Journal of Systems Engineering and Electronics
Vol. PP, No. 99, November 2022, pp.1 — 15

A multi-enterprise quality function deployment paradigm with
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Abstract: This paper presents an operational framework of
unstructured decision-making approach involving quality func-
tion deployment (QFD) in an uncertain linguistic context. Firstly,
QFD is extended to the multi-enterprise paradigm in a real-world
manufacturing environment. Secondly, hesitant fuzzy linguistic
term sets (HFLTSs), which facilitate the management and han-
dling of information equivocality, are designed to construct a
house of quality (HoQ) in the product planning process. The
technique of computing with words is applied to bridge the gap
between mechanisms of the human brain and machine pro-
cesses with fuzzy linguistic term sets. Thirdly, a multi-enterprise
QFD pattern is formulated as an unstructured decision-making
problem for alternative infrastructure project selection in a manu-
facturing organization. The inter-relationships of cooperative
partners are directly matched with a back propagation neural
network (BPNN) to construct the multi-enterprise manufacturing
network. The resilience of the manufacturing organization is con-
sidered by formulating an outranking method on the basis of
HFLTSs to decide on infrastructure project alternatives. Finally, a
real-world example, namely, the prototype manufacturing of an
automatic transmission for a vehicle, is provided to illustrate the
effectiveness of the proposed decision-making approach.
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1. Introduction

Customer satisfaction, an overall concept that provides a
means of translating customer requirements (CRs) into
the appropriate technical requirements for each stage of
product development and production, has attracted increa-
sing attention in theoretical and practical domains [1-3].
Quality function deployment (QFD), which intrinsically
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integrates the “voice of the customer” into an appropriate
“voice of enterprise requirements”, is a key planning and
problem-solving tool available to organizations for effi-
cient product/service design and development [4—7]. QFD
can help manufacturers introduce new or improved pro-
ducts/services faster and tackle the challenge of focusing
on satisfying CRs in different fields [8—11]. Since the
1950s, QFD has been developed and successfully applied
in a wide range of industries to improve customer satis-
faction in areas such as industrial production [11-15],
industrial economy [8,16—19], food [10], environment [2],
and education [20].

As a core component of QFD, house of quality (HoQ)
is utilized to transform the customer needs into four inter-
linked planning processes [9,16,21]. Decision-making is
the key technology with regard to HoQ and encounters
two challenges practically. One is the emerging produc-
tion organization paradigm, and the other is the characte-
ristic of uncertainty in the real-world context.

First, with the promotion of “mass entrepreneurship
and innovation” strategy in China, the number of innova-
tive and entrepreneurial companies has substantially
increased. Regarding the Chinese economy, small- and
medium-sized enterprises (SMEs) have contributed 80%
of urban labor and employment and 90% of the number
of enterprises [22]. Several SMEs have accumulated and
mastered a single technology with core competitiveness
in their specified domain. Synchronously, SMEs charac-
terized by the sharing economy have created a strong
desire for collaborative manufacturing fostered by Inter-
net technology and new non-hierarchical organizations.
Furthermore, CRs should be inevitably embedded in a
new manufacturing ecosystem that extends beyond cur-
rent manufacturing systems because of the keen global
competition within sharing economy contexts [23]. The
decision-making technology of the emerging production
organization paradigm has also recently attracted the atten-



2 Journal of Systems Engineering and Electronics Vol. PP, No. 99, November 2022

tion of stakeholders in various fields [23—25].

A realistic organizational strategy extends beyond the
old dogma of “one enterprise, one product” in conven-
tional manufacturing paradigms. It is required a con-
frontation with market globalization and a competitive
environment that meets the CRs, shares information and
manufacturing capabilities, and consequently maximizes
the return to each participant. Therefore, the cooperation
among enterprises becomes inevitable. On the basis of the
rapidly changing new market requirements and inability
of a single enterprise to possess all the necessary skills
and competencies to deal with CRs, Mikhailov [14] pre-
sented a new approach to select partners in the formation
of the most recent organizational strategies in complex
manufacturing organizations. From the problem-solving
perspective, the multi-enterprise QFD (ME-QFD) involves
a multi-expert multi-criteria decision-making problem
practically. The ME-QFD attempts to allow a set of experts
to select alternatives according to the experts’ preferences
in line with certain criteria [26,27]. Luo et al. [13] and
Baidya et al. [17] investigated the group decision-making
(GDM) approach to respond to CRs in QFD.

Next, the ME-QFD paradigm involves many decision-
making processes that are essentially human cognitive
problems. However, uncertainty juxtaposes human cogni-
tive processes. The concept is hidden in data and infor-
mation, manifesting as uncertainty in the human reason-
ing and concept formation processes [28]. Then, in the pur-
suit of maximum customer satisfaction, a well-designed
product not only meets the basic functionality require-
ment, but also satisfies consumers’ psychological demands
(or feelings) [29]. As the demand consciousness that is
stored in a customer’s mind is implicit and tacit in nature,
extracting this parameter with numerical values is diffi-
cult. Zadeh [30] argued that the theory of fuzzy informa-
tion granulation was central in human reasoning pro-
cesses. Thus, fuzzy theory and decision-making approa-
ches that include group and multi-criteria technologies
present an extraordinary contribution to QFD [8,11,16].
Additionally, research has corroborated that the fuzzy set
theory is effectively employed to manage uncertain lin-
guistic terms [13,18,31,32] and is widely applied to make
decisions [11,12,16,31]. Kim et al. [12] combined fuzzy
regression and fuzzy optimization theory to study QFD
by applying multi-criteria value theory. Furthermore, he-
sitant fuzzy linguistic term sets (HFLTSs), as a means of
dealing with imprecise and hesitant information fusion,
have been widely applied to address cognitive informa-
tion because of its advantage in representing vagueness
and hesitation in real-world qualitative decision-making
processes [33,34]. Luo et al. [35] developed a fuzzy inter-
val linguistic technique for order preference by similarity

to the ideal solution method to deal with multi-attribute
GDM problems with HFLTSs.

Previous research has yielded fruitful achievements in
decision-making, but some serious gaps exist by virtue of
uncertainty in the multi-enterprise organization paradigm.
On the one hand, the uncertain characterization of cus-
tomer demand and expert preference is becoming more
apparent. Fusing preference information comprehensively
and selecting the optimal design effectively on the basis
of assessments of the alternatives in an uncertain environ-
ment is extremely challenging. On the other hand, pro-
cesses that enable decision-makers to face unstructured
problems remain difficult and face the fundamental issue
regarding a divergence between alternative formulations
of the problem. Decision makers frequently face a value
judgment which cannot be determined as true or false,
only as good or bad. The conventional technical orienta-
tion of decision-making is unsuitable for those unstruc-
tured problems.

The motivation of our study is to focus on the indepen-
dent development of an automatic transmission against
technology blockade from foreign companies. The major
practical contribution of this work is to realize the proto-
type trial production of a kind of automatic transmission.
The main theoretical contribution is a unique problem-
solving approach that is particularly useful for address-
ing an unstructured decision-making problem through
extending QFD to a multi-enterprise paradigm. Further-
more, the manufacturing organization is constructed with
a back propagation neural network (BPNN) and evalu-
ated with resilience according to hesitant fuzzy linguistic
term context.

The rest of this paper is organized as follows. Prelimi-
nary concepts of QFD, computing with words (CWW),
and HFLTSs are reviewed in Section 2. In Section 3, an
outranking method according to HFLTSs is defined, and
then the ME-QFD based on HFLTS (ME-QFD-HFLTS)
model is presented and described in detail to interpret the
problem of the decision-making approach. Organizational
resilience is defined legitimately to measure the perfor-
mance of the ME-QFD-HFLTS model. Section 4 elabo-
rates on the practicality and effectiveness of the proposed
model by providing a real-world numerical example.
Finally, concluding remarks are provided in Section 5.

2. Preliminaries
2.1 ME-QFD

Relative to the concept of ME-QFD proposed in this study,
the QFD implemented in a single enterprise is called tra-
ditional QFD and is an effective tool for product design
and development that is available for organizations. The-
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oretically, a typical traditional QFD consists of four phases,
namely, product planning, part deployment planning, pro-
cess planning, and production planning [9,17]. In recent
decades, traditional QFD is one of the fundamentally
important customer-driven quality system tools that has
typically been applied to improve customer satisfaction in
a broad range of industries.

HoQ is of fundamental and strategic importance in ME-
QFD as in traditional QFD. Given that CRs for the pro-
duct/service are transformed into appropriate design requi-
rements (DRs) through the four sequential stages men-
tioned above, cross-functional cooperation and communi-
cation are encouraged to achieve customer satisfaction
[36,37] in the ME-QFD context. Therefore, the present
ME-QFD primarily focuses on the HoQ integrated by
fuzzy linguistic terms derived from customers to achieve
vital information fusion between CR and design charac-
teristics.

In terms of multi-enterprise attributes, transforming
massive amounts of unstructured data into decision-sup-
port information is crucial for matching manufacturing de-
mand-capabilities [25]. Furthermore, resilience is particu-
larly important for multi-enterprise manufacturing sys-
tems involving conception, measurement, and management
strategies [38—40].

22 CWW

CWW represents a methodology that bridges the gap
between mechanisms of the human brain and machine
processes to solve problems and provides computers with
tools to address imprecision, uncertainty, and partial
truth. CWW is also a computation method of words and
propositions drawn from a natural language [41—44]. By
allowing the modeling of perceptions and preferences in a
human-like manner and providing computers some of the
needed tools, CWW has been considered a very interest-
ing methodology in recent years by many researchers in
fuzzy optimization and in multi-source information-based
decision systems [44,45].

2.3 HFLTSs

The fuzzy linguistic approach (FLA) [46—48], which
interprets linguistic sets and their semantics, consists
mainly of the ordered structure and the context-free
grammar approaches. The former is a predefined assess-
ment scale of the linguistic term distribution. For in-
stance, a set ¢ of seven common linguistic terms for
commodity quality is as follows:

¥ ={s_3 : Very_poor;s_, : Poor;s_, : Slightly poor;
5o : Medium; s, : Slightly good; s, : Good; s; : Very_good}.

The latter generates linguistic terms such as words or
sentences. A context-free grammar, denoted by G, is
generally defined as a four-tuple as follows.

Definition 1[49] Let G, = (@y,77,m,R) be the
revised context-free grammar, where 7y and 7, are the
symbol sets of non-terminals and terminals, and 7 and R
are the starting symbol and the production rules, respec-
tively.

The transformation functions, denoted by £;(+), which
contain optional elements generated by Definition 2.1, are
defined as follows:

Eg(s)={s;:5 €0},

EG (Ind(s,)) = {S/ : S_,' € ¥ and Sj = random(SM, Sis S,’_l)},

Eg(Non(s;)) ={s;:s;€ttand s; < s5;},

Eg(Dom(s;) ={s;:s;€dand s; > s; Ads; > s},

E(Bet(s;,s;)) ={s;: sy € Fand s; < 5 < 5;}.

Linguistic label sets and their operations: Given two
arbitrary HFLTSs s,,s; €S, and ¢, ¢;, ¢, €[0,1], some
operational rules [50,51] can be defined as follows:

Se®Sg =D Sy = Soup

PSo = Spq

(P14 ¢2)Se = P15a B P2 S, .
@(S, D 85) = PS, DYsg

Hesitant fuzzy sets (HFSs), as an extension of fuzzy
sets, are proposed to model uncertainty [52]. The motiva-
tion of HFSs is that determining the membership degree
of an element to a set is sometimes difficult [53,54].
According to various membership degrees of an element,
HFSs can efficiently interpret a human being’s hesitancy
or doubt, especially when multi-source of vague-
ness appears simultaneously [55]. Some basic concepts of
HFSs are briefly reviewed.

Definition 2 [5S2] Suppose that X is a reference set.
An HFS on Xis a function ¢ that returns a subset of values
in the interval [0,1]: £: X—o ([0,1]).

Definition 3 [52] Suppose that M= {u,, to,---, ,} 18
a set of n membership functions. An HFS is defined by
{,, as follows:

€y X — o([0,1]),

() = UL (i)l € M, x € X ).

Definition 4 [52] For a given HFS £, its lower and
upper boundaries are respectively defined as
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¢~ (x) = min £(x) €*(x) = max £(x).

Linguistically assessed on the basis of HFSs: Linguis-
tic terms allow a representation of uncertain information
in a more direct and adequate form and have been uti-
lized to express linguistic approximation with vagueness
or inaccuracy. These terms have been derived from
human beings according to human educational back-
ground and historical experience. In the real world, for
instance, simple linguistic terms such as “tall” “very tall”
“medium” “short” and “very short” may be used for eva-
luating a person’s height instead of numerical values. Fur-
thermore, linguistic assessments on the basis of compara-
tive terms can be applied to estimate relative relation-
ships, such as “between tall and short”. With regard to
particular alternatives, the relationship is based on the
degree of preference defined with HFLTSs in light of the
evaluation criteria, such as “inferior” “indifference” and
“non-domination ”. Hesitation expresses uncertainty in
human cognition and thought processes and can be mathe-
matically represented by the membership degree to a
given set with several possible values. Rodriguez et al.
[49] modeled the uncertainty produced by human doubt
when eliciting information with HFLTSs.

Definition 5 [33,49,56,57]  Suppose that S = {s,, s/,
-+, 8,4 1s a linguistic term set, wheres; (i = 1,2,---, g)
represents a possible value for a linguistic variable, and
for which the following properties should exist:

(i) Order: s5,>sp, if o>f;

(i1) Negation operator: Neg (s,) = S,

(iii) max {s,,s5} = 5,, and min{s,,sp} = sy, if s, = 5.

Definition 6 [33,49,56,57] Suppose that Hj is a set of
all HFLTSs of the consecutive linguistic terms S = {s,,
Si,++,8g . The empty and full HFLTSs for a linguistic
variable ¢ are defined as follows:

Empty: Hy () = @,

Full: Hg(9)=S.

Definition 7 [33,49,56,57] Suppose that H; and H;
are two arbitrary HFLTSs on linguistic term set S' = {s,
Si,-++, 8, t. The intersection and union operations are
defined as follows:

IntersectioroperationHs N H; = {s;|s; € H; and s; € H3 };

Union operation: Hy N H? = {s;|s, € Hi and s5; € H2}.

Definition 8 [49] Suppose that Hyis arbitrary HFLTSs
on linguistic term set.S = {s,, sy, ---, 5, }. The upper and
lower boundaries of Hy are denoted by

HS* = maX{ s,«|s,~ S Hs},

Hsf :mln{ Si|si € Hs}

3. ME-QFD-HFLTS architecture
3.1 Problem description

The decision-making situations in real life involve fac-
tual and value elements. Unstructured decision-making,
which broadly exists in real life, is value-laden [58] and
occurs in wicked-structured contexts [59,60]. The tradi-
tional decision support systems are unsuitable for wicked
problems in asymmetrical criteria settings [61] because
the analytical criteria only relate well to a subset of the
alternative solutions in the decision-making process [58].
In addition, the uncertainty in decision-making situations
further deteriorates the unstructured problem. As the
design theory integrates reality into an alternative solu-
tion, decision-makers should choose kernel design tech-
nologies suitable for their particular settings to assist with
decision-making.

The ME-QFD-HFLTS model used in this study that
contains the construct of HoQ and includes product plan-
ning in multi-enterprise is formally described below. A
focus group consists of £ customers, denoted by £ = {e,,
e+, e;}. A finite discrete set of product feature alterna-
tives is expressed by X = {x, x,, ---, x,} (n > 2) under the
set of m criteria defined as C = {¢,, ¢, -, ¢, } to deter-
mine the final priority ratings of DRs in HoQ. As HoQ is
also fundamentally important in ME-QFD, the main
focus of this study is the stage of prioritizing DRs from
CRs. The other planning stages of QFD, namely, part
deployment planning, process planning, and production
planning, are not explored in this paper. First, infrastruc-
ture resource selection and optimization are formulated as
a multi-criteria group decision-making problem in multi-
enterprise settings. Then, an infrastructure project alterna-
tive is selected as an optimization problem.

3.2 Outranking method on the basis of HFLTSs

Motivated by the outranking relational system of HFLTSs
[34], an outranking method on the basis of HFLTSs is
formulated to evaluate alternatives of the following con-
structed architecture in the ME-QFD context in this sub-
section.

Definition 9 [34] Suppose that Hi and H; are two
arbitrary HFLTSs in linguistic term set S = {sy, s, -,
sg}. The distance between Hg and H; is defined as fol-
lows:

d(H{, H;) =

\/(lab(H;J —lab(H2,))’ + (lab(H..) —lab(H2.))’

where lab (S) =i, i =0, 1,
linguistic term S € {s,, s,

-+, g) represents the label of
-, Sqp. Hgoand H-, as ex-
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plained in Definition 8, are the upper and lower boun-
daries of Hy, respectively.

Property 1[34] Suppose that Hi,HZ, and H; are
three arbitrary HFLTSs in a linguistic term set S€ {s,
s1,-++, 8g}. The following relationships are true:

d(HL,H?) =0 H} = H2,
d(Hy,Hy) = d(Hg,Hy),

d(Hy,H}) < d(Hg,H?) + d(H HY).

Definition 10 [34] Suppose that Hg and H: are two
arbitrary HFLTSs in linguistic term set S€ {s, 51, -, 5,}.
The following binary relation P is defined:

1, lab(H{) > lab(H3)

P(H}.H?) = _
0, otherwise

Definition 11 [34] Suppose that H and H; are two
arbitrary HFLTSs in linguistic term set S € {5, 51,--+, 4}
The outranking degree between Hi and HZ is defined as
follows:

1

g0,

S(H;,H;) = > P(HY, H)
where o, and o, are the total numbers of subscripts for
Hj and H?, respectively.

Property 2 [34] Suppose that H! and H? are two
arbitrary HFLTSs in linguistic term set S € {5, 51, -+, S,
The following relationship is true:

0<O(HLHY) < 1.

If 6(H).H2)#1or O(H2H)#1, then o(H! H2)+
S(H2,HY) < 1, S(H!,H2) # 6(H2 H1).

Definition 12 [34]  Suppose that Hgand H; are two
arbitrary HFLTSs in linguistic term set S € {s, Sy, -+, Sq}.
The strong dominant relation between Hg and Hj is de-
fined as follows: Hj strongly dominates Hz, and H; is
strongly dominated by Hi (denoted by Hj>,Hj or
H3<,H}), if and only if 6(Hg, H)=1.

Clearly, H!> H? means that every element of Hj is
greater than that of H3.

Definition 13 [34] Suppose that H and H; are two
arbitrary HFLTSs in linguistic term set S€ {s,, 51, -+, 54} .
The weak dominant relation between H; and Hj is defi-
ned as follows: Hgweakly dominates H;, or H; is weakly
dominated by H} (denoted by Hi>yH: or Hi<yH)),
if and only if 0.5 < 6(Hg, H3) < 1.

Evidently, Hy>yH: means that the frequency at which
lab (H:) > lab (H3) occurs is greater than or equal to the

frequency at which lab (H; )< lab (H3) occurs.

Definition 14 Suppose that H and Hj are two arbi-
trary HFLTSs in linguistic term set S€ {s,, sy, -, S,}.
o and o, are the total numbers of subscripts for H; and
H:. The indifference relation between Hi and H: is
defined as follows: Hj is indifferent to H; (denoted by
Hg ~ H}),ifand only if Hy. =H;_, Hi. =Hj., and 0=0,.

Obviously, H; ~ H; indicates that the total number of
elements in Hy is equal to the number of elements in H?
and that the upper and lower boundaries of H; are corre-
spondingly the same as the boundaries of H3.

Definition 15 Suppose that H; and Hj are two arbi-
trary HFLTSs in linguistic term set S€ {s,, 51,---, Sg}. 07
and o, are the total numbers of subscripts for H; and
H3:. The inclusiveness relation between Hg and H3 is
defined as follows: Hg is inclusive of Hj(denoted by
H;DH? or H:CH}),ifand only if H. = HZ , H}, = HZ.,
and o,>0,.

Hence, H; D H} means that all the elements of H3 con-
sist of Hj.

Definition 16 Suppose that Hg and Hj are two arbi-
trary HFLTSs in linguistic term set S €{so, §1,-*+, 8¢ }. If
none of the relations described in Definitions 12—15 exist
between Hg and H;, then Hy and Hj are incomparable,
as denoted by H! = H?.

Namely, Hi = H? implies that the relation between H.
and H; is not a strong dominant, weak dominant, indif-
ference, or inclusiveness relation.

Definition 17 [34] The following sets reflect the rela-
tionship between the alternatives a; and a, with respect to
assessment criterion j (=1,2, ---, m) have several defini-
tions:

Cs(ana) ={jl1<j< m,a;;>say}
Cw(a,a)={jll<j<m, ;> way)
Ds(a;,a;) ={jl1 < j< m,a;;<say} ,

Dy(a;a) ={j11 <j< m,a;<wQy} .

Definition 18 [34] The concordance index CI;; bet-
ween a; and a, is defined as follows:

Cl; = Z w;+ Z w;o(a;;, ay;)

JECs (ai,ar) Je€Cw(ai.ar)

where w; represents the weight of the jth criterion that is
computed by using the method described by Peng et al.
[62].

Remark 1 The concordance index CI;; consists of the
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sum of the weights of the criteria if a;;>sa,; and the sum
of the weighted outranking degrees when a;;>wa;.

Definition 19 [34] The discordance index DI; between
a; and a, is defined as follows:

max

) wjd(ai_,‘,akj)
J€Ds (ai,ar)UDy (ai,ar)

DI, =

max w;d(a;;,a;)

where j is the set of subscripts for all criteria. d(a;;,ay;) is
calculated with the equation presented in Definition 9.

Remark 2 The discordance index DI, reflects the
degree to which g; is inferior to a,. The larger the value of
DI, the greater the possibility that a; is inferior to g.
From the computing perspective, the maximal weighted
distance is chosen as a;;<,a;; and a;;<,a;;. Then, the
value is divided by the maximum of all weighted dis-
tances d(a,;,ay;).

Definition 20 The net dominance index according to
the matching probability of the alternative ¢;, CI;, is
defined as follows:

CIk = T]k[ Z CIkl_ Z CI[k].
I=1,1#k 1=1,l#k

Definition 21 The net disadvantage index matching
probability of the alternative @, DI;, is defined as fol-
lows:

DI, =,

I=1,1#k I=1,1#k

i DIy— i DIIk]

where 7, is the matching probability of the kth potential
cooperative enterprise. A ranking rule of alternatives is
obtained by calculating the net dominance and disadvan-
tage indices in the present study. The relative proximity is
used to obtain a total order in accordance with net domi-
nance and the disadvantage indices for the alternatives.
Therefore, when CI, is substantial and DI, is small, the
dominance degree of alternative a, is higher among all
alternatives.

3.3 Architecture of ME-QFD-HFLTS

In this subsection, a new architecture is constructed
through synthesizing CWW and BPNN techniques to
manage and handle the uncertainty of linguistic terms in a
multi-enterprise organization paradigm. The architecture
of the ME-QFD-HFLTS, which ultimately generates a
robust production network, consists of two components.
One component is production planning, which is derived
from CRs. The other component is an infrastructure
scheme that responds to the existing production planning
in social manufacturing settings. Fig. 1 shows the archi-
tecture of ME-QFD-HFLTS.

Manufacturing enterprise
information

i
!
Infrastructure I
I
resource I
I

optimization 2. Part deployment planning
3.Process planning
4 Production/service planning

.
|
|
|
|
|
. [ ][
|
|
|
|
|
!
|
1

|
!
|
|
|
1
.Product planning }
|
!
|
|
|
|

,,,,,,,,,,,,,,,,,,,,

Fig.1 Architecture of the ME-QFD-HFLTS

3.4 Construction of HoQ

HoQ, which is the core of ME-QFD, is a classic and
foundational tool used to determine the relationship
between CRs and the performance of corresponding pro-
ducts or services. Generally, the ultimate goal of HoQ is
the final priority rating of DRs obtained by determining
the relationship between CR and DR. Product planning is
the main focus of this study. The entropy for fuzzy set is
practically employed to measure the degree of uncer-
tainty of a set in deciding whether an element belongs to
that set or not. Therefore, the entropy on the basis of gen-
eralized distance [33], as denoted by En, is introduced to
determine the final priority ratings of DRs. The entropy
of i vectors En; is defined as follows:

En, = —1 ~Du

- m
i
m-— E D,
i=1

where m is the number of DRs, and D,, is the genera-
lized distance that evaluates DRs.
D,, is defined as follows:

2 n
Du(Hy)=1-> ZyE

where

=1

ese)]

n, L denote the numbers of CRs and linguistic terms in
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Hy, respectively, 7 represents the cardinality value of lin-
guistic labels in &, and 4 represents the constant value
that describes the different categories of distance con-
cepts. Furthermore, & denotes the subscript of the lin-
guistic terms in Hy. The final importance rating of CRs,
v, is introduced to formulate the generalized distance
associated with DRs.

3.5 Infrastructure resource optimization

A database according to HFLTSs is extracted from vari-
ous entities in the multi-enterprise manufacturing para-
digm. Theoretically, the database, which is characterized
by enormous, comprehensive, and unstructured proper-
ties, contains numerous manufacturing/outsourcing rela-
tionships and extensive decision support information for
multi-enterprise manufacturing demand-capability match-
making. The ability to capture these relationships which
contain considerable noise and irrelevant information
remains a substantial challenge. A BPNN is employed for
the relationship extraction task among various named
entities instead of exploiting man-made features that are
carefully optimized. Furthermore, an analysis of organi-
zational resilience is implemented to select the most de-
sirable manufacturing/outsourcing scheme corresponding
to production planning derived from customer demands.

3.6 Organizational resilience of ME-QFD

Resilience is the ability of an organization to continue to
function at a desired level when it suffers from partial
damage [38—40]. As an important decision indicator, the
organizational resilience of ME-QFD is the adaptive capa-
bility of cooperative enterprises to prepare for emergen-
cies, respond to disruptions, and recover from them by
maintaining the robustness of manufacturing networks at
the desired level of connectedness and control over struc-
tures and functions. The organizational resilience of ME-
QFD, particularly regarding the assessment of infrastruc-
ture sources of risk across enterprises and the develop-
ment of strategies to address these risks, focuses on the
ability of the system to recover from partial damage to
the system through better connectivity, interoperability,
and sharing of resources among enterprises. The partners
in a complex networked system of ME-QFD that criti-
cally relies on the timely and sustainable delivery of
information are interdependent, and thus have a higher
potential of cascading failures than non-networked sys-
tems [38]. Consequently, from the perspective of the infra-
structure structure, organizational resilience is characte-
rized by four attributes, namely, vulnerability (V), flexibi-
lity (F), adaptability (D), and synergism (S), which are
identified with another key property of coordination and
lay a foundation for assessing the constructed architec-
ture in the ME-QFD model. Synergism reveals the nature
of coordination among partners in the life cycle of ME-

QFD. Without loss of generality, the organizational resi-
lience of ME-QFD is defined as follows:

Rewve_qrm = f(V,F.D,S).

4. Case study

An independent research and development project named
dual-clutch transmission with parallel planetary gear
trains (DCT-PPGT) combines the characteristics of a
hydraulic mechanical automatic transmission and dual-
clutch automatic transmission. The DCT-PPGT fulfils the
selective output of engine power through the different
combinations of the clutch, brake, synchronizer, and
planetary gear train. Consequently, DCT-PPGT effec-
tively solves the problems involving the large size and
complex structure of an automatic transmission axial
bearing and currently contains more than six gears. Syn-
chronously, the DCT-PPGT structure adopts the control
methods of a static fuel supply to the clutch cylinder, the-
reby avoiding the technical difficulty caused by supply-
ing oil to the rotary cylinder, and the working stability
and reliability of the transmission shift mechanism are
improved.

The trial production of a DCT-PPGT prototype invol-
ves many fuzzy decision components in a multi-enter-
prise manufacturing paradigm. A systematic description
of the implementation process of the ME-QFD-HFLTS
model is recommended.

41 HoQ of DCT-PPGT

Four CRs for the DCT-PPGT project are extracted lin-
guistically according to customers. The CRs are as fol-
lows: CR, (shifting smoothness), CR, (dynamic charac-
teristics), CR; (fuel economy), and CR, (maintenance
cost). On the basis of the experience and expert knowl-
edge of the research and design engineers, eight DRs that
correspond to the four CRs are identified. These DRs
include DR, (axial length of the transmission case), DR,
(maintainability), DR; (gear parameter), DR, (gear num-
ber), DR; (control strategy), DR, (fault diagnosability),
DR; (lubrication system), and DR; (hydraulic system).

The HoQ of the DCT-PPGT project is constructed
using a decision-making QFD (DMQFD)-HFLTS appro-
ach originated from [62] as follows.

Step 1 Establishing fuzzy evaluation for the relative
importance of CRs with the same linguistic variable. The
relative importance of CRs is evaluated with the follow-
ing linguistic variable:

9, = {s, : Absolutely low (al), s, : Remarkably low (1),
s3:Slightly low (s1), s, :Medium (me),ss : Slightly high (sh),
s¢ : Remarkably high (rh), s; : Absolutely high (ah)}.
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Table 1 gives customer comparison assessments. The
transformation functions of Definition 1 are used to con-
vert customer requirements. A maximum of two linguis-
tic variables are adopted in this study. The evaluations of
customers’ original voice expressed by HFLTSs are ob-
tained and shown in Table 2. To simplify, the evaluation
linguistic terms about relative relationships are listed as
follows: “between” is abbreviated as “Bet”, “inferior” is
abbreviated as “Inf”, “indifference” is abbreviated as
“Ind”, “domination” is abbreviated as “Dom”, and “non-
domination” is abbreviated as “Non”, respectively.

Table 1 CRs matrix

Assessment CR, CR, CR; CR,
e Bet(sh, ah) Dom(sh) Ind(me) Ind(sh)
e Dom(rh) Ind(sh) Non(rh) Ind(rl)

Table 2 CRs matrix expressed by HFLTSs

Assessment CR, CR, CR, CR,
€ {86} {855 86} {ss} {84}
€ {5657} {86} {8485} {83}

Step 2 Determining the final importance grades of
CRs linguistically.

The final importance ratings of CRs are determined
linguistically. The values of v and y according to [62] are
listed in Table 3 and Table 4.

From Table 3, the final importance grades of CR,; are
generated as follows:

CR, > CR, > CR; > CR,.
Step 3 Constructing the functional relationships bet-
ween DRs and CRs.

Table 3 Values of vand y

CR v Y

CR, 0.3248 0.4172
CR, 0.2906 0.3265
CR; 0.2051 0.1482
CR, 0.1795 0.1081

Aggregate a collective matrix of individual linguistic
relationships between CRs and DRs. The development
team examines the extent to which each DR can be mea-
sured by each CR with technical analysis and empirical
judgment employing the following linguistic variables:

%, = {s; : Absolutely unimportant(au),
s, : Remarkably unimportant (ru),
s3 : Slightly unimportant (su),
s, : Medium (me),
ss : Slightly important (si),
s : Remarkably important (ri),
s7 : Absolutely important (ai)}.
Table 4 presents the evaluation matrix derived from the
research and development team. The collective matrix of

the linguistic relationships between CRs and DRs are
converted into HFLTSs, as shown in Table 5.

Table 4 Relationships matrix between CRs and DRs

CR DR, DR, DR, DR, DR DR, DR, DRq
CR, Bet(me,ai) Bet(ru,ri) Non(ru) Bet(ru,si) Bet(me,ai) Non(su) Non(su) Non(me)
CR, Non(su) Non(su) Bet(su,ai) Bet(su,ri) Bet(ru,ri) Non(su) Non(su) Bet(su,ri)
CR, Bet(au,me) Non(su) Bet(ru,ri) Bet(su,ri) Bet(me,ai) Bet(me,ai) Bet(su,ri) Bet(me,ai)
CR, Ind(su) Bet(au,si) Bet(ru,si) Bet(su,ri) Ind(au) Non(ru) Non(ru) Bet(ru,ri)
Table 5 Collective matrix of linguistic relationships between CRs and DRs
CR DR, DR, DR, DR, DR, DR, DR, DR
CR, {85,S6} {83,54,85} {81} {83,84} {85,856} {s1,8,} {s1,8,2} {81,82,83}
CR, {s1,8,} {s1,8:} {84:85,56} {8485} {83,84,S5} {s1,82} {s1,82} {8485}
CR; {82,853} {s1,8,} {83,54,S5} {84,855} {8556} {856} {s4,85} {8556}
CR, {s,} {82,83,84} {83,584} {84,85} {82} {s:1} {s:i} {83,54,85}

Step 4 Establishing the final priority grades of DRs.
The values of E and D,,(H;) when4=10.5,1, 2, 3, 4,

5,6, and 10 are computed and listed in Table 6 and Table 7,

respectively.
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Table 6 Value of E with the minimum distance

2 DR, DR, DR, DR, DR, DR, DR, DR,
0.2348 0.1693 0.0428 0.1490 0.2348 0.0428 0.0428 0.0817
0.0522 0.0358 0.1778 0.1606 0.1417 0.0358 0.0358 0.1606
1705 0.1100 0.0648 0.1759 0.1994 0.2439 0.2439 0.1994 0.2439
0.0397 0.0584 0.0690 0.0890 0.0397 0.0198 0.0198 0.0785
0.2353 0.1711 0.0428 0.1497 0.2353 0.0428 0.0428 0.0856
0.0537 0.0358 0.1790 0.1611 0.1432 0.0358 0.0358 0.1611
= 0.1111 0.0667 0.1778 0.2000 0.2444 0.2444 0.2000 0.2444
0.0397 0.0595 0.0694 0.0892 0.0397 0.0198 0.0198 0.0793
0.2363 0.1746 0.0428 0.1512 0.2363 0.0428 0.0428 0.0924
0.0566 0.0358 0.1814 0.1621 0.1462 0.0358 0.0358 0.1621
=2 0.1133 0.0703 0.1814 0.2012 0.2454 0.2454 0.2012 0.2454
0.0397 0.0617 0.0701 0.0898 0.0397 0.0198 0.0198 0.0810
0.2372 0.1780 0.0428 0.1527 0.2372 0.0428 0.0428 0.0979
0.0591 0.0358 0.1837 0.1631 0.1490 0.0358 0.0358 0.1631
=3 0.1154 0.0734 0.1849 0.2024 0.2464 0.2464 0.2024 0.2464
0.0397 0.0636 0.0708 0.0903 0.0397 0.0198 0.0198 0.0825
0.2382 0.1810 0.0428 0.1541 0.2382 0.0428 0.0428 0.1023
0.0611 0.0358 0.1858 0.1640 0.1515 0.0358 0.0358 0.1640
A= 0.1173 0.0759 0.1881 0.2036 0.2474 0.2474 0.2036 0.2474
0.0397 0.0653 0.0714 0.0908 0.0397 0.0198 0.0198 0.0839
02391 0.1838 0.0428 0.1554 0.2391 0.0428 0.0428 0.1057
0.0627 0.0358 0.1879 0.1649 0.1538 0.0358 0.0358 0.1649
=3 0.1190 0.0779 0.1909 0.2047 0.2484 0.2484 0.2047 0.2484
0.0397 0.0668 0.0721 0.0913 0.0397 0.0198 0.0198 0.0852
0.2400 0.1863 0.0428 0.1567 0.2400 0.0428 0.0428 0.1084
0.0640 0.0358 0.1897 0.1658 0.1559 0.0358 0.0358 0.1658
A6 0.1205 0.0794 0.1935 0.2058 0.2493 0.2493 0.2058 0.2493
0.0397 0.0680 0.0726 0.0918 0.0397 0.0198 0.0198 0.0863
0.2431 0.1937 0.0428 0.1605 0.2431 0.0428 0.0428 0.1152
0.0668 0.0358 0.1957 0.1688 0.1621 0.0358 0.0358 0.1688
710 0.1246 0.0829 0.2012 0.2095 0.2526 0.2526 0.2095 0.2526
0.0397 0.0715 0.0744 0.0935 0.0397 0.0198 0.0198 0.0898

Table 7 Value of generalized distance with the minimum distance

A Digq Diga Ds3gq Dygq Dsgq Dega D7gq Dgga
1=0.5 0.7817 0.8359 0.7672 0.7010 0.6700 0.8288 0.8511 0.7176
A=1 0.7801 0.8335 0.7655 0.7000 0.6687 0.8286 0.8508 0.7148
A=2 0.7771 0.8288 0.7621 0.6978 0.6662 0.8281 0.8502 0.7095
A=3 0.7743 0.8246 0.7589 0.6957 0.6639 0.8276 0.8496 0.7050
A= 0.7719 0.8210 0.7559 0.6937 0.6616 0.8271 0.8490 0.7012
A=5 0.7698 0.8179 0.7532 0.6918 0.6595 0.8266 0.8484 0.6979

A=6 0.7680 0.8152 0.7507 0.6899 0.6576 0.8262 0.8479 0.6951

A=10 0.7629 0.8080 0.7429 0.6839 0.6513 0.8245 0.846 1 0.6869
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The entropies on the basis of generalized distances [62]
are ascertained and shown in Table 8. The final priority
ratings according to the entropies of DRs are listed in
Table 9. The results in Table 10 indicate that when /1 =
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0.5, 1, and 2, the final priority ratings of DRs are genera-
ted according to En as follows:

DR;s > DR, > DRy > DR; > DR, > DR¢ > DR, > DR;.

Table 8 Entropy based on generalized distance

A En, Fnj Fn3 Fny Fns Fng Fn7; Fng
A=0.5 0.1182 0.0889 0.1260 0.1619 0.1787 0.0927 0.0806 0.1529
A= 0.1183 0.0896 0.1262 0.1615 0.1783 0.0923 0.0803 0.1535
A=2 0.1186 0.0911 0.1265 0.1607 0.1775 0.0914 0.0797 0.1545
A=3 0.1188 0.0923 0.1269 0.1601 0.1769 0.0907 0.0792 0.1552
A=4 0.1189 0.0933 0.1272 0.1596 0.1764 0.0901 0.0787 0.1557
A=5 0.1190 0.0941 0.1276 0.1593 0.1760 0.0896 0.0783 0.1561
A=6 0.1190 0.0948 0.1279 0.1590 0.1756 0.0892 0.0780 0.1564
A=10 0.1189 0.0963 0.1289 0.1586 0.1749 0.0880 0.0772 0.1571

Table 9 Final priority ratings based on entropy of DRs
A DR, DR, DR; DR, DR DR DR, DRy

A=05 5 7 4 2 1 6 8 3

A=1 5 7 4 2 1 6 8 3

A=2 5 7 4 2 1 6 8 3

A=3 5 6 4 2 1 7 8 3

A=4 5 6 4 2 1 7 8 3

A=5 5 6 4 2 1 7 8 3

A=6 5 6 4 2 1 7 8 3

A=10 5 6 4 2 1 7 8 3

Table 10 Evaluating potential cooperative enterprises

Enterprise Scale Delivery date Quality Research/design capability Advanced equipment n
a, 3 5 4 3 4 09728
a, 4 3 4 4 5 1.0000
a, 3 3 4 3 4 0.9559

Moreover, when 4 >2, the final priority ratings are as
follows:

DRs > DR, > DR; > DR; > DR, > DR, > DRy > DR;.

Obviously, the ranking results are relatively robust
except DR, and DRy. In particular, the outcomes of the
first five relatively important DRs are completely consis-
tent. Specifically, the control strategy is the most impor-
tant, and the gear number and hydraulic system are the
second and third most important among the eight design

requirements, respectively. The ranking result of design
requirements plays a crucial role in our design of trans-
mission.

4.2 Infrastructure resource optimization based on
BPNN

As mentioned, a DCT-PPGT contains multiple compo-
nents, such as gears, planetary gear systems, axles, boxes,
clutch discs, and standard parts. The part production of
the gearshift mechanism during the prototype trial pro-
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duction, which is evidently a characteristic of persona-
lized customization, is essential to achieve the entire
function of the transmission mechanism.

For the illustration of the practicability of multi-enter-
prise customization, the matching of production capacity
for gears is fulfilled with a BPNN in this study. The fol-
lowing parameters are established: network training sam-
ple number N, = 40; network test sample number N, =
20; number of hidden layer neurons N, = 10; number of
neurons in the input layer N= 5; number of neurons in the
output layer N, = 1; learning rate R = 0.01; maximum
iterations 7' = 10 000; mean square error threshold E, ., =
0.01. When the number of iterations reaches T or E, ., =
0.01, the network is stopped.

Initially, five experts are invited to assess manufactur-
ing enterprises (a sample set) according to five criteria:
scale, delivery date, quality, research and design capabi-
lity, and advanced equipment. Thereafter, a BPNN is de-
signed to obtain the experts’ scoring rules, which are sto-
red in the form of mathematical network weights for sub-
sequent reasoning and prediction. Finally, the weights of
BPNN with minimum error among five experts (in Fig. 2)
are designated to implement production capacity match-
ing with the potential cooperative enterprises.

& ¢
O ¢ & & © @ & © & ¢ & & 2 & & & & &

Sample output value

2 4 6 8 10 12 14 16 18 20
Test sample sequence

+: Evaluation value of expert;
: Prediction value of BP neural network.

(a) Comparison values of expert and prediction

—_
(=3

Sum of square error
S = NP W kA LN 00 O

0 2 000 7 4000 6000 8000
Iteration
(b) Iteration curve

Fig.2 Performance of the BPNN

10 000

Three specialized potential cooperative enterprises,
denoted separately by a,, a,, and a;, are chosen to match
the gear production network for DCT-PPG and scored
with a five-point Likert scale, as shown in Table 10. Ulti-
mately, the matching probability # of the three potential
cooperative enterprises is solved separately and listed in
Table 10.

As shown in Table 10, the priority value for potential
cooperative enterprises is defined as follows:

a, > a; > das.

4.3 Manufacturing scheme decision-making accord-
ing to organizational resilience

The relative importance of enterprises is evaluated by
using the following linguistic variables:

9, = {s_3 : Absolutely low (al), s_, : Remarkably low (1]),
s_; : Slightly low (sl), s, : Medium (me),
sy : Slightly high(sh), s, : Remarkably high (rh),
s3 : Absolutely high (ah)}.
Two experts are invited to assess organizational resili-
ence among three potential cooperative enterprises ac-

cording to four criteria defined in Subsection 3.5 and
illustrated in Table 11 and Table 12.

Table 11 Linguistic decision-making matrix of Expert 1

Attribute a, a, as
Vv Dom(me) Bet(su,si) Ind(ai)
F Bet(me,ri) Ind(su) Bet(me,ri)
D Ind(si) Non(ai) Dom(me)
N Bet(si,ai) Dom(me) Non(su)

Table 12 Linguistic decision-making matrix of Expert 2

Attribute a, a, as
vV Ind(ri) Ind(me) Non(ai)
F Dom(ri) Bet(si,ai) Non(si)
D Dom(si) Ind(si) Dom(ru)
S Bet(si,ai) Dom(me) Ind(su)

After conversion using the transformation function E;
defined in Definition 1, the linguistic decision-making
matrices for cooperative enterprises are transformed into
HFLTSs, as shown in Table 13 and Table 14, respec-
tively. The aggregation matrix of the decision-making for
cooperative enterprises is illustrated in Table 15.
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Table 13 Decision-making matrix of HFLTSs for Expert 1

Attribute a a, as
4 {54,85} {84} {So}
F {ss} {84} {ss}
D {se} {8586} {8485}
N {ss} {8485} {5283}

Table 14 Decision-making matrix of HFLTSs for Expert 2

Attribute a, a, as
v {ss} {ss} {5586}
F {5687} {86} {5584
D {8556} {86} {8283}
N {ss} {8485} {s4}

Table 15 Aggregation of linguistic decision-making matrix

Attribute a, a, as
Vv {8455} {84,855} {8556}
F {85,567} {84,S6} {83,54,85}
D {8556} {856} {82,83,54,85}
S {86} {8485} {82,83,84}

Four criteria weights of organizational resilience are
determined with the entropy measure approach according
to generalized distance [62]. When 4 =1, the values of £

and E(H,) are computed and are shown in Table 16.

Table 16 Values of E

Attribute a, a, a, E.q(Hyg)
vV 0.0833 0.0833 0.2500 0.7917
F 0.3333 0.1667 0.1111 0.6945
D 0.2500 0.2500 0.1667 0.6667
N 0.3333 0.0833 0.1667 0.7084

Four criteria weights of organizational resilience are
computed according to [62]. The final priority ratings of

criteria weights are obtained as

w =(0.1829,0.268 3,0.292 7,0.256 1).

The concordance and discordance indices are calcu-

lated according to Definitions 9-19 as follows:

Primarily, based on the relationships among the alter-
natives, the corresponding sets of subscripts are obtained

as follows:

Cs(ar,a) = {4},

Cy(a, ) =1{2},

Ds (ay,a,) =@, Dy(a, ;) =2,

Cs(ar,a3) =@, Cylas,a3)=(2,3,4},

Ds(ay,a3) =@, Dy(a,,a3)= ({1},

Cs(ay,a3) ={4}, Cyla,a3)=1{2,3},

Ds(ay,a3) =@, Dy(a;,a3)={1}.

Thereafter, the concordance and discordance matrices
are constructed according to Definition 18 and Definition
19, respectively:

- 04350 0.7507

CI= 0 - 0.6484 |,
0.1372 0.1372 -
- 0 02259
DI=( 1 - 02795
1 1 -

Finally, the net dominance and disadvantage indices
according to the matching probability are computed accor-
ding to Definition 20 and Definition 21, respectively:

CI, =1.0200,CI, =0.076 2,CI; = -1.075 1,

DI, = -1.7258,DI, =0.279 5,DI; = 1.428 7.

Ultimately, using the outranking method according to
HFLTSs for alternatives described in Subsection 2.3, the
prioritization results of the potential cooperative enterpri-
ses are ranked in accordance with CI, and DI, (i =1, 2, 3)
as follows:

a, > a, > das.

In summary, the decision-making result of the manu-
facturing scheme according to the evaluation of organiza-
tional resilience indicates that the first enterprise, a,, is
the desired cooperative enterprise in terms of a gear manu-
facturing project. Recurring with the matching result of
the gear production capacity, the second enterprise, a,,
displays the maximum matching probability. However,
the first enterprise is evidently superior to the second in
the organizational resilience attributes of flexibility and
synergism. From the perspective of the synergy of social
manufacturing, the first enterprise is more competitive
than the second.

In reality, the first enterprise completes the manufac-
turing of all gears within the delivery time. The proto-
type is also successfully assembled according to the pro-
ject schedule, and the bench test is performed (see Fig. 3).
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Fig.3 Bench experiment of the prototype

5. Conclusions

An operational framework of an unstructured decision-
making approach based on ME-QFD under uncertain lin-
guistic term conditions is investigated in this study. First,
from the perspective of practice, the proposed approach is
successfully applied to establish a cooperative manufac-
turing network of an automatic transmission with propri-
etary intellectual rights. The construction of a manufac-
turing network considers the production capacity of coope-
rative enterprises and assesses the organizational resili-
ence of the collaborative manufacturing network. The
validity and relevance of the proposed ME-QFD-HFLTS
model are verified with an authentic example. The break-
through from conceptual design to product trial/ manufac-
turing is achieved for a real-life case.

Second, from an academic perspective, the technolo-
gies of fuzzy mathematics are employed to address uncer-
tain information fusion in multi-enterprise manufacturing
contexts. Fuzzy logic, which provides the machinery for
fuzzy information granulation, has long played a major
role in the applications of expressing and addressing
uncertainty [30]. The outranking relation of fuzzy multi-
criteria group decision-making methodology is systemati-
cally designed to allow the rendering of decisions about
multi-enterprise collaborative schemes. Moreover, the
outranking degree among arbitrary HFLTSs is defined
according to the distance and a comparison of results of
label values, thereby contributing both to theory and prac-
tice through restricting the same number of elements of
HFLTSs in indifference relation compared to those in
previous literature.

Third, from the perspective of technology, the architec-
ture of ME-QFD-HFLTS characterized by diverse uncer-
tainties is formulated with an asymmetrical criteria deci-
sion-making problem through multi-stage information
fusion. Multiple kernel technologies, including HFLTS,
CWW, BPNN, and decision-making, are integrated to
achieve the proposed model architecture. As linguistic
terms are more closely related to human cognitive pro-
cesses, the HFLTS approach is qualitative rather than

quantitative. That is, the variable values expressed by
words or sentences instead of numbers and human judg-
ments are more reliable and informative for decision-
making. The CWW methodology, which enables the
modeling of perceptions and preferences in a human-like
manner and provides computers some of the needed tools,
is introduced to bridge the gap between the mechanisms
of the human brain and machine processes with HFLTSs
in the decision-making field. Moreover, human cognition
is a learned trait and the strategies used by the brain to
perceive the world are constantly modified by experience,
and perceptual learning can be quantitatively assessed
using a computer model of well-defined neuronal net-
works [63]. The BPNN, a mentor-learning algorithm of
gradient descent, is particularly suitable for predicting
complex nonlinear systems [64]. Once trained, a five-cri-
teria value network regarding organizational resilience,
involving delivery date, quality, research and design
capability and advanced equipment, is used to evaluate
the potential cooperative manufacture networks.

Fourth, in the process of prototype design and trial pro-
duction with completely independent intellectual pro-
perty rights, we simultaneously consider both domestica-
tion of materials and nationalization of equipment, which
are important factors restricting the independent research
and development of automatic transmissions.

Finally, this study has two major limitations. First, the
sample size of the dataset for production capacity match-
ing used in the neural network is small for the use in the
trial and production process of the prototype. The ability
to match production capacity with big data is thus a pro-
mising direction in the future. Second, the expression and
operation of uncertainty in the decision-making process
presents an area for improvement. The application of
advanced mathematical theory is expected to improve the
level of uncertain information fusion by balancing the
relationship between accuracy and fuzziness in the real
world. Furthermore, exploring multi-granular informa-
tion fusion accommodating uncertainties and hesitations
in multi-criteria group decision-making regarding real-
world complex systems should be encouraged in future
investigations.
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