥4 > 7, > ¥,»and the TOPSIS calculation resultis d; >d, >d, >d,. The op-
timal alternative part for the pressure sensor is alternative part 3. For the pressure
regulating valve, the ranking of candidate components by grey relational degrees is as
follows: y, >y, =7, > 7,, and the TOPSIS calculation result is d, >d, >d, >d,.
The optimal alternative part for the pressure regulating valve is alternative part 3.

From the above comparison of results, it can be seen that the rankings of com-
ponents obtained from both methods are generally similar. However, due to the
characteristic features of the grey relational method, such as its applicability to
small datasets with incomplete information (grey information), the results exhibit
greater variability and better highlight the differences in rankings. This makes the
grey relational method more suitable for operational purposes and for clearly
identifying ranking disparities, making it more appropriate for this research.
Therefore, this paper chooses the grey relational analysis for evaluating the con-

figuration selection.

6. Conclusions

This paper addresses the configuration update problem for complex product en-
gineering changes. Building on previous research, a component configuration up-
date method that considers dynamic ratings from design engineers is proposed in
this paper. Firstly, a novel modular division approach is employed to segment the
complex product into different modules. Then, representative design personnel
are selected for each module to score the quality characteristics of components,
and dynamic weights are calculated by intuitionistic fuzzy numbers. Finally, an
integrated grey relational analysis method is used to determine the configuration
update scheme, which is then compared with the results obtained using the TOP-
SIS method to validate the effectiveness of this paper. Through a case study in-
volving the configuration update of components in a large-capacity fully DC high-

speed permanent magnet synchronous variable-frequency centrifugal unit, it is
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demonstrated that this method can quickly determine the final decision-mak-
ing scheme for complex product engineering changes with the help of profes-
sionals.

The advantages of the proposed method are summarized below: 1) The modu-
lar division approach introduced in this paper takes into account the functional,
structural, and behavioral characteristics of the designed product. This allows for
more accurate and precise descriptions of the production and design features of
complex products. 2) The fuzziness of knowledge, the ease of data acquisition, and
the dynamic nature of designers’ expertise in the complex product design and
manufacturing process are fully considered based on the intuitionistic fuzzy num-
ber-based scoring method proposed in this paper. This enables a more accurate
depiction of the preferences and changes throughout the various stages of config-
uration updates for complex products. 3) The study employs grey relational anal-
ysis to evaluate configuration schemes, addressing the challenges of limited
knowledge and sparse data in the design process of complex products.

There are several aspects of this research that warrant further exploration. For
instance, the proposed method is suitable for complex products in the engineering
field. These features are more suitable for complex products in the engineering
field. Further research into its applicability to other domains can be valuable for

future investigations.

Funding

This research was financially supported by Guangdong Provincial Philosophy and
Social Science Youth Foundation Project, Guangdong Planning Office of Philos-
ophy and Social Science (GD23YGL40), General Fund Project of the Guangdong
Provincial Party School, Party School of the Guangdong Provincial Committee of
CPC (XYYB202314) and Chongqing Social Science Foundation Project, Chong-
ging Planning Office of Social Science (2023BS037).

Data Availability

All data generated or analysed during this study are included in this published
article. The datasets used and analysed during the current study available from the

corresponding author on reasonable request.

Conflicts of Interest

The authors declare no conflict of interest.

References

[1] Deabae, R. and Xue, D. (2024) Robust Design for Product Adaptation Considering
Changes in Configurations and Parameters. Journal of Mechanical Design, 147, Ar-
ticle 21402.

[2] Espinel-Mena, G.P., Carrillo-Medina, J.L., Galarza, E.E. and Urbieta, M.M. (2024) A
Systematic Mapping of Configuration Management Activities in Software Product

DOI: 10.4236/eng.2025.179026

448 Engineering


https://doi.org/10.4236/eng.2025.179026

W.M.Yang, Y.Y.Yu

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

(15]

Line. Journal of Universal Computer Science, 30, 1484-1510.
https://doi.org/10.3897/jucs.110887

Zheng, Y.J., Yang, Y. and Zhang, N. (2019) A Model for Assessment of the Impact of
Configuration Changes in Complex Products. Journal of Intelligent Manufacturing,
31, 501-527. https://doi.org/10.1007/s10845-018-01461-w

Singh, P.P., Madan, J. and Singh, H. (2024) System for Product Flow Configuration
Selection for Reconfigurable Manufacturing System. The International Journal of
Advanced Manufacturing Technology, 135, 5365-5390.
https://doi.org/10.1007/s00170-024-14732-7

Jiao, Y. and Yang, Y. (2019) A Product Configuration Approach Based on Online
Data. Journal of Intelligent Manufacturing, 30, 2473-2487.
https://doi.org/10.1007/s10845-018-1406-y

Liu, Y., Gu, F. and Guo, J. (2024) Self-X Heterogeneous Attributed Graph Embed-
ding-Based Product Configuration Framework for Cognitive Mass Personalization.
Journal of Manufacturing Systems, 76, 411-428.
https://doi.org/10.1016/j.jmsy.2024.08.014

Pitiot, P., Monge, L.G., Aldanondo, M., Vareilles, E. and Gaborit, P. (2020) Optimi-
sation of the Concurrent Product and Process Configuration: An Approach to Re-
duce Computation Time with an Experimental Evaluation. International Journal of
Production Research, 58, 631-647. https://doi.org/10.1080/00207543.2019.1598598
Li, Y., Ni, Y., Zhang, N. and Liu, Z. (2021) Modularization for the Complex Product
Considering the Design Change Requirements. Research in Engineering Design, 32,
507-522. https://doi.org/10.1007/s00163-021-00369-6

DPordevi¢é, V., Grkovi¢é, V., Kolarevi¢, M., Radicevié, B. and Bjeli¢, M. (2024) Optimal
Configuration of Modular Strongrooms Using Multi- Attribute Decision Making. Ap-
plied Sciences, 14, Article 8961. https://doi.org/10.3390/app14198961

Beck, M., Bolender, S. and Stein, O. (2024) Optimal Configurations for Modular Sys-
tems at the Example of Crane Bridges. Optimization and Engineering, 26, 1259-1280.
https://doi.org/10.1007/s11081-024-09936-x

Osman, K., Peri¢, M. and Alajbeg, T. (2024) Matrix-Based Product Configurator
Used in Configuration and Change Management in Cooling Plant Design. 2024 9tA
International Conference on Smart and Sustainable Technologies (SpliTech), Bol and
Split, 25-28 June 2024, 1-5. https://doi.org/10.23919/splitech61897.2024.10612499

Yang, Y., Li, Y.L, Ding, H. and Lv, H. (2021) Intuitionistic Linguistic Hamacher
Weighted Aggregation Operators and Their Application. Operations Research and
Management Science, 30, 87-93.

Tian, Z.H. (2024) Group Decision Making Based on a Novel Aggregation Operator
under Linguistic Interval-Valued Atanassov Intuitionistic Fuzzy Information. Engi-
neering Applications of Artificial Intelligence, 130, Article 107711.
https://doi.org/10.1016/j.engappai.2023.107711

Xie, Z., Ma, R,, Li, D., Wan, Q., Zeng, W., Yu, X, et al (2023) Intuitionistic Fuzzy
Monotonic DOWA Operators. AIMS Mathematics, 8, 30445-30461.
https://doi.org/10.3934/math.20231555

Zhong, M., Yu, H., Wang, Z., Zhang, X., Wang, G. and Qu, J. (2025) Optimization of
Heat Treatment Process Parameters for GH4738 Superalloy Based on Taguchi-Grey
Relational Analysis Method. Materials Letters, 387, Article 138240.
https://doi.org/10.1016/j.matlet.2025.138240

DOI: 10.4236/eng.2025.179026

449 Engineering


https://doi.org/10.4236/eng.2025.179026
https://doi.org/10.3897/jucs.110887
https://doi.org/10.1007/s10845-018-01461-w
https://doi.org/10.1007/s00170-024-14732-z
https://doi.org/10.1007/s10845-018-1406-y
https://doi.org/10.1016/j.jmsy.2024.08.014
https://doi.org/10.1080/00207543.2019.1598598
https://doi.org/10.1007/s00163-021-00369-6
https://doi.org/10.3390/app14198961
https://doi.org/10.1007/s11081-024-09936-x
https://doi.org/10.23919/splitech61897.2024.10612499
https://doi.org/10.1016/j.engappai.2023.107711
https://doi.org/10.3934/math.20231555
https://doi.org/10.1016/j.matlet.2025.138240

W.M.Yang, Y.Y.Yu

[16] Feng, Y., Dang, Y., Wang, J., Du, J. and Chiclana, F. (2025) A GRA-Based Heteroge-
neous Multi-Attribute Group Decision-Making Method with Attribute Interactions.
Computers & Industrial Engineering, 201, Article 110920.

https://doi.org/10.1016/j.cie.2025.110920

DOI: 10.4236/eng.2025.179026 450 Engineering


https://doi.org/10.4236/eng.2025.179026
https://doi.org/10.1016/j.cie.2025.110920

	Research on Complex Product Engineering Change Configuration Updates Based on Dynamic Intuitionistic Fuzzy Numbers
	Abstract
	Keywords
	1. Introduction
	2. A New Modularization Method
	2.1. Division Method of Modules
	2.2. Relevance of Parts and Components

	3. Dynamic Analysis of Quality Characteristics Based on Intuitionistic Fuzzy Numbers—Design Personnel Scoring
	3.1. Intuitionistic Fuzzy Set
	3.2. Intuitionistic Fuzzy Ordered Weighted Averaging Operator
	3.3. Ordered Weighted Average Operator Derived from Intuitionistic Fuzzy Numbers
	3.4. Designer Experience Dynamic Analysis Based on Intuitionistic Fuzzy Numbers

	4. Determination of Configuration Update Plan by Grey Relational Model
	5. Case Study on Configuration Update of Complex Product Engineering Change
	6. Conclusions
	Funding
	Data Availability
	Conflicts of Interest
	References

