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Abstract: In concept design, effective decision making and management of schemes can shorten
the design cycle and improve product quality. The decision maker (DM)’s confidence is one of the
critical factors affecting the conceptual design evaluation. Although many studies use quantitative
linguistic evaluation for design scheme decision-making, which improves product conceptual design
decision-making efficiency and effectiveness, few studies consider the confidence level of a decision.
A conceptual design evaluation method based on Z-numbers is proposed to solve this problem,
considering the customer requirements and the DM’s confidence. Firstly, the evaluation criteria
are determined by analyzing customer requirements; then, the fuzzy analytic hierarchy process in
the Z-numbers environment (Z-AHP) is used to determine the criteria weight; Finally, the fuzzy
technique for order preference by similarity to ideal solution method in the Z-numbers environment
(Z-TOPSIS) is used to evaluate the design schemes to obtain the optimal scheme. The proposed
method is applied to the selection of the design scheme of the waste containers in the kitchen. The
results show that considering the DM’s self-confidence can achieve a more reasonable and practical
evaluation of the conceptual design scheme, and it is easier to obtain the best scheme.

Keywords: conceptual design evaluation; Z-numbers; fuzzy AHP; fuzzy TOPSIS; confidence

1. Introduction

With the continuous improvement of living standards and industrialization levels,
people put forward higher and higher requirements for product diversification, person-
alization, and upgrading, making the product cycle shorter and shorter and leading to
more and more fierce market competition. Only the product that meets the customer’s
requirements can make the enterprise win the market competition. In the new product
development stage, the decision in the conceptual design is particularly significant, and it
impacts all subsequent stages and the cost, quality, and performance of the final product [1].
Hence, the conceptual design evaluation, which determines the best design among alter-
natives, is the most critical part of product development because a reasonable conceptual
design evaluation can avoid moving a flawed concept to the subsequent design process
and avoid losing a feasible concept [2]. Although conceptual design evaluation is critical, it
is a difficult task because there is only a rough idea in the conceptual design stage, and the
current information is almost incomplete, fuzzy, or inaccurate. As a result, it cannot be easy
to make the right choice. Due to the lack of information, decisions at this stage significantly
impact the ongoing design process, as shown in Figure 1 [3]. As shown in Figure 1, the
impact of design decisions is very high at first and decreases sharply as the design matures
(i.e., when there is greater availability of information). There are great opportunities in the
preliminary design stage. The concepts generated in this stage affect the essential shape
generation and material selection of relevant products. The area before the intersection
of the two curves is an opportunity for conceptual design. In the subsequent detailed
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design stage, this area will become smaller and may become irreparable or correctable in
the product design stage.

Impact Information

= \

Opportunity in
conceptual design

Impact of decisions
Availability of information

Conceptual Detailed Design
Design Design Production

Figure 1. Opportunity in conceptual design.

In conceptual design evaluation, decision-makers (DMs) prefer to use natural language
to express judgment and preference with the increase of reference factors or evaluation
indicators. For example, define an evaluation scale set as (good, poor, very poor) to evaluate
the practicability of a product. In this case, the linguistic terms in the evaluation scale set
are linguistic variables [4]. The traditional scoring method maps linguistic variables to a
precise value (such as good = 2, very poor = 0) to quantify linguistic terms, which is classical
logic (also known as binary logic or Boolean logic) [5]. However, in the evaluation process,
semantic concepts are often uncertain, and whether an element belongs to a semantic
concept is often a gradual process rather than a mutation process. For example, if the
concept with a score of more than five is defined as “good” then “good” is classical logic,
and the score of 5 is “good” while 4.9 is not “good”. Its set representation is shown in
Figure 2a. In fact, in people’s understanding there is no big difference between 5 and 4.9
(more than five belongs to “good”, but 4.9 also belongs to “good”).

4 A
u(x) u(x)
Good Good

(@)

Figure 2. Different representations of “good”. (a) Classical set (b) Fuzzy set.

In order to better model semantic concepts, Zadeh [6] proposed fuzzy set theory.
It extends the representation of classical sets and expresses the membership degree of
each element in the set as [0, 1], which is usually used to describe the value of linguistic
variables. Using fuzzy sets can grasp the inherent fuzziness of human evaluation better,
more accurately, and more meaningfully. Figure 2b is a fuzzy set corresponding to the
semantic concept of “good”. The scores between 4.5 and 5 are also “good”, but they
have different degrees of membership. Compared with classical logic, fuzzy sets can better
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model the uncertainty of people’s understanding of semantic concepts. Therefore, the fuzzy
linguistic quantification method is a very suitable method of modelling and processing
the relevant information of conceptual design evaluation [7]. To formalize the uncertainty,
Zadeh proposed the Z-number method [8]. Z-number is an ordered pair (A, B), where A
is a fuzzy value and B is A’s reliability. Since Z-number describes both the limit of value
and the reliability of the limit, it describes human knowledge more comprehensively than
general fuzzy numbers. When the influence of uncertainty is significant, the uncertainty
can be accurately modeled by using a Z-number.

The traditional method of conceptual design evaluation is to think that the informa-
tion is reliable or definite. However, knowledge or information in the real world contains
various types of uncertainty. When the reliability of information is ignored, we need to
consider the potential information loss and its impact. According to the literature [9], there
are two main types of information imperfection: uncertainty and imprecision. Due to
the influence of professional background, knowledge level, experience, and other factors,
DM will produce different degrees of hesitation and uncertainty in different evaluation
indexes. This phenomenon is accessible to causes deviation in scheme evaluation and may
not obtain the product design scheme to meet the market demand and enterprise profit
demand. At present, the research of conceptual design evaluation focuses on combining
the existing decision-making methods and adding fuzzy methods to improve the authen-
ticity of evaluation information, mainly using a fuzzy set, rough number, or rough set
evaluation without considering the reliability of decision-making related information (that
is, the degree of hesitation and uncertainty of DM) [10,11]. If we do not consider DM’s
confidence in the evaluation index, the evaluation may be too subjective, or the result may
be unreasonable.

Given the above problems, we propose different DMs to use different evaluation
confidence scales for conceptual design evaluation to make up for the lack of quantitative
information reliability when using the fuzzy method. When the available information
is qualitative, fuzzy sets are used to model semantics in conceptual design evaluation.
Then, a Z-number is used to supplement these fuzzy sets with additional fuzzy sets,
representing the reliability of the previous fuzzy set, that is, the certainty of DM for
information evaluation. First, DM evaluates the concept and shows the degree of self-
confidence. Constructing and using different confidence linguistic term sets to express
the situation from self-confidence to non-self-confidence can reflect the knowledge level
and experience differences of different DMs. Then, the Z-number is used to represent the
evaluation information of DMs, and it is transformed into a regular fuzzy number. Next,
fuzzy AHP in the Z-number environment (Z-AHP) is used to determine the weight of
customer requirements. Finally, fuzzy TOPSIS in the Z-number environment (Z-TOPSIS) is
used to sort the design schemes.

The rest of this paper is structured as follows. The second section summarizes the
literature on concept selection methods. Section 3 introduces some basic concepts and
methods. The fourth section is a case study that proves the proposed framework’s feasibility
through a new design task. The fifth section is the discussion and the sixth section is
the conclusion.

2. Literature Review

Due to the increasing diversification of consumer demand in new product develop-
ment (NPD), enterprises want to obtain products that meet the expected results and need
to adopt modern methods, technologies, and tools to reduce production costs [12]. As
conceptual design evaluation plays an essential role in NPD, it has attracted the attention
of many researchers [13,14]. Conceptual design evaluation is the process of determining
design criteria and selecting the best scheme from the possible options, which can be con-
sidered a multi-attribute decision-making (MADM) problem. MADM deals with finding
the best solution from a limited number of solutions, which usually have the characteristics
of large number and conflict. With the increase in the number of alternatives available for
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evaluation and the decrease in available time, it is difficult for DMs to make the objective
decision because of the imprecise information regarding alternatives. Some related studies
consider statistical methods to complete the new design conceptual evaluation such as
SWOT (strength /weakness/opportunity/threat) analysis [15], Pugh matrix [16], balanced
scorecard [17], etc. Although the statistical evaluation method is simple and suitable for
applications, its evaluation efficiency is significantly reduced for complex NPD. Another
more general evaluation method is to utilize various MADM models, such as the analytic
hierarchical process (AHP) [18], the analytic network process (ANP) [19], the technique for
order preference by similarity to ideal solution (TOPSIS) [20], and weighted aggregated
sum product assessment (WASPAS) [21], have been utilized to evaluate design options and
select the best design concept. In addition, the application of the stochastic multicriteria
acceptability analysis (SMAA) in MADM also achieved good results [22,23].

The above methods are deterministic models. Because DMs are faced with fuzzy
information in the early stage of product design, they prefer to use natural language
for evaluation. The deterministic model cannot fully capture the fuzzy and subjective
judgment and preference in the design evaluation process. The fuzzy set theory effectively
solves these problems and has been applied in many fields. Yan et al. [24] proposed a
novel adaptive mask generating algorithm based on the fuzzy set theory to automatically
calculate an optimal threshold. Jasiulewicz-Kaczmarek et al. [25] presented a new method
based the fuzzy set theory to measure the level of maintenance sustainability.

Therefore, it is beneficial to combine the deterministic method with the fuzzy eval-
uation method. For instance, Shaverdi et al. [26] proposed a framework of financial
performance evaluation based on fuzzy TOPSIS. Abdel-Baset et al. [27] proposed the fuzzy
ANP method using fuzzy triangular numbers to represent linguistic variables and calcu-
lated the critical metrics of significant and export cities. Goswami et al. [28] proposed a
hybrid fuzzy model for evaluation to converge upon product design concepts associated
with lesser supply chain risks.

When the subjective judgment of DM is transformed into a fuzzy number, there
may be potential problems because the confidence of DMs, that is, the information about
how sure the DM is of the evaluation, is not included in this transformation. Unlike the
classical fuzzy set theory, once the Z-number is used, DM can add the reliability related
to judgment into decision-making to eliminate ambiguity and enhance the objectivity of
evaluation information. The successful application of Z-number in MADM also appears in
the literature. Onari et al. [29] proposed a method based on a multilevel fuzzy cognitive
map and Z-number theory to evaluate the risk of the production process by considering
both reliability and uncertainty. Alireza Ghahtarani [30] proposed a mathematical model
of the portfolio problem based on Z-number and gave the best portfolio in all determin-
istic and non-deterministic formulas under bubble conditions. Shen et al. [31] extended
the classical vlsekriterijum-ska optimizacija i kompromisno resenje (VIKOR) method to
the Z-information environment and proposed the Z-VIKOR method based on a distance
measure. Hendiani et al. [32] presented the application of the Z-number for modeling the
earned value indicators and explicated the capability of the Z-number in dealing with
higher levels of uncertainty associated with decision-making data. Wang et al. [33] intro-
duced linguistic Z-numbers (LZNs) and proposed a comparison method based on the score
and accuracy functions of LZNs. Peng et al. [34] introduced hesitant uncertain linguistic
Z-numbers (HULZNS) to depict uncertain decision-making information. Ren et al. [35]
proposed a method based on hesitant fuzzy linguistic information for medicine selection.
Although there are many MADM methods based on Z-numbers, there are few studies
on applying Z-numbers to conceptual design evaluation, and it is necessary to include
uncertainty in conceptual design evaluation.

In this study, we obtain the subjective judgment and preference of DM and add
the degree of self-confidence to the conceptual design evaluation. By comprehensively
modeling the uncertainty in decision-making, we try to avoid deviation or even bad
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decision-making caused by DM professional background, knowledge level, experience,
and other factors.

3. Materials and Methods
3.1. Fuzzy Linguistic Approach

The process of representing linguistic variables as a set of fuzzy sets is called fuzzy
quantization. DMs can express the inherent fuzziness of evaluation more accurately and
more expressively by using fuzzy numbers compared with real numbers.

3.1.1. Fuzzy Set

A fuzzy set is described by a membership function mapping the elements of a universe
X to the unit interval [0, 1] and is defined below [6]:

A: X —[0,1], @
It can also be described as a set of ordered pairs of the form:

A= {(x a0l € X, uax) € 0, 1)}, @

where x is an element of X and 14 (x) denotes its corresponding degree.

In conceptual design evaluation, information about incomplete evaluation is often
expressed as the fuzzy number in a normal fuzzy set [36]. In many fuzzy number represen-
tations, trapezoidal fuzzy number (TpFN) and triangular fuzzy number (TFN) are often
used because they are easy to calculate [37].

A TpEN (g, b, c, d) is defined as follows:

0,x<a

g a<x<b

u(x) = 1,b<x<c¢ , ©)]

A TEN (a, b, ¢) is defined as follows:

0,x<a
xX—a
— b—u’agxgb
]’l(x)_ C—Jlg,nggc ’ (4)

c—

0,x>c

3.1.2. Z-Number

A Z-number (A, B) is an ordered pair of fuzzy numbers, where A indicates a fuzzy
restriction on the values domain X can take, and B represents a reliability measure of A.
The advantage of the Z-number comes from the consideration of the confidence level of
the value of the related variables. For instance, a Z-number ((3, 5, 7), (0.5, 0.75, 1, 1)) shows
that the value of variable (A) is defined by “(3, 5, 7)” TEN and the associated reliability (B)
is described with the “(0.5, 0.75, 1, 1)” TpEFN.

3.2. The Method of Converting Z-Number to Regular Fuzzy Number

Assume a Z-number Z = (A, B). Let A = {(x,ua(x)|V € X, ua(x) €0, 1])} and
B = {(x,up(x)|VY € X, ug(x) € [0, 1])}. The steps to convert Z to a regular fuzzy number
are as follows [32]:

Step 1. Turn the second part (reliability) of the Z-number into a crisp number.

[ xpp(x)dx

T ®
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where | denotes an algebraic integration.
Step 2. Add the weight of the second part (reliability) to the first part (restriction).
The weighted Z-number can be denoted as:

Z% = {{x, pas ()| pae (x) = apua(x), xe[0, 1]}, (6)

Equation (6) can be simplified as shown in Equation (7), representing the Z-number
after multiplying the reliability: N
Z% = (Au), 7)

Step 3. Convert the irregular fuzzy number (weighted restriction) to a regular
fuzzy number.

Since Equation (7) is still not in the form of the standard fuzzy number, a conversion
operation is required.

The regular fuzzy number can be denoted as:

7 ={ 5wz Dz () = ae (2 ) 2elo, 11, ®)

Equation (8) can be denoted by Figure 3.

A

p(x)

1 ______________

0 aa Jab Vac Jad x
Figure 3. The regular fuzzy number transformed from Z-number.
A numerical example is used to illustrate the procedure of this approach. Assume a
DM gives his opinion as good (3, 5, 7) TEN and his confidence is absolutely (0.5, 0.75, 1, 1)
TpEN, the DM’s knowledge can be expressed with a Z-number as: Z = (good, absolutely)

=((3,5,7),(05,0.75, 1, 1)). At first, we should convert the DM’s reliability into a crisp
number according to Step 1.

r = J xpup(x)dx — 0.8056

J up(x)dx

Second, add the weight of reliability to the constraint:
Z% = ((3,5,7);0.8056)

Third, convert the weighted Z-number to a regular fuzzy number:

7' = ( (\/0.8056 % 3,1/0.8056 x 5,/0.8056 x 7) ; 1) = (2.6926,4.4876,6.2827)

Then, calculate (good, weak), where “weak” is assigned (0, 0, 0.25, 0.5) TpFN. By
converting Z = (good, absolutely) and Z = (good, absolutely) into regular fuzzy numbers
and drawing their corresponding membership function images, Figure 4 can be obtained.
The linguistic term that means “good” is assigned (3, 5, 7) TEN, “good, weak” is assigned
(1.3329, 2.2046, 3. 0867) TEN and “good, absolutely” is assigned (2.6926, 4.4876, 6.2826) TFN
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over the total range of [1, 9]. It can be seen from Figure 4 that even the same evaluation
will lead to a deviation due to different confidence levels, which will have a specific impact
on decision making.

u(x)
(Good, Wcakly) (Good,Absolutely) Good
- ey L

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
S

1.3229 22048 2.6926 3 3.0867 4.4876 6.2826 7

Figure 4. TEN of “good” corresponding to different confidence levels.

3.3. Z-AHP

When DMs utilize fuzzy AHP [38] to calculate the weight of criteria, the linguistic
terms are expressed as (L, M, U) TFNs. Assuming that there are n criteria, the matrix P is
used for pairwise comparison of criteria by DMs as follows:

P = (Py) = (Ly My Uy) =

(1,1,1) (L12, M1, Uyp) <+ (Lip, My, Uyy)
(1/U12,1/M13,1/L1p) (1,1,1) o+ (Lan, Moy, Uzy) )
(1/uln/1/Mln11/L1n) (1/u27’lrl/M2nrl/L2n) (1/1/1)

where the symmetric fuzzy number of the main diagonal is P = P - (1 /U i 1/ M;; i 1/ Lij) .
This paper uses the Chang algorithm [39] and 1mpr0ves it based on Z-number

as follows:

Step 1. Build pairwise comparison matrix with linguistic terms.

DMs utilize Z = (A, B) to compare the indicators, A is the evaluation value, B is the
confidence, so the pairwise matrix can be expressed as:

P=(p) = ((L;‘]‘,M;]*,UA) (L}j,M}j,uB)) -

LL1) ((Liy My, Uf), (LY, MY, UB)) - ((Lf,, Mf, Uf), (LT, M3, UF,))
- (1/ 1/1) T ((LZn’ MZn’ uZn)’ (L2Bn’M2n’ uZn)) (10)
_ _ (1,1,1)

where the symmetric elements of the main diagonal are temporarily vacated, and the main
diagonal elements are (1, 1, 1).

Step 2. Transform the Z-numbers into regular fuzzy numbers and supplement the
elements of the diagonal symmetric position.

By using the method proposed in Section 3.2, the Z-numbers in the pairwise compari-
son matrix is transformed into regular fuzzy numbers, and then the symmetric elements of
the main diagonal are supplemented to obtain the following matrix:
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P=(P) =
(L1,1) (Lu/ M, U12> o Lin, Mg, Uny
(1/Ui, 1/ M, 1/L5 ) (1,1,1) Lo, May, Uy a1
(17U 1/ M1, /L) (100 1/ Mo, 1/ L) o (1,11

Step 3. Calculate the extension of the fuzzy synthesis.
The extension of the fuzzy synthesis S; is calculated for the i-th criterion by the
following formula:

1

Si=Y Pe{ L, T P =12, (12)

Step 4. Calculate the degree of possibility.
The degree possibility for a convex fuzzy number to be greater than i convex fuzzy
numbers V; can be defined by Equation (13) [39].

Lif Mj>M;,i=12,...,mj=12...,n
S5 = Li-U U > L= .
V(S 28) =1 mrany Bz hi=12 =12, (13)
0, in other cases

The theory of the comparison of the fuzzy numbers is applied to the comparison of
the values.

Vj = V(S] > 51,52,...,S]‘,l,S]‘Jrl,...,Sn) = min{V(S]- > S,’),i = 1,...,1’l;i 75]}, (14)

Step 5. Calculate normalized weight of criteria w;.

Vi 1,2 (15)
w; = ,=12,...,n,
) ]Y,l:lV].

3.4. Z-TOPSIS

Z-TOPSIS is an improvement based on the traditional fuzzy TOPSIS [40]. The specific
steps are as follows:

Step 1. Build a decision matrix with linguistic terms.

Assume that there are m schemes and # criterion in the conceptual design, the DMs
use Z-number Z = (A, B) to make decisions, so the decision matrix is as follows:

(A11,Bi1) -+ (A1, Bia)
M= [Z;] = 5 : : (16)
(Amlr Bml) o (Amn/ an)

mxn
The Z-AHP weight w is added to the decision matrix, as shown below:
w1(A11,Bi1) - wn(Arn, Bin)
M =[] = : : : (17)
w1<Am1/ Bml) s wn(Amn/ an)

mxn

Step 2. Transform the Z-numbers into regular fuzzy numbers.
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Through Section 3.2, the Z-numbers in the evaluation matrix are transformed into
regular fuzzy numbers as follows:

Zy e 74,
M= ([Zy]=| :+ - , (18)
2 Z |

Step 3. Identify the positive ideal solution (PIS) and negative ideal solution (NIS).
PIS and NIS can be calculated as:

It = {(male{j

i=12...,m)}={Z7,2%,.., 7%}, (19)

I = {(minzl{j

i:l,z,...,m)}:{Z’;,Z’;,...,Z’;}, (20)

where [ and I~ denote PIS and NIS, respectively.

Step 4. Calculate the distances between criterion and both PIS and NIS.

Define d as the gap between two fuzzy numbers. When given two TFNs, F1 (L1, My, U;)
and F2 (Lp, My, Uy), d can be calculated by Equation (21):

d= \/; {(L1 —Lo)* + (M — Mp)* + (U —U2)2}r (21)

Then, calculate the distance of each alternative from I* (d;’) and [~ (d;), respectively.

df =Y d(Zp 1) i=12m, (22)
=Y, d(Z;j, 1]-—), i=1,2,...,m, (23)

Step 5. Calculate the closeness degrees and obtain the ranking orders.
The closeness degree C; can be calculated by Equation (24) and the optimal scheme
with the maximum closeness:
d;
Ci=—1—, 24
Codf+d; 24

3.5. The Framework of the Proposed Method

At present, the self-confidence of DM is rarely considered in conceptual design evalu-
ation methods. However, there is always hesitation and uncertainty in DM’s evaluation. If
the self-confidence of the evaluators is not considered in the conceptual design evaluation,
the result may be unreasonable, and even the worst design scheme may become the win-
ning scheme. This paper proposes a decision-making framework of the product design
scheme, as shown in Figure 5. The process of conceptual design evaluation is as follows:
Firstly, DMs (DM1, DM2, ... , DMs) determine the criteria after complete discussion by
combining the factors such as product design history, process, user preference, or market.
Then, the DMs determine the confidence scale (confidence scale 1, ... , confidence scale s)
through each person’s professional knowledge or experience. Next, the DMs determine
the criterion weight of each design scheme by the Z-AHP. Finally, the Z-TOPSIS is used to
rank all the evaluation schemes to obtain the ranking results.
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S i

Evaluation based on Z-number

>

H f . . L
S i Confidence scale 2 1| Confidence scale is used to indicate the
i degree of confidence in the evaluation

Alternatives ranking|

1

The best design

Figure 5. The proposed conceptual design evaluation framework.

4. Results

In this section, the concept design evaluation method considering self-confidence is
applied to an innovative design task, and its feasibility is analyzed and compared with the
existing methods.

With the development of the economy and improvements in people’s living standards,
people’s requirements for the kitchen and its supporting furniture and facilities are also
higher and higher. The kitchen is a place to ensure people’s healthy diet, but the design of
the waste container in the kitchen is often ignored. We study the recycling and treatment
of kitchen waste to realize the conceptual design of the waste container.

The specific process is as follows:

Step 1. Identification of customer requirements and evaluation of linguistic terms.

Initially, investigate the customers to understand the problems and functions of
their current waste containers. A questionnaire and field investigation is adopted, and a
decision-making group composed of designers and managers is set up for the project. After
complete discussion by the decision-making group, the following customer requirements
are determined, as shown in Table 1:

Table 1. Customer requirements.

Criterion Customer Requirements
C1 Relative capacity
G Multi-function
Cs Convenience
Cy Service life
Cs Cost

The psychological research shows that, due to the limited short-term memory ability,
human beings can reasonably remember 7 £ 2 items, so it is relatively safe to use up to
5 items in the fuzzy set [41]. Then, the fuzzy number is used to establish the corresponding
linguistic terms to avoid directly assigning equidistant values [42]. We determine the
appropriate membership function for each criterion to improve the accuracy of the results
and optimize the uncertainty of the evaluation criteria, as shown in Figure 6.

In Figure 6, the linguistic term that means the design is “poor” is assigned (1, 1, 3)
TEN. By analogy, “fair” is assigned (1, 3, 5) TFN, “good” is assigned (3, 5, 7) TEN, and
“excellent” is assigned (7, 7, 9) TEN over the total range of [1, 9]. However, the professional
background, knowledge level, and experience of DMs are not the same, so it is inevitable
that there will be different confidence in the evaluation index when evaluating the scheme.
The designer, in this case, has a high degree of self-confidence, which is reflected in the
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number of self-confidence scales. Therefore, the self-confidence scale used is three, which
means that the degree of hesitation in evaluation is low, as shown in Figure 7.

u(x) T

Poor Fair Good Very good Excellent

0 1 2 3 4 S 6 7 8 9 10
X

Figure 6. Evaluation of linguistic terms.

u(x) T
Weakly Neutral Absolutely

0 0.25 0.5 0.75 1 x

Figure 7. Three-scale self-confidence linguistic terms.

The linguistic term that means the confidence in evaluation is “weak” is assigned
(0,0,0.25,0.5) TpEN, “neutral” is assigned (0.25, 0.5, 0.75) TEN, and “absolutely” is as-
signed (0.5, 0.75, 1, 1) TpEN over the total range of [0, 1].

Step 2. Determination of criterion weight.

Designers use the fuzzy AHP method in the Z-numbers environment to determine
the weight of customer requirements. The steps are as follows:

Step 2.1. Develop a paired comparison matrix for customer requirement.

The designer made a pairwise comparison of the factors, and the results are shown
in Table 2.

Table 2. The fuzzy comparison matrix for the defined criteria.

Criterion C1 Cz C3 C4 C5
C (1,1,1) (G,N) E, W) V, A) EN)
G - 111 EN) (E A) (G,/N)
Cs - - (1L, 1,1) B W) ® A)
C4 - - - (1/ 1/ 1) (PI A)
C5 - - - - (1/ 1/ 1)

P: Poor; F: Fair; G: Good; V: Very good; E: Excellent; W: Weak; N: Neutral; A: Absolutely.

Step 2.2. Transform the Z-numbers into regular fuzzy numbers, and supplement
elements about the diagonal symmetric position.
The complete fuzzy comparison matrix obtained from Section 3.3 is shown in Table 3:
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Table 3. The complete fuzzy comparison matrix for the defined criteria.
Criterion Cq1 C, Cs Cy Cs
Cy 1,11 (2.12, 3.54, 4.95) (3.09, 3.97,3.97) (4.48, 6.28, 8.08) (0.71,2.12, 3.54)
C, (0.20, 0.28, 0.47) 1,1,1) (0.71,2.12, 3.54) (0.87, 2.60, 4.33) (2.12, 3.54, 4.95)
Cs (0.25,0.25,0.32) (0.28,0.47,1.41) 1,11 (0.5,0.5,1.5) (0.87,0.87, 2.60)
Cy (0.12,0.16, 0.22) (0.23, 0.38, 1.15) (0.67,2.0,2.0) 1,11 (0.87,0.87, 2.60)
Cs (0.28,0.47, 1.41) (0.20, 0.28, 0.47) (0.39, 1.15, 1.15) (0.39, 1.15, 1.15) 1,1,1)

Step 2.3. Calculate the weights of every criterion.
By means of Equations (12)—(14), S; of criterion can be calculated as follows:

1 1
23.347 38.01" 54.83

S1 = (11.40,16.91,21.53) ® ( ) = (0.21,0.45,0.89)

1 1
23.347 3801 54.83

Sy = (4.90,9.54,14.29) ® ( > = (0.09,0.25,0.59)

S3 = (2.90,3.09,6.84) © ( 31 38 oL 83) (0.05,0.08,0.28)
1 1

Sy = (2.89,4.41,6.98) © ( 5331’ 36, 01 o 83) (0.05,0.12,0.29)
1

S5 = (2.26,4.06,5.20) © (23 0 38 T 83) (0.04,0.11,0.29)

Vi of criterion can be calculated as follows:
Vl = min{V(Sl > 52, 53, 54, 55)} = min{l,l,l,l} =1

Vy = min{V(Sy > S1,53,54,55)} = min{0.66,1,1,1} = 0.66
Vs = min{V(S3 > S1,S2,S4,55)} = min{0.17,0.53,0.87,0.9} = 0.17
Vi = min{V(Sy > S1,55, S3,S5)} = min{0.19,0.59,1,1} = 0.19
Vs = min{V(Ss > S1,5,S3,54)} = min{0.02,0.46,1,0.95} = 0.02

Step 2.4. Calculate normalized weight of criteria.

By means of Equation (15), the normalized weight vector is w = {0.49, 0.32, 0.08, 0.09, 0.007}.

Step 3. Generation of the design possibilities.

Through the analysis of customer requirements and the analysis of existing waste
containers in the kitchen, four conceptual designs are obtained using the conceptual
design method proposed in reference [43], as shown in Figure 8. Design 1 adopts dry wet
separation, and an outlet is added at the bottom to discharge wastewater, as shown in
Figure 8a. Design 2 uses a rotatable storage box instead of the traditional container cover,
and wheels are added at the bottom to facilitate movement, as shown in Figure 8b. Design 3
adds a fixed broom and a side opening based on the traditional container, as shown in
Figure 8c. Design 4, shown in Figure 8d, uses a rotatable polygon structure to realize
garbage classification. However, each design has some advantages and disadvantages, so
the applicability is still uncertain.

Step 4. Selection of the best design.

Hereafter, Z-TOPSIS is applied to identify the applicability of the design possibility
concerning customer satisfaction.

Step 4.1. Generation of decision matrix.

Here, the decision matrix would be a (4 x 5) matrix with four design possibilities
(alternatives) and five customer requirements (criteria), as shown in Table 4.
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drain hole  dry waste
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4
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fixed broom o
‘wheels
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Figure 8. Conceptual design of four kinds of waste containers in the kitchen. (a) Design 1 (b) Design 2 (c) Design 3
(d) Design 4.
Table 4. Decision matrix.
Criterion — Cq1 Cy C3 Cy C5
Alternative | w1y = 0.49 wy =0.32 w3 = 0.08 wy = 0.09 ws = 0.007
Design 1 (P, W) (FN) (G, A) (G, A) G, A)
Design 2 (E, A) V, A) (F A) (E, A) @A)
Design 3 (EW) (F W) (V,N) (FEW) (G, W)
Design 4 (P,N) (G,N) v, A) (v, A) (v, A)
P: Poor; F: Fair; G: Good; V: Very good; E: Excellent; W: Weak; N: Neutral; A: Absolutely.
Step 4.2. Weighting and transformation of Z-numbers.
By the means of Equations (17) and (18), the Z-AHP weighted decision matrix is as
shown in Table 5.
Table 5. Z-AHP weighted decision matrix.
Criterion — Cq1 Cy Cs Cy Cs
Alternative | wi = 0.49 wy =0.32 w3 = 0.08 wq = 0.09 ws = 0.007
Design 1 (0.25,0.25,0.74) (0.23,0.69, 1.15) (0.21, 0.36, 0.50) (0.25,0.41, 0.57) (0.02,0.034, 0.047)
Design 2 (2.98, 3.83, 3.83) (1.41,1.97, 2.53) (0.07,0.21,0.36) (0.57,0.74, 0.74) (0.007, 0.007, 0.02)
Design 3 (0.25,0.74,1.23) (0.16, 0.49, 0.81) (0.29,0.41, 0.52) (0.05,0.14, 0.24) (0.012, 0.019,0.027)
Design 4 (0.35,0.35, 1.04) (0.69,1.15,1.61) (0.36, 0.50, 0.64) (0.41,0.57,0.74) (0.034, 0.047, 0.061)

Step 4.3. Determination of the PIS and NIS.
Drawing on Equations (19) and (20), the PIS and NIS are acquired as follows:

It = {(2.98,3.83,3.83), (1.41,1.97,2.53), (0.36,0.50, 0.64), (0.57,0.74,0.74), (0.034,0.047,0.061) }
I~ = {(0.25,0.25,0.74), (0.16,0.49,0.81), (0.07,0.21,0.36), (0.05,0.14,0.24), (0.007,0.007,0.02) }

Step 4.4. Calculation of the closeness degree.
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The closeness degrees C; can be computed by Equations (21)—(24), which are illustrated
in Table 6.

Table 6. The closeness degrees of the designs.

Criterion Design 1 Design 2 Design 3 Design 4
df 9.179 10.715 6.327 12.462
a; 9.009 13.865 6.596 12.894
Ci 0.495 0.564 0.510 0.509

The closeness degrees of each design are calculated, and the ranking of the design
possibility is determined as in Table 7.

Table 7. Ranking of the design possibility.

Design Possibility C; Rank
Design 1 0.495 4
Design 2 0.564 1
Design 3 0.510 2
Design 4 0.509 3

For managers, the degree of self-confidence is lower than that of designers, so the
three-scale self-confidence is extended to five-scale self-confidence to express the situation
of lack of self-confidence, as shown in Figure 9. The linguistic term which means the
confidence in evaluation is “weak” is assigned (0, 0, 0.1667, 0.3333) TpFN, “unlikely” is
assigned (0.1667, 0.3333, 0.5) TFN, “neutral” is assigned (0.3333, 0.5, 0.6667) TEN, “likely” is
assigned (0.5, 0.6667, 0.8333) TFN, and “absolutely” is assigned (0.6667, 0.8333, 1, 1) TpFN
over the total range of [0, 1].

4

p(x) '
Weakly Unlikely Neutral Likely Absolutely

0 0.1667 0.3333 0.5 0.6667 0.8333 1

RV

Figure 9. Five-scale self-confidence linguistic terms.

The Z-AHP pairwise comparison matrix and the Z-TOPSIS decision matrix of man-
agers are shown in Tables 8 and 9. The closeness degrees and the ranking of the design
possibility is determined as in Table 10.

Table 8. The fuzzy comparison matrix of managers for the criteria.

Criterion C] C2 C3 C4 C5
C1 (1,1,1) (G L) (V,U) (V,L) E W)
C2 - (1/ 1/ 1) (G/ N) (F/ A) (\// L)
C3 - - (1/ 1, 1) (P/ N) (G/ L)
C4 - - - (1/ 1, 1) (P/ L)
C5 - - - - (1r 1/ 1)

P: Poor; F: Fair; G: Good; V: Very good; E: Excellent; W: Weak; U: Unlikely; N: Neutral; L: Likely; A: Absolutely.
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Table 9. Decision matrix of managers.

Criterion — Cq1 Cy Cs Cy Cs

Alternative | wy =041 wy = 0.35 w3 =0.17 wy = 0.05 ws = 0.02
Design 1 P,W) (F,N) (G, A) (G, A) (G, A)
Design 2 (E, A) (V, A) (F A) (E, A) (P, A)
Design 3 (F, W) (FEW) (V,N) (FW) (G, W)
Design 4 (P, N) (G/N) vV, A) vV, A) (V, A)

P: Poor; F: Fair; G: Good; V: Very good; E: Excellent; W: Weak; N: Neutral; A: Absolutely.

Table 10. Ranking of the design possibility (managers).

Design Possibility C; Rank
Design 1 0.5319 2
Design 2 0.5449 1
Design 3 0.5253 4
Design 4 0.5316 3

5. Discussion

It can be concluded from Table 7 that design 2 is the best scheme. Because designers
are more confident in their evaluation, the closeness of design 2 is greater than that of the
other three designs, which shows that if designers are more confident in evaluation, it is
easier to get the best design, and the impact of confidence cannot be ignored. In Table 10,
design 2 is also the best scheme, but because the managers are less confident than the
designers, the closeness of the four schemes will be closer, so hesitation is not conducive to
attaining the best scheme. It is worth noting that when hesitant, we can optimize design 2
through the confident content of other designs. For example, the convenience evaluation
value of design 2 is good, and the confidence level is likely. In contrast, the convenience
evaluation value of design 3 is very good, and the confidence level is absolutely. It is
evident that design 3 is more convenient than design 2, so design 2 can be optimized by
taking advantage of the advantages of design 3.

Design 3 adopts a side opening to improve convenience, so the side opening of
design 3 is integrated into design 2, and then the original design is simplified and the
runner at the bottom is removed to reduce complexity. The rendering of the final design is
shown in Figure 10.

| |

B —_—
o]
e ‘=
.

Figure 10. Final conceptual design.

As TOPSIS [44], fuzzy TOPSIS [45], AHP [46], and fuzzy AHP [47] do not con-
sider the influence of self-confidence on the scheme, it can be seen from Table 10 that
Design 3 = Design 4 when using these methods, because their evaluation values are the
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same, but the influence of self-confidence cannot be ignored, so Design 4 > Design 3 in the
actual situation. The same problem may occur when determining the weight of criteria.

In conceptual design evaluation, the hybrid fuzzy method is relatively safe [39,48].
Considering that with the increasing complexity of products more DMs may participate in
the evaluation, ignoring the confidence may bring potential risks caused by their experience
and knowledge differences.

According to the self-confidence, it is easier to determine the factors of customer needs
and the advantages of the design. At the same time, it can improve the disadvantages of the
design through other schemes. Therefore, in the conceptual design, the method proposed in
this paper has more advantages than the method without considering the self-confidence.

6. Conclusions

Given the subjectivity and uncertainty in conceptual design evaluation, this paper
proposes an evaluation method of different DMs using different evaluation confidence
scales, which makes up for the deficiency of quantitative information reliability when using
the fuzzy method.

In conceptual design evaluation, DMs evaluate the concept and indicate the degree of
evaluation confidence. Z-number is used to represent the evaluation information of DMs,
and it is transformed into a regular fuzzy number to express the fuzziness and reliability
of the linguistic evaluation. The reliability of Z-numbers is used as the confidence level
of DMs, making the decision more in line with the objective facts and providing more
uses for the fuzzy linguistic quantification method. Therefore, a concept design evaluation
method using DMs self-confidence is proposed. Different DMs can use different confidence
scales to make practical decisions and avoid mistakes. In conceptual design evaluation, the
evaluation framework of conceptual design based on customer requirements is constructed
using the Z-AHP and Z-TOPSIS methods.

Finally, a design example is given to demonstrate the feasibility and superiority
of the proposed method. The proposed method can reflect the opinions of DMs more
comprehensively. With the subdivision of DMs’ confidence level and confidence scale, a
more reasonable and accurate ranking of design schemes can be obtained.

The proposed conceptual design evaluation framework can be integrated into many
different stages of the product development process, such as customer participation evalu-
ation. In this process, the use of confidence can better reflect the design problems. With
the complexity of the product, the evaluation index will increase, which may exhibit the
phenomenon of index coupling. In the future, we need to consider adding a correlation be-
tween the indexes to obtain a more realistic and more effective product scheme evaluation.
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