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Abstract: Conceptual design is a key link in the process of complex product design, and it is very
important to select the appropriate design scheme; however, there are many types and inaccuracies
of the evaluation data, and there is a problem of mutual influence between the evaluation criteria,
which leads to unreliable decision making of the optimal solution. In order to solve this problem,
a decision-making method based on intuitionistic fuzzy sets (IFS) and prospect theory is proposed.
This method can be used for symmetric and asymmetric evaluation data. The evaluation data are
classified according to different expression types and unified using intuitionistic fuzzy numbers.
The intuitionistic fuzzy prospect value of decision information is calculated using prospect theory,
and the prospect transformation of decision information is completed. At the same time, the Gray
Relational Analysis (GRA) method and the Criteria Importance Though Intercriteria Correlation
(CRITIC) method are used to calculate the subjective and objective weights of the technical and
economic evaluation indexes of the product, and the combination weights are given; then, based
on the evidence theory, the basic probability distribution of the evidence chain of all conceptual
design schemes is synthesized, and the comprehensive prospect evaluation results of the schemes are
obtained to complete the optimization of the conceptual design schemes. Finally, the effectiveness of
the proposed method is verified by the conceptual design of the chip removal system of the deep hole
machining machine tool. This work provides a promising method for decision makers to optimize
the design scheme and provides insights into multi-objective decision-making problems.

Keywords: conceptual design; multi-criteria decision-making; prospect theory; intuitionistic fuzzy
sets; combined weight

1. Introduction

Complex products have the characteristics of the coupling of system elements, large
structural compositions, and a large number of parts. Conceptual design is very creative
work that is a mapping process from the abstract to the concrete, so as to realize the decision
making from user demands to the product’s optimal scheme [1]. The existing conceptual
design of complex products focuses on the exploration of design model construction, design
solution, design scheme evaluation, and decision making [2]. Conceptual design is a key
link in the design process, and some defects generated in this link are difficult or even
impossible to compensate for in the next complex product life cycle [3]; therefore, it is of
great significance to study the design scheme decision for the conceptual design process of
complex products.

Conceptual design scheme decisions are considered a typical multi-criteria decision-
making (MCDM) problem [4]. Many methods have been proposed to solve this problem;
however, in the conceptual design stage of a complex product, the structural size has
not yet been determined, and the technical eigenvalues of most attribute indicators and

Symmetry 2023, 15, 1570. https:/ /doi.org/10.3390/sym15081570

https://www.mdpi.com/journal /symmetry


https://doi.org/10.3390/sym15081570
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0003-3314-1750
https://orcid.org/0000-0003-0139-4630
https://doi.org/10.3390/sym15081570
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym15081570?type=check_update&version=1

Symmetry 2023, 15, 1570

20f18

schemes cannot be quantitatively analyzed [5]. The decision making of conceptual design
schemes depends on the background and subjective experiences of experts, which leads to
ambiguity in the decision-making environment [6]. Therefore, the scheme for decisions
faces two problems:

(1) Assessing data uncertainty: Attributed evaluation parameters often contain inaccurate,
incomplete, or even completely unknown data, and it is difficult to express the
complexity of the decision environment without accurate data [7]; in addition, it is
difficult for experts to evaluate design schemes with uncertain values. Researchers
use the Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) [6],
GRA, VIKOR [8], and other methods to calculate the comprehensive evaluation value
of the scheme to determine the optimal scheme; however, these methods cannot
evaluate the conflicting relationships between evaluation criteria. The traditional
method transforms linguistic terms into fuzzy numbers [9] or rough numbers [10] to
deal with uncertainty. In addition, in the actual decision-making process, decision
makers often show psychological characteristics of bounded rationality (such as
reference dependence, different risk preferences for losses and gains, etc.), which
affect the real choices of decision makers [11];

(2) Evaluation criteria influence each other: There is an interaction between different types
of evaluation criteria in discrete evaluation data [12]. Researchers use methods such as
the Analytic Hierarchy Process (AHP), the Analytic Network Process (ANP), etc., by
constructing a judgment matrix to deal with the degree of influence between different
evaluation criteria but these methods are easily affected by the demand preferences
of decision makers [13]. The expected balance of technical and economic indicators
can improve the feasibility of the design [14]. In addition, for the information fusion
of the quantitative economic indicators and qualitative technical indicators, a more
effective method is to regard both as evidence for judgment and reasoning.

Therefore, in the process of conceptual design scheme decision-making, it is nec-
essary to weigh the interaction between economic and technical indicators in uncertain
multi-type evaluation data to obtain the optimal design scheme. In the actual product
design process, there is no design scheme with the highest satisfaction and the lowest cost,
and only a relatively better scheme can be selected. Therefore, in order to make better
use of the ideas of decision makers in the evaluation of conceptual design schemes, this
paper proposes a new decision-making method. Differing from previous multi-objective
transformation decision-making methods, our proposed method mainly contributes to the
following three areas: (1) Considering the evaluation data of three different expressions of
the precise value, interval number, and natural language, and calculating the intuitionistic
fuzzy prospect value. This not only improves the types of evaluation information but also
standardizes and transforms the information; (2) When determining the comprehensive
weight, the subjective and objective weights of the technical and economic indicators are
considered, and the GRA and CRITIC methods are used to achieve the balance of compre-
hensive weights. By using the evidence theory, the basic probability distribution of the
evidence chain of the design scheme is completed, the mutual influence degree of the eval-
uation criteria is reduced, and the comprehensive prospect evaluation result of the scheme
is obtained.

A deep-hole CNC machine tool is a typical complex electromechanical product. It
uses a specific deep-hole machining system to drill, bore, or grind holes, with a length
and diameter ratio greater than 5. It is widely used in automobile manufacturing, medical
equipment, textile machinery, aerospace, and other equipment manufacturing fields. In this
paper, the proposed decision-making method is applied to the evaluation and optimization
of the conceptual design scheme of deep-hole machining tools.

The remainder of this paper is organized as follows: Section 2 describes the literature
review and introduces the motivation and uniqueness of this study; Section 3 introduces
the proposed conceptual design scheme evaluation method; Section 4 introduces a case
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study of machine tool design scheme evaluation and compares the proposed method with
other methods; Section 5 draws conclusions and introduces future research work.

2. The Literature Review

In this section, we will review the decision-making method of a complex product’s
conceptual design scheme, the analysis method of evaluation data, and the method of
determining the weights of decision criteria.

2.1. Conceptual Design Scheme Decision Method

The decisions of conceptual design schemes play an important role in complex prod-
uct innovation designs and improvement designs. Conceptual design decision-making
involves many factors such as user needs, product technical standards, and enterprise
resource allocation, which belong to MCDM problems [15].

In recent years, researchers have proposed a variety of solutions for MCDM prob-
lems, which are widely used in a variety of scenarios that require decision-making.
Many studies are mainly divided into the following two categories: (1) Evaluation data.
Ma et al. constructed a fuzzy logic model based on the TOPSIS method to deal with mul-
tiple conflicting attributes in project portfolio selection [6]. Govindan et al. investigated
600 + papers using ELECTRE to solve the MCDM problems for researchers’ reference [16].
Song et al. used the AHP and TOPSIS methods to make decisions on subjective and
fuzzy evaluations [17]. Feng et al. proposed an MCDM model for product optimization
and environmental protection based on reliability by combining the ANP and VIKOR
methods based on the Decision-making Trial and Evaluation Laboratory (DEMATEL) [18];
(2) Design criteria. Nguyen et al. used the Fuzzy Analytic Hierarchy Process (FANP) to deal
with the inaccurate, fuzzy, and uncertain information of expert judgment and modeled the
interaction, feedback relationship, and interdependence between attributes to determine
the weights of the attributes [19]. Tiwari et al. expressed the importance level of design
criteria in the form of rough numbers, and highly subjective customer preferences for
design specifications are incorporated into the framework of the extended VIKOR method
of interval numbers to help designers make good decisions in uncertain environments [10].
Tian et al. used the AHP method to determine the weight of the hierarchical index structure
of indoor environmental characteristics and applied GRA-TOPSIS to obtain the best choice
of green decorative materials [20]. Ferreira et al. use the Levenberg-Marquardt algorithm
to update the weight matrix, abstract the network complexity, and provide support for the
decision-making of non-expert users [21].

Although these studies have made significant progress and many integration meth-
ods have been well developed, independent assumptions and data inconsistencies are
inevitable; therefore, diversified decision-making problems and standards put forward
higher requirements for the existing conceptual design scheme decision-making model.
The effective analysis of evaluation data and the reasonable weighting of design criteria in
the decision-making process are two issues that need to be paid attention to.

2.2. Analysis of Evaluation Data

Due to the complexity and uncertainty of the conceptual design decision problem, the
traditional method is not suitable for establishing an accurate mechanism model, and it
is necessary to analyze and make decisions based on known data. Due to the potential
of fuzzy-based methods in dealing with the inaccuracy of human judgment [22], most
methods for solving MCDM problems add fuzzy concepts to traditional methods [23].
A large amount of the literature has combined fuzzy set theory with practical MCDM
problems. Chou et al. used the criteria of the universal design (UD) principle to con-
struct the evaluation hierarchy and the linguistic variables related to the fuzzy weighted-
average technique to summarize the preference information and sort the alternatives [24].
Wu improved and applied the intuitionistic fuzzy set to provide a clear expression for the
hesitation of experts and provide ideas for the location decision of energy projects [25].
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Islam combined intuitionistic fuzzy sets to determine the weight of decision makers, fuzzy
AHP, and fuzzy TOPSIS to rank suppliers [26]. The fuzzy number of fuzzy sets collects
the original data from the decision maker, which can reflect the fuzziness in the decision-
making process. These research results show that in the subjective environment, data
analysis based on fuzzy numbers is an effective method for decision makers to participate
in evaluation; however, when some numerical cases are used to verify the feasibility of
the method, some deficiencies will be exposed, and the reliability of the case results is still
not satisfied.

Prospect theory considers the psychological and behavioral characteristics of decision
makers in an uncertain environment, and believes that decision makers do not pursue
the goal of maximizing utility in the decision-making process but choose the decision-
making plan with the most satisfactory comprehensive value [12]. Prospect theory, based
on the bounded rationality hypothesis, has attracted more and more attention because of
its advantages being in line with the thinking habits of decision makers. Chai proposed
a decision-making method based on the combination of IFS, interval-valued fuzzy sets,
and cumulative prospect theory to select the most sustainable supplier [27]. Among them,
the combination of prospect theory and fuzzy numbers has been proven to be feasible
in decision-making problems. Therefore, this paper considers the bounded rationality of
decision makers, introduces the prospect theory, combines the evaluation data represented
by intuitionistic fuzzy numbers, and uses Intuitionistic Fuzzy Prospect theory (IFP) as the
basic decision-making framework of the conceptual design scheme.

2.3. Weighting of Design Criteria

In the decision-making of the multi-attributed conceptual design scheme, the rational-
ity of design criterion weights directly affects the accuracy of decision making. Subjective
evaluation can simply and intuitively reflect the evaluator’s cognition and preference but
different evaluation groups will produce inconsistent evaluation results. An objective eval-
uation is based on experimental data and mathematical theory, and there will be deviations
between the evaluation results and the actual situation. Therefore, a combination weighting
method is needed to balance the subjective and objective weights in the evaluation process.

The AHP, ANP, CRITIC, GRA, and entropy weight method (EWM) are classical weight-
ing methods. Yang et al. obtained the combined weight by the subjective weight calculated
using the improved FAHP and the objective weight obtained using the CRITIC method.
It not only reflects the experience of decision makers but also reflects the information in
the index data [28]. Li et al. developed a data envelopment analysis (DEA) and game
cross-efficiency method to calculate the Shapley value for competing decision-making
units, and the corresponding optimization of the relevant public weights to determine
the final allocation plan [29]. For a multidisciplinary product design project, Chen et al.
used the Nash equilibrium to construct a compromise negotiation model, comprehensively
coordinated the individual strategy of the discipline and the overall strategy of the system,
and sought a design solution that maximized overall satisfaction [30]. Ayag et al. provide a
solution for energy assessment decision-making with subjective data and fuzzy information
by combining the FAHP and GRA [31]. Tellez et al. normalized and weighted the deci-
sion matrix using the CRITIC method to find the best position according to the minimum
criterion [32]. The application of the above weighting method in the decision-making
process is mainly to weigh the multi-objective conflict of product design, so as to form a
stable decision-making result [33].

The selection of the optimal product design scheme needs to consider the conflict be-
tween the technical and economic objectives of the design criteria. The evaluation criterion
of a conceptual design scheme is essentially a trade-off between the product’s technical
requirements and economic objectives. On the one hand, the weight of the technical eval-
uation index is obtained from the subjective experience of decision makers. On the
other hand, the weight of the economic evaluation index is obtained from objective
facts such as time, cost, and benefit. There is a competitive relationship between the
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two types of evaluation objectives, and each evaluation criterion needs to be coordinated
with each other [34]. Dempster—Shafer theory (D-S) is widely used in decision-level in-
formation fusion and intelligent manufacturing research due to its ability to deal with
uncertain information [35,36]; therefore, in the basic decision-making framework of IFP,
this paper uses the subjective and objective combination of the GRA and CRITIC methods
to balance the technical and economic evaluation indicators and maintain the balance
between the two. The evidence reasoning is used to fuse the subjective and objective
combination weighting decision information to evaluate and sort the schemes, so as to
improve the rationality of the prospect decision.

In general, experienced decision makers provide important judgments in the evaluation of
conceptual design schemes, such as understanding product design, determination of assembly
standards, and analysis of product prospects. The purpose of this study is to help designers
choose more reasonable design concepts by exploring the criteria for decision makers.

3. Evaluation Method of the Conceptual Design Scheme
3.1. Study Framework

Figure 1 shows the framework of a decision-making method. From the perspective
of evaluation data, the evaluation information provided by experts participates in the
decision-making of complex product concept schemes in various forms of expression.
Firstly, based on IFS, various forms of evaluation information are unified to eliminate
the influence of data with large differences on the overall evaluation results. Secondly,
combined with the prospect theory, the prospect decision matrix is represented in the
form of intuitionistic fuzzy numbers. Thirdly, the GRA is used to calculate the subjective
index weight, the CRITIC method is used to calculate the objective index weight, and the
combination weighting is used to balance the mutual influence between the subjective
and objective weights, so as to overcome the limitations of the subjective and objective
single-evaluation method in the scheme evaluation. Finally, combined with the evidence
reasoning theory, the optimal scheme of a comprehensive prospect is found. The specific
steps are as follows:

Conceptual design scheme

v

r Determination of evaluation index ‘l

Construction of initial decision matrix Technical evaluation value

Exact quantity + Economic evaluation value
|
The standardization and unification of v v
Interval number . .
evaluation information
* GRA CRITIC
Linguistic variable
Intuitionistic fuzzy judgment matrix ¢ *
Determination of Determination of
objective weight subjective weight
Decision vector — Calculation of intuitionistic fuzzy distance | ¥ |
¢ Linear combination

Calculation of prospect value function ofwelgllt yectors

5 .. . Comprehensive weight
Construction of prospect decision matrix .
of evaluation index

| |
v

Decision synthesis based on evidence reasoning

v

The comprehensive prospect value calculation of the scheme

.

Optimization of the best conceptual scheme

Figure 1. Decision-making framework of product conceptual design scheme.
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Step 1: Taking the attribute values of the expert evaluation in three forms—precise
number, interval number, and natural language variable—as the research object, the evalu-
ation information is standardized and unified based on IFS;

Step 2: The intuitionistic fuzzy prospect value function is constructed for the decision
criterion of the conceptual design scheme, and the prospect transformation of the decision
information is completed;

Step 3: Aiming at the technical and economic objectives of the product, the GRA
method and the CRITIC method are used to calculate the subjective and objective weights
of the evaluation indicators, and the combination weighting is performed;

Step 4: According to the decision evidence of the design scheme and its comprehensive
weights, based on the Dempster combination rule, the basic probability distribution of all
the evidence is synthesized, and, finally, the comprehensive prospect evaluation result is
obtained and the conceptual design scheme is optimized.

3.2. Intuitionistic Fuzzy Unification of Evaluation Information

As we all know, the evaluation of conceptual schemes relies on the background
and subjective experience of experts, which leads to the ambiguity of the evaluation
environment. The actual scheme evaluation problem contains quantitative attributes and
qualitative attributes. When industry experts give the evaluation information of the design
scheme under a certain criterion based on experience and professional knowledge, the
expression of the information presents diversity. Quantitative attributes may be expressed
as precise numbers, interval numbers, etc., and are all non-negative numbers. Qualitative
attributes may be described in natural language variables. Intuitionistic fuzzy sets can
unify the three types of evaluation information. The degree of affirmation and negation
of the expert to the scheme is expressed by the membership degree and non-membership
degree of the IFS, respectively. In the evaluation process, due to the different attribute
types and measurement units of the evaluation value, it is necessary to standardize the
three types of evaluation information for comparison and calculation.

Suppose the feasible scheme set of conceptual design is F = {f;li=1,2,---,m},
the evaluation criterion of experts for feasible schemes is E = {e]-| ji=L.,2---, n}. The
evaluation criteria reflect the decision-making team’s assessment of the technical feasibility,
input costs, and benefits of the product; therefore, it is divided into technical and economic
types, which are recorded as ep and ec, respectively. According to the evaluation value
a;; given by experts under the evaluation criterion ¢; for the scheme f;, the initial decision
matrix A = [a;;] _ is constructed. Assuming that the attribute value a;; is normalized to a;;,
the initial decision matrix is unified by information to obtain the intuitionistic fuzzy decision
matrix B = [bij]mxn’ bl] = (]ll']', Vij)-

3.2.1. Evaluation Information Expressed by Exact Number

When the evaluation value 4;; is a positive exact number, the corresponding evaluation
criterion subset is expressed as EP, ej € EP. At this time, the standardization of the
evaluation value is:

w e, Ee ﬂ eP
7 — J maxa; — ming ] B 1)
1 maxaj — Ilij e ce ﬁ eP
maxa; — ming; ] C

]
In the equation, maxa; = max{ai]-|i =12 ,m},mina]- = min{aij|i =12, ,m},
0<m <1
Through Equation (2), @;; is transformed into b;;, and the intuitionistic fuzzy decision
matrix of the conceptual design scheme is constructed.

pij = aj,vij = 1 —aj; @
Equation (2) indicates that the expert group members fully believe that the conceptual

design scheme f; evaluates the attribute ¢; as yi;; and because 7;; = 1 — p;; — v;j = 0, the
expert does not have any hesitation in the evaluation.
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3.2.2. Interval Number and Evaluation Information Expressed using Linguistic Variables

(1)  When the evaluation value a; is a positive interval number, it is expressed as
L
ij
expressed as EL. At this time, after the evaluation interval number is normalized, it is

ajj = [aiLj, a}}],O < az < 115, and the corresponding evaluation criterion subset is

— =L =R
ajj = [aij' aij]-
L L R L
al — minat al® — minal
—t 1 e]-EeBﬂeI —L 1 ejeeBﬂeI
_p, ) maxal — mina] R _ maxal — mina; 3
aij - maxu]R - a{]{. A 7’ ij — maxu]R - aiLj Al
maxajR — mina]L ejcechie maxa}Q — mina].L ejcechie

In the equaﬁon,maxa]R = max{a5|i =1,2,--- ,m},mjnajL = min{aiL]-|i =1,2,--- ,m},
L « R .

OSai].Saijgl,

(2) When the evaluation value a;; is a linguistic variable, the subset of evaluation criteria

of the conceptual design scheme is expressed as EF. Define L = {1t = 1,2, ---, T}
as the set of evaluation linguistic variables, and satisfy the orderliness. When s >

t, Ls = Lt. ‘=" means ‘better than’. When the evaluation value is a;; = [agjL, af]R],
aij - agjL, this paper takes the seven-level language variable set as the standard and

uses the two-level ratio method [37] to quantify the uncertain evaluation language

variable as ai» = [al-L]-, a{}]. At this time, the evaluation language variable is normalized
— _ =L =R
ak — minal ak — minakt
=L _ ] ] —R __ 1] ]
ﬂi]‘ = """ R 1 L'aij = "R 1 (4)
maxa; — ming; maxa; — ming;

Intheequation,maxa}a = max{a5|i =1,2,--- ,m},mjnajL = min{afﬂi =1,2,--- ,m},

0<aL<af <1
Whene; € E I'n EL, the intuitionistic fuzzy decision matrix of evaluation information
expressed by the interval number and linguistic variable can be calculated using Equation (5).
=L =R
“I/ll']' = ﬂl']-, Vij =1- ﬂl']' (5)

The above formula shows that experts believe that the evaluation of the conceptual

design scheme f; on the criterion ¢; is y;; at least, not more than 1 — v;;, and the hesitation
L

degreeis 7t;; =1 — pjj — vjj = Ef} —aj.

3.3. Prospect Transformation of Evaluation Information

The expert team discusses the expectations of various options after they are put
on the market. Aiming at the evaluation criterion ¢; of the conceptual design scheme,
the corresponding target vector G = [g,j], . is given. Then, the decision matrix of the
conceptual design scheme and the target vector constitute the decision-augmented matrix

[ . — I
A =[] 1y K = 01,2, .

The reference point vectoris o = [o;], = [bojl,,,,j = 1,2, ,n.

Let two intuitionistic fuzzy numbers be x = (pix, vx), ¥ = (piy, vy), the intuitionistic
fuzzy distance between bl-]- and o; is shown in Equation (6).

. min(‘uij, ]1;)) mm(l — 1/1']', 1-— 1/;-])
Dip(bij, 07) = (1 —max(L, H), min(L, H)), L = e #?),H = max(1 v 1= 1/]9) (6)

The prospect theory uses the value function to reflect the relationship between the
result and the expectation, which is the gain and loss relative to the reference point of
each evaluation criterion. The value function of the prospect theory is constructed by
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intuitionistic fuzzy distance. The intuitionistic fuzzy prospect value function p;; of the
conceptual design scheme f; to the evaluation criterion ¢; is obtained by Equation (7), and
the prospect decision matrix of the conceptual design scheme is obtained as P = [p;;]

pij = (ﬂfj,vf;)

mxn’

@)

JUp— (DIF(bijroj))lx,bi]' > 0]-
ij —(S(Dlp(bijfoi))ﬁrbij < 0j

where bj; > 0] represents the scheme benefit corresponding to each criterion evaluated by
the expert team; bi]- < 0j represents the scheme loss; « and B are the attitude coefficients of
the expert for the scheme risk, and the larger the coefficient, the more inclined the decision
maker is to take risks; J is the avoidance coefficient of the expert for the prediction loss of
the scheme; § > 1 represents the loss sensitivity of the decision maker.

3.4. The Determination of Weights

In the decision-making problem of the complex product conceptual design scheme, the
determination of index weight has an important influence on the final evaluation results.
Especially when there are many evaluation attributes, it is difficult for decision makers
to directly give the attribute weights; therefore, it is necessary to clarify the weight of the
evaluation index to determine the best plan that best meets the overall expectations.

3.4.1. Determination of Subjective Weight

Considering that the technical evaluation index has certain subjectivity, the gray
correlation analysis method can characterize the correlation between complex technical
factors; therefore, the gray correlation analysis method is used to calculate the correlation
degree between the evaluation indexes of the concept scheme, and the subjective weight of
the evaluation index is obtained.

The expert team proposes a subjective evaluation value for the technical indicators
as a reference sequence So = (so(1),s0(1),---so(n)). A comparison sequence is con-
structed for the evaluation of # technical indexes of m conceptual design schemes, as shown
in Equation (8).

S1 = (51(1),51(1), - -s1(n))

Si = (5i(1), (1), - s;(n)) ®)

Sm = (sm(1),8m(1), - - - sm(n))

According to Equation (9), the absolute difference, the maximum and minimum
absolute difference between the reference sequence, and the comparison sequence
are calculated.

Aoi(k) = [so(k) — s;(k)]
Amin = mimmkm\so(k) —s;(k)| )
Amax = maxml?x|50(k) —s5;(k)|

1

Then, the correlation coefficient of the reference sequence Sy to the comparison
sequence S; in the kth concept scheme sample is:

Amin + AA
T(so(k),si(k)) =
1 X

where A € (0, 1) is the resolution coefficient, which is used to adjust the degree of contrast
between technical indicators, and the median value is generally 0.5.
The gray correlation degree of the jth technical evaluation index is shown in Equation (11).

(10)

n

=13 (solk), 1K) an

k=1
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The gray correlation degree is normalized, and the subjective weight of the evaluation
index of the conceptual design scheme is obtained according to Equation (12).

(12)

3.4.2. Determination of Objective Weight

CRITIC is an objective weighting method superior to the entropy weight method
and the standard deviation method. It comprehensively measures the objective weight of
indicators based on the contrast strength between different conceptual design schemes and
the conflict between evaluation indicators.

For the objective evaluation matrix, composed of the conceptual design scheme and
evaluation index, the positive and negative elements after data standardization are shown
in Equation (13):

+ _ Ci]' - min(c,-]-)

Cij = max(c;j) — min(ci]-)’cij >0 (13)
Ciim — max(ci]-) - C,']' < 0
77 max(c;) — mm(cij)’cl] =

The information-carrying capacity and contrast of the evaluation index are set as G;,
pj, respectively. Equation (14) is used to calculate the contrast and contradiction of the

evaluation index.
{ Gj =ity (1 —ry)
pj =

where 7;; is the correlation coefficient between the evaluation indexes i and j, and the
Pearson correlation coefficient is used, which is the linear correlation coefficient.

According to Equation (15), the objective weight of the evaluation index of the concep-
tual design scheme is obtained.

(14)

G (15)

w; == ———
] n .
j=1Gj

3.4.3. Subjective and Objective Combination Weight

On the basis of subjective weights, objective weights are integrated to reduce the
inconsistency of weights caused by different weighting methods, realize the balance in the
process of weighting evaluation indicators, and reduce the conflict between subjective and
objective weights.

In this paper, the GRA and CRITIC methods are used to obtain the subjective and
objective weight vectors of multiple independent evaluation indexes and construct any
linear combination, as shown in Equation (16).

N
w=) &w; (16)
=1

In order to obtain a better index weight vector, the objective function is established as
shown in Equation (17) with the goal of minimizing the deviation.

% T
Z S]‘w]‘ — Wj
j=1

In order to obtain the optimal comprehensive weight value, according to the optimal
performance optimization criterion, the optimal first-order derivative condition of the
objective function is obtained as Equation (18).

min (17)

2

n
Z ejwiij (18)
j=1
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Let ¢ = {e1,€2} be a linear combination coefficient, Equation (18) is equivalently
transformed into a system of linear equations:

wiwr!  wiwy! ] [er] _ [wrwr!
wronT T = T (19)
2W1 Worwr € wWwo Wy
The optimized combination coefficient is calculated and normalized:
e1" =e1/(e1 + &)
20
{82* =¢e/ (€1 + ¢€2) (20)

The comprehensive weight of technical and economic evaluation indexes of the con-

ceptual design scheme is wj = e1 wsT + e w,T.

3.5. Discrimination of Comprehensive Prospect of the Scheme

The conceptual design scheme regards the intuitionistic fuzzy prospect value function
of the decision criterion as evidence, and uses the evidence reasoning theory to aggregate
the intuitionistic fuzzy prospect value of all decision attributes.

According to the expert’s judgment on whether the evaluation index meets the
expectation, the prospect level of the decision attribute is divided into two categories:
Q1 = (u¥,vP) = (1,0), Q2 = (uP,v?) = (0,1). Q; indicates that the expert believes that the
evaluation index has fully met the expectation, and Q; indicates that the expert believes
that it has not met the expectation at all. Among them, the prospect value of the scheme to
the decision criterion is expressed by Equation (20).

Wi(ei(fi) = {(Qq,1q,i).9 = 1,2} (21)
where 7, ;; denotes the prospect confidence of the decision criterion under the prospect
level; and 7715 = P‘Zr No,ij = vi’;. If 25:1 Mg, = 1, that is ],tZ. + UZ. =1, 715. =1- P‘Z’ — 1/5. =0,

the expert believes that the decision making under the evaluation criteria does not hesitate.
If 25:1 11g,ii < 1, indicating that experts believe that the prospect value of the scheme under
the evaluation criteria is uncertain, 779 ;; = 1 — Zé:l Ng,ij = nf;
z4,ij represents the basic probability distribution of the jth evidence decision in the
prospect level of the scheme, and zg ;; represents the degree to which all the evidence
decisions of the scheme are not allocated after synthesis. The calculation formula is shown
in Equation (21).
Zq/l/ = (LJ];?q’l/Z,j = 1’2’. o ’n

2 22
ZQ,ij =1- qgl Zq,ij =1- qugl 77q,ij ( )

Set ZQ,j = 1- wj, EQ,ij = WinQ,ij, then ZQ,j + EQ,ij = ZQij-

z4,7(j) is the probability density, which represents the degree of the prior evidence
decision of the scheme in the prospect level. zg ;) is the residual probability density, which
represents the degree of the prior evidence decision of the scheme that is not allocated after
the combination. The recursive formula is shown in Equation (22).

Zgiji+1) = Ky [Zq,im)zq,i(fﬂ) +2Qi1()Zq,i(i+1) + Zq,iJ(f)ZQ,iUH)]
2Q,r(+1) = Ky(jn) FQ,H(D?QJ(M) +20i1()Zi(+1) t 2Q,z'/(jﬁQ,i(fH)] =12 ,n—1 (23)
Zoi(+1) = KyjenZair()Zai+1)
2QiJ(j+1) = 2Qi(j+1) T 2Qi(j+1)
-1
. 2 2 1
In Equation (22), Kijry=11-X X Zq,i/(j)zr,i<j+l):| = [1 = ZL,i](j)Z2,i(j+1) Zz,i(j)zl,i/(jJrl)}
q=1t=1t#q

The comprehensive prospect value of the conceptual design scheme can be calculated

by (23).
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z .
P(fi) = (Wl vF) = (quim2,), 1ni = 1[1%/}1 =12 (24)
~2Qil(n)

U(f;) = (4! —v}) is the scoring function of the comprehensive prospect value, which
represents the net support degree of the conceptual design scheme. The larger the value, the
higher the satisfaction degree of the decision maker. V(f;) = ( yf + vf ) is the exact function
of the comprehensive prospect value, which indicates the accuracy of the conceptual design
scheme reflecting the membership degree. In the case of the same score function value, the
larger the exact function value is, the higher the comprehensive prospect value is.

4. Case Study

The experimental processing of the spindle sleeve hole of aviation shell parts and the
steam generator tube plate of a nuclear power plant needs to be completed by a deep-hole
CNC machine tool. This kind of machine tool needs to provide sufficient rigidity to meet the
requirements of high precision. It is mainly divided into three parts: the workpiece device,
the drilling mechanism, and the chipremoval system. According to the product design
requirements obtained by patent mining [38], the chipremoval system of the machine tool
is innovatively improved, and four conceptual design schemes are constructed, as shown
in Figure 2.

Tt

f1-Electromagnetic chip removal system f2-Vibration chip removal system

p—

a1 (I =

f3-Flap chip removal system fa-Chain plate chip removal system

Figure 2. Conceptual design scheme diagram.

The f1-Electromagnetic chip removal system includes an automatic suction device,
filter, cleaning roller, cleaning plate, cleaning magnetic, sewage collection box, debris
collection box, and other components. The f;-Vibration chip removal system includes
an automatic suction device, filter, vibration motor, filter plate, spring, diversion block,
and other components. The f3-Flap chip removal system includes an automatic suction
device, filter, horizontal plate, cover plate, motor, extension plate, rotating shaft, and other
components. The f4-Chain plate chip removal system includes an automatic suction device,
rolling filter, motor, chain plate, sprocket, magnetic strip, lifting frame, sewage collection
box, chip collection box, and other components. The evaluation model proposed in this
paper is used to make a decision on the conceptual design scheme of the deep-hole CNC
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machine tool in the case and tries to select the optimal conceptual design scheme from the
perspective of its technical expectation and economic satisfaction.

4.1. Prospect Transformation of Evaluation Data

According to the product characteristics and design requirements of the machine tool
chipremoval system, the evaluation index system of the product conceptual design scheme
is established, and these indexes are divided into two categories: technical and economic.
The refined indexes are appropriately deleted, added, and merged, and the nine evaluation
indexes of this paper are determined. ej—e; is the technical evaluation index, ey—eg is the
economic evaluation index, and the detailed indexes and evaluation criteria are shown
in Figure 3.

el

According to the process requirements and changes, the machine tool can complete
the movement with a certain degree of freedom, and when the process changes, it can
add, delete or replace the mechanical module to adapt.

e, Feasibility of exercise

e

For all the structural configurations of the machine tool and all the
processes that can be realized, the structural stiffness must be large enough, and
the rigidity and damping of the mechanical interface must also be considered.

e7; Manufacturing cost

e, Structural stiffness

e5 Complexity of

e5. The complexity of the interaction and relationship between the various
components, equipment, processes and controls of the machine. Complexity
may have a negative impact on product reliability.

manufacturing

eg Operation cost

Technical Economical

ey Assembly performance

e4. The connection and combination of various parts of the machine tool meet
the technical requirements, which is conducive to manufacturing and repair.

es Portability

es. The machine module can run on different system platforms. l

e9 Development time
e, Expandability

eg. Through the loading and unloading of the module, the topology of the machine tool
system can be changed, and the function can be added, reduced or replaced.

Figure 3. Evaluation indicators.

The decision value of the index in the decision process mainly comes from the early
stage of product design and the simulation analysis of the previous generation of prod-
ucts. The initial decision evaluation information of the conceptual scheme of the machine
tool cooling and chip-removal system includes three data expression types, exact num-
ber, interval number, and natural language, as shown in Table 1. Among them, motion
feasibility ej, structural stiffness e;, manufacturing cost e7, and revenue eg are accurately
expressed. Manufacturing complexity e3, assembly performance ey, portability es, and
scalability es are expressed in natural language. The development time eg is expressed as an
interval number.

Table 1. Initial evaluation information.

e1/% ex/% e3 ey es e e (¥ es (¥) ey (Day)
f1 24212 13107 [Average, Very high] [Low, Average] [Average, Very high] [Average, Very high] 11,252 1037 156-158
f2 21520  1.0494 [Average, Very high] [Average, High] [Average, High] [Average, High] 10,266 971 142-145
f3 25363  1.2641 [Average, High] [Average, Very high] [Average, High] [High, Highest] 9642 1070 171-175
fa 2.3362  1.2108 [Very high, Highest] [High, Very high] [Low, Average] [Low, High] 12,829 1190 186-190
According to Equations (1)—(5), the three types of evaluation data are standardized
and unified, and the intuitionistic fuzzy unified decision matrix and reference point vector
are obtained by combining the target vector.
= 2. 1. ow, Average verage, Hi verage, Hi verage, Hi 1 — 16
G=[5 13 |[Low, Average] |[Average,High| [Average High] —[Average,High] 1000 1000 165— 168
(0.701,0299)  (0.799,0.201)  (0.286,0.143)  (0,0.666) (0.334,0)  (0.286,0.143)  (0.495,0.505)  (0.301,0.699)  (0.941,0)
5 (0,1) (0,1) (0.286,0.143)  (0.334,0.333)  (0.334,0.333)  (0.286,0.429)  (0.804,0.196) (0,1) (0.824,0.118)
= (1,0 (0.657,0.343)  (0.286,0429)  (0.334,0)  (0.334,0.333)  (0.572,0) (1,0) (0.452,0.548)  (0.441,0.441)
(0479,0521)  (0.494,0506)  (0.857,0) (0.667,0) (0,0.666) (0,0.429) (0,1) (1,0 (0,0.882)
0= [(0.906,0.094)  (0.767,0233) (0,0.714) (0.334,0.333)  (0.334,0333) (0.286,0429) (0.888,0.112)  (0.132,0.868)  (0.294,0.265)]

According to Equations (6) and (7), the prospect decision matrix of the conceptual
design scheme is calculated.
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(0.608,0.646)  (0.059,0.792) (0.673,0)  (0.573,0)  (0,0.7) (0,0.611)  (0.098,0212)  (0.602,0.168) (0.311,0.359)
p_ | (0250 (0.25,0)  (0.673,0)  (0,0575)  (0,0575)  (0,0.374)  (0.282,0857)  (0.25,0)  (0.311,0.404)
= 1(0.125,0917)  (0.407,0555) (0.743,0)  (0,07)  (0,0575) (0.475,0.543) (0.146,0.901) (0.738,0.168) (0.856,0.349)
(0.161,0.177)  (0.907,0210) (0.743,0) (0.38,0.544) (0.573,0)  (0.068,0) (0.25,0)  (0.883,0.168)  (0.015,0)
4.2. The Determination of Weights
The expert team put forward the subjective evaluation value as the reference sequence
for nine evaluation indexes of four machine tool chipremoval system design schemes.
These include 10 teachers in mechanical college, 30 students majoring in mechanical design
and automation, and 25 students majoring in mechanical engineering. The average value
of the evaluation value of technical indicators is taken as the comparison sequence of the
design scheme, as shown in Table 2.
Table 2. Evaluation index of design scheme.
So S S, S3 Sq Ss Se S, Ss So
f1 -0.133 0.37 0.14 0.48 0.01 0.49 0.26 0.86 0.97 0.43
fa —0.251 0.07 0.48 0.83 0.86 0.34 0.24 0.71 0.98 0.69
f3 —0.016 0.51 0.25 0.78 0.55 0.66 0.64 0.73 0.85 0.86
fa —0.147 0.14 0.16 0.55 0.76 0.42 0.76 0.44 0.67 0.79

The absolute difference between the reference sequence and the comparison sequence
is calculated according to Equation (9), as shown in Figure 4.

o C e 2314
4
0.814
3F 0.583
0.699 : 0.865| [0-934
0.742
i (201! 0567
2F ; 0.91 0.876
1.23
Ho.201] [o317 0.561| 10.676 0.958
0.654
0.524 027 1.08
1H e 0.942
0.317| |0.734 111 0.489 L11
= 0.981] | 1- =
0.504 0.609 g S
o L= 0374 RS . L0

=1 =2 =3 =4 =5 =6 i=7 i=8 i=9
Figure 4. Absolute difference between reference sequence and comparison sequence.

According to Equations (10) and (11), the correlation coefficient of the reference se-
quence to the comparison sequence in each conceptual scheme sample is calculated, and
the gray correlation degree of each technical evaluation index is = {0.718, 0.780, 0.555,
0.692, 0.622, 0.642, 0.554, 0.503, 0.536}. Finally, the subjective weight of the evaluation index
of the conceptual design scheme is ws = {0.1282, 0.1392, 0.0990, 0.1235, 0.1110, 0.1145, 0.0989,
0.0898, 0.0957}.

The objective weight is calculated according to the contrast strength and conflict
degree between the evaluation indexes, as shown in Figure 5.

According to Equations (16)—(20) and the subjective and objective weight of the eval-
uation index, the combination coefficient is calculated as ¢ = 0.1659,¢, = 0.8341. The
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comprehensive weight of each evaluation index is w; = {0.1551, 0.1678, 0.0925, 0.1446, 0.1042,
0.1227, 0.0835, 0.0600, 0.0696}.
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Figure 5. Objective weight of evaluation index.

4.3. Comprehensive Decision of the Design Scheme

According to the evidence reasoning algorithm, the comprehensive weight of each
evaluation index and the prospect decision matrix are aggregated using Equations (21)-
(24), and the comprehensive prospect value of the conceptual design scheme is obtained
as follows:

P(f;) = (0.3153,0.4338)
P(f,) = (0.2032,0.2886)
P(f3) = (0.3308,0.5728)
P(f;) = (0.4438,0.1514)

Thus, the scoring function value of each conceptual design scheme is U(f;) = —0.1185,
U(fy) = —0.0854,U(f3) = —0.2420, U(fy) = 0.2924. The exact value is V(f1) = 0.7491,
V(f2) = 04918, V(f3) = 0.9036, V(fs) = 0.5952. The results show that the sequence of the
conceptual design feasibility scheme of the deep-hole machine tool is fs > fo > f1 > f3;
therefore, f4 is the first choice among the four design schemes. In this scheme, the rolling
filter is located directly below the automatic suction device, and the magnetic suction
strip is arranged at the periphery of the chain plate, which can double-filter the chips.
Through the roller lifting frame, the height of the chip-removal device body can be adjusted,
the deep-hole processing machine tool with different heights can be adapted, and the
application scope is more extensive.

4.4. Comparison and Discussion

In order to verify the effectiveness of the proposed method, we compare it with other
methods, namely, the importance level of design criteria obtained in the form of rough
numbers, the VIKOR method with interval number expansion, and the comprehensive
method based on the AHP to determine weights alongside the TOPSIS. Based on the case
study of the text, the rough number and AHP methods are used to calculate the weight
of the decision index of the conceptual design scheme of the machine tool, as shown
in Figure 6.

It can be seen from Figure 6 that the overall trend of the weight results obtained by the
three methods is the same, which verifies the feasibility and effectiveness of the proposed
method. Through the analysis of the weight value, it can be found that the use of rough set
theory may lead to missing some information due to approximation. The use of the AHP
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subjective weight determination method leads to a large weight distribution of economic
indicators. When determining the attribute weight, this method not only considers the
subjectivity of technical indicators but also considers the objectivity of economic indicators.
The result of attribute weight determination is more comprehensive and reasonable, which
is more conducive to decision-making; therefore, the ranking of design scheme decisions
calculated using the method proposed in this paper is different from the other two methods.
The scheme calculated using the RS + VIKOR method is ranked as f, > f4 > f1 > f3
because the conceptual design scheme f; is based on two important technical indicators of
motion feasibility and structural stiffness and is the least preferred for the portability of low-
importance technical indicators. In addition, for moderately important design indicators,
such as scalability, manufacturing complexity, manufacturing cost, and revenue forecast,
the index value belongs to the intermediate value. The ranking of the schemes calculated
using the AHP + TOPSIS method is f4 > f1 >~ f2 > f3. This comprehensive method mainly
focuses on the economic attributes of the design features. It is concluded that f4 is the
decision of the best design scheme, which is consistent with the optimal scheme obtained
using the method in this paper.

0.18F GRA+CRITIC

——RS

0.16r —+— AHP

Evaluating Indicator

Figure 6. The comparison of the weight results of the evaluation index.

The conceptual design decision-making method proposed in this paper is not a design
standard but enables designers to consider the importance of design indicators in innovative
design and improved design, so as to develop alternative methods for conceptual design
selection processes that may be useful for products under certain requirements. In the early
stage of product design, many design attributes and design requirements are not clear
enough. When the design team is hesitant about some design schemes, it can easily find
the desired design scheme using this method.

However, the method of this paper also has some limitations. It may be that the
final selection of the design scheme is more satisfied with the technical expectations of the
experts, and the many demands of the users cannot be fully satisfied from the technical
point of view. And experts may not have enough time and knowledge reserved for a
certain evaluation criterion, so experts cannot perfectly judge all evaluation criteria fairly.
Similarly, due to practical reasons, technical and economic evaluation indicators have
different weights, and the conceptual needs without considering economic conditions
cannot be perfectly realized technically. These types of constraints may slightly affect the
evaluation results.

5. Conclusions

This paper proposes a new method for selecting complex product conceptual design
schemes and provides support for multi-attribute decision-making problems. Considering
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nine evaluation indexes, the method is applied to the selection of a conceptual design
scheme for a deep-hole machine tool. The main conclusions are as follows:

(1) The decision-making framework of a product conceptual design scheme is proposed.
The framework integrates the evaluation information of three expressions: exact
number, interval number, and natural language, and evaluates the scheme subjectively
and objectively from the perspective of economic and technical evaluations. It is
comprehensive and can be applied to the evaluation of conceptual design schemes of
different complex products;

(2) Effective transformation of various forms of evaluation information. Based on intu-
itionistic fuzzy sets, the evaluation information is unified and the prospect decision
matrix of the evaluation information is constructed;

(3) Reasonable weighting of subjective and objective evaluation indicators. GRA is used
to calculate the weight of subjective indicators, the CRITIC method is used to calculate
the weight of objective indicators, and combination weighting is used to balance the
interaction between subjective and objective weights.

This method helps decision makers to understand the evaluation information of
various expression forms more effectively, so as to improve the accuracy of decision mak-
ing. In addition, technical and economic evaluation indicators can be considered from
both subjective and objective aspects to provide conceptual decision-making for other
intelligent products and personalized customization equipment in innovative design and
transformation design.

In future work, the technical evaluation index should reduce the subjective factors
as much as possible and be more objective and accurate. For example, motion feasibility
can be measured using modeling and simulation to provide high-quality scheme inputs
for subsequent design. In addition, design features such as geometric accuracy, interoper-
ability, and carbon emissions can be included in the evaluation criteria, making the design
rationality more extensive.
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